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Abstract Nuclear magnetic resonance (NMR) spectroscopy is regarded as one of the

most important analytical techniques in chemistry for characterization of
molecular structure. In addition to the structural information, NMR spectros-
copy also gives quantitative information about the sample constituent. The
induced current in the coil can be regarded as linearly dependent on the
concentration of the nucleus in the sample. Therefore the resonance inte-
grals in a simple one-dimensional spectrum measured with the excitation—
acquisition scheme offer a way to measure absolute amounts of the chemi-
cals present in the sample. Recently, the need for quantitative analysis of
highly complex samples has led to a situation where resonance overlap in
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one-dimensional spectra can compromise or even prevent accurate quantifi-
cation of sample compounds. Two-dimensional NMR offers improved reso-
lution of resonances, and therefore the use of two-dimensional NMR
experiments in determination of sample constituent has gained interest in
many fields of research where quantification of compounds in complex
samples is needed. Concepts of the quantitative two-dimensional NMR and
recent applications are discussed.

Key Words:  Quantitative 2D NMR, 2D J-resolved NMR, COSY, TOCSY,
HSQC, 2D INEPT, Natural products, Metabolomics, Oil fractions, Food
analysis.

1. INTRODUCTION

There are several analytical instrumentation techniques which offer qualitative
details about the sample. Some of those use electromagnetic radiation to measure
absorption of energy on electron orbitals (visible and ultraviolet spectroscopy') or
bond vibrations (infrared spectroscopy?). Mass spectrometry, which can be used to
determine the mass/charge ratio of ions, is recognized as a technique that can give
accurate data from the molecular ions and fragments.” While these techniques can
alsobe applied to extract quantitative information of the constituent of a sample, only
one technique, nuclear magnetic resonance (NMR) spectroscopy, can give a detailed
view to the molecular structure as well as intrinsically quantitative information.

The use of "H NMR spectroscopy in quantification has extended in many fields
of chemistry. Most important field of application is in synthetic organic chemistry,
where "H NMR experiment is used in structural analysis for determination of the
number of protons in a molecule, and further to study mixture samples with high
precision and accuracy.* Application of quantitative '"H NMR has also taken its
place in new, emerging fields of research, like metabolomics.”

The experimental set-up for quantitative 'H NMR is quite straightforward,
which has made its use so widespread. A typical procedure is to use a 90° excitation
pulse, and the repetition delay is set equal to or more than five times the longest T;
of protons to ensure sufficient relaxation of the magnetization before the next scan.®
The peak integrals in the obtained 'H NMR spectrum can then be used to determine
the analyte concentrations with high accuracy. The principle of reciprocity, which
states that the NMR signal strength is inversely proportional to the 90° pulse
length,” offers also ways to accurately compare constituents of separate samples.
This approach has been applied in "H NMR quantification of algal toxins® and
protein concentrations’ with external standards.

The quantification is not restricted to proton detection, as there are number of
other NMR observable nuclei, like carbon which is common in organic molecules.
While the major isotope, carbon-12, is not usable by NMR, the carbon-13 with 1.1%
natural abundance can be observed with NMR spectroscopy. When the sample
concentration is not the limiting factor for the analysis, quantitative *C{'H} NMR
is very useful in analysis of organic compounds. The advantage of quantitative



Quantitative 2D NMR Studies 3

13C{'H} NMR is the wider chemical shift range, which makes it less likely that the
resonances of interest are overlapping. A typical procedure for quantification with
BC{'H} NMR spectroscopy is to use inverse-gated proton decoupling'® to avoid
the uneven nuclear Overhauser effect (NOE) contribution to the signal intensity.""
Also, a shorter excitation pulse angle (30°-45°) can be applied so that adequate
recovery of magnetization can be achieved in a shorter time period than five times
the longest carbon-13 T;. This approach provides no significant advantage in total
acquisition time for a required signal-to-noise ratio, as discussed by Traficante.'*
However, since the excitation range of the radiofrequency (RF) pulse is the
reciprocal of its length, the use of short pulses is valuable for nuclei with a wide
spectral range to minimize the offset effects to the signal intensities.'”> Another
common approach for keeping the repetition delays reasonably short is to use
relaxation reagents.'*'® A new quantitative ">C{'H} NMR experiment which
applies a precise analysis of NOE enhancement and T, relaxation to speed up
the acquisition has also been recently reported by Giraudeau and Baguet.'

Inverse-gated 'C{'H} NMR lacks sensitivity due to the absence of NOE.
Therefore, polarization transfer experiments, such as distortionless enhancement
by polarization transfer (DEPT) and insensitive nuclei enhanced by polarization
transfer (INEPT), which offer higher sensitivity in carbon detection, have also
been adapted for quantification®”**. Moreover, since these methods detect proton
polarization transferred to carbon, the repetition rate is dictated by the T, relaxa-
tion of protons, not carbons. The drawback of polarization transfer methods is
that quaternary carbons are not usually visible in the spectrum. However, a
DEPT-based pulse sequence dubbed as DEPTQ**** has been proposed that
enables the detection of quaternary carbons in the spectrum. The study of evolu-
tion of magnetization during DEPTQ by Ozdogan and Orbay™ revealed a good
agreement between theoretical and experimental results, suggesting that the
experiment has potential in quantification.

Overlapping of signals often hampers reliable quantification with one-dimen-
sional (1D) NMR experiments. In liquids the resonances are narrow due to the
isotropic medium, but the complexity of the sample may still result in insufficient
resolution of signals. Some experimental set-ups are reported to diminish the
instrumental contribution of *C{*H} NMR linewidths below 0.003 Hz?¢28
which can help analysis of complex mixture samples. Several processing methods
for the analysis of spectra with overlapping resonances, such as deconvolution®”*°
and singular value decomposition,®’ can help quantification to some degree, but
even these methods have their limits with highly crowded spectra.

The idea of two-dimensional (2D) NMR spectroscopy was introduced in 1971
by Jeener,” and several experimental demonstrations were soon reported by
Ernst and co-workers.>*?® Since then many new 2D NMR experiments have
been designed to give higher resolution of the resonances and information
about the spectral parameters, and therefore the structural details, that would be
inaccessible or at least more laborious to determine with 1D NMR experiments.
The improved resolution in 2D NMR experiments has paved the way for general
acceptance that NMR spectroscopy is a valid analytical technique in analysis of
complex samples.”*
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2D NMR is, however, still comprehended more of qualitative than quantitative
technique. If quantitativity is associated with 2D NMR, it is usually in contexts of
measurement of exchange of magnetization through chemical exchange or cross
relaxation. 2D exchange spectroscopy (EXSY) experiment®**’ is useful in mapping
exchange networks and rate constants in molecules.*’ With a different mixing
time, the same experiment can be used also to study NOE mediated via cross
relaxation. The 2D nuclear Overhauser effect spectroscopy (NOESY) spectrum®”*?
can be used to establish intra- and intermolecular spatial arrangements. One
important application of this type of experiments is in determination of three-
dimensional structure of biological macromolecules.*** As the research of
increasingly complex systems has gained interest, quantification of chemicals
present in these samples has become a difficult task to perform just with 1D
NMR experiments. In recent years more and more publications have emerged
where the 2D NMR spectroscopy has been applied not only in structural elucida-
tion but also in quantification of the concentration of the studied chemicals. The
following sections concern with concepts of the quantitative 2D NMR, i.e. 2D
NMR in quantification of the amount of analytes, and in some recent applications
where 2D NMR has given significantly higher accuracy compared to quantitative
1D NMR.

2. CONCEPTS

Quantification by 2D NMR is not straightforward, as the factors that contribute to
the volume of correlation peaks are numerous (e.g. relaxation rates, multiplicity
and magnitude of coupling constants). However, the key issue in the use of 2D
NMR experiments in quantification is that the observed cross peak volume can be
regarded as linear with respect to the concentration of the analyte. Therefore, the
quantification of chemicals can be based on determination of a calibration curve
which has been defined by several standard samples containing known amounts
of analytes within the expected concentration range. This calibration curve can
then be used with the real samples to correlate the cross peak volume with the
actual concentration of the analyte(s). A more universal and accurate quantification
can be obtained, if the coherence pathways and polarization transfer efficiencies of
the applied 2D NMR experiment are understood. The efficiency of the polariza-
tion transfer can be estimated by inspecting the function of the pulse sequence
theoretically. Product operator formalism,*>™* a concise version of density matrix
calculations, provides tools to follow magnetization evolution through pulse
sequences by simple transformations of spin operators. The density functions of
the magnetization give information of the polarization transfer efficiency, and by
that, offer a way to correct integration data so that observed cross peak volumes
can be directly used to estimate the concentration of analytes. In the following
sections, the polarization transfer in some 2D homo- and heteronuclear shift
correlation experiments is demonstrated with product operator calculations.
Additional aspects that affect the cross peak volume, like RF pulse imperfections
and relaxation, are also discussed.
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2.1. Homonuclear experiments

The simplest 2D NMR experiment, which offers enhanced resolution, is the
homonuclear J-resolved experiment.”® The experiment is basically a spin-echo
sequence,”'”> where the echo period is incremented. During this t; period the
chemical shift evolution is refocused with a 180° pulse, but homonuclear | cou-
plings are evolved. If we consider a proton H coupled to proton(s) H', the density
function of the observed proton magnetization is modulated by these couplings

accordingly
o(H) x H cos (n]HHrkh) (1)
k=1

The result is that the lines in a proton resonance multiplet are dispersed along
both the F; and F, dimension, giving a tilted shape to the cross peak. With further
processing the tilt can be straightened, so that the F, projection of the spectrum
shows only single line for each resonance, and the multiplet structure is given in
the F; dimension. In this way partially overlapping resonances can be separated,
and integration is easier to accomplish. The J-resolved spectra are typically pro-
cessed in magnitude mode, but there are also many reg)orts of various approaches
how a phase-sensitive spectrum can be obtained.”>™® A F, projection of the 2D
J-resolved spectrum can also be used to produce a quantitative “proton-decoupled”
1D spectrum.”

The second way to improve the resolution of proton resonances is with homo-
nuclear correlation spectroscopy, or COSY, experiment.’***%% In the basic form of
the experiment the magnetization is excited with a 90° pulse. During the conse-
quent t; period the chemical shift and homonuclear | couplings evolve, until a
second 90° pulse is applied prior to acquisition. This pulse causes polarization
transfer to take place between protons that are coupled to each other. If we
consider a proton H coupled to another proton H’, then the observable terms of
the proton H magnetization for the COSY experiments are

o(H) o H, sin (wgt1) cos (] tr) — HyH/Z sin (o t) sin () (2)

The term H, gives the diagonal peak, whereas the term H,H'. corresponds the
polarization transferred from the remote proton H' with coupling [y to the
observed proton. This term is responsible of the off-diagonal cross peak. Two
resonances that are overlapping in the 1D spectrum can be separated by their off-
diagonal cross peaks if they are coupled to separate protons with distinctly
different chemical shifts. However, the nature of the off-diagonal term results in
several implications. First of all, the splitting of the active | coupling is in anti-
phase, i.e. the lines appear with 180° phase difference. If the line separation is
comparable to the linewidth, self-cancellation®® of lines will take place, diminish-
ing the absolute-value cross peak volume. This can also introduce significant
variation of the cross peak absolute-value volume, if the linewidths vary between
the spectra. If COSY is performed in phase-sensitive mode,*® or COSY is acquired
with double-quantum filtering (DQF-COSY),** the total volume (the sum of
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positive and negative lines) of any off-diagonal cross peak is, by default, zero. This
can be of course circumvented by integrating only either positive or negative part
of the cross peak volume. Due to aforementioned reasons, quantification with the
COSY-type experiments is best to do using a calibration curve which has been
defined by several standard samples. This approach can still give very accurate
results as demonstrated by Giraudeau et al.”’ They made a comparative study of
quantitativity between DQF-COSY and 2D J-resolved NMR with tropine-
nortropine mixtures. The authors found a slightly better accuracy for DQF-
COSY over 2D J-resolved NMR (errors were 2 and 3%, respectively), with stan-
dard deviation under 1%. There are also some reports on how a COSY-type
spectrum can be acquired with in-phase cross peaks,”'”* which should be much
easier to integrate. It should be noted, that the evolution of magnetization is more
complex in these experiments, and additional lineshape distortions or other
limitations might be introduced.

Another related 2D NMR experiment, total correlation spectroscopy, or
TOCSY,””® can be applied to obtain in-phase off-diagonal cross peaks. In this
experiment the chemical shift evolves during the t; period. The following s;oin—
lock period t,, which can be produced with e.g. composite pulse trains,”””’
leads to an isotropic mixing condition bringing about homonuclear Hartmann-
Hahn transfer of magnetization through ] couplings.® If we consider a proton H
coupled to another proton H’, the observable in-phase terms of the H proton
magnetization are as follow””

o(H)  1/2Hysin (wpt) [1 + cos (2] gy tm) |

+1/2H,sin (o t1) [1 — cos (27] ypytm) ] ©

The first half of the equation gives the diagonal cross peak, whereas the second
half produces the cross peak. With two-spin system the highest intensity for the
cross-peak term is obtained when t,, is set for 1/(2]pzr). When more complex spin
systems are involved, the setting of the optimal mixing time needs some trade-off
to give a satisfactory intensity for cross peaks. This also means that quantification
with TOCSY is best to do using a calibration curve which has been defined by
several standard samples. Zero-quantum coherences are also produced during
the mixing time,”” which are responsible of distortions observed in the lineshapes.
A number of techniques have been proposed to eliminate these zero-quantum
distortions® ~** which should enable more accurate integration.

2.2. Proton detected heteronuclear experiments

Methyl (CHj3), methylene (CH;) or methine (CH) groups are common in organic
chemicals. Compared to proton, carbon has a much larger chemical shift range, so
higher separation of the CH,, proton resonances is achieved with "H-'*C hetero-
nuclear correlation spectroscopy.®” Therefore this approach can facilitate quanti-
fication even with highly complex mixtures.

Bodenhausen and Ruben reported in 1980 a 2D shift-correlated experiment
designated as heteronuclear single-quantum coherence, or HSQC®*® (Figure 1).
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y
AQ (t2)
H | A2 A2 § t1/2 t1/2 § A2 A/Z{>
C
CPD

Figure 1 A basic pulse sequence for HSQC experiment. Narrow and wide bars
represent 90° and 180° RF pulses, respectively. Pulse phase is x, if not stated otherwise.

The method employs inverse detection, thus giving superior sensitivity over the
2D methods with direct detection.®”

HSQC starts with an INEPT step® which transfers the proton polarization to
carbon. Then the polarization is modulated by the carbon chemical shift during
the t; evolution period. Finally, a reverse-INEPT step® returns the polarization
back to proton for observation. Pulsed field gradients can also be incorporated
into HSQC™ for coherence selection. Due to single-quantum coherence states,
evolution of homonuclear coupling during #; evolution period has no effect to
cross peak shape in HSQC. The evolution of polarization during the HSQC
experiment is easy to predict, facilitating quantitative use of the experiment. The
evolution period itself should only give the carbon chemical shift modulation to
the signal, and therefore should not affect the quantitativity. The product operator
analysis can be started with evolution time ¢; = 0 and then calculate what is the
magnetization state after INEPT and reverse-INEPT steps. The density function
after the pulse sequence is

o(CH3,CH,, CH)  sin®(nfcpA) 4)

As can be seen, the density function is the same for all CH,, groups. The cross peak
volume is naturally dependent on proton number in the CH,, group, i.e. the CHj;
cross peak is generally three times more intense than CH group. The CH, cross
peak intensity follows also the number of protons present, so if the protons are
equivalent, the cross peak intensity is twice the intensity of the CH cross peak. The
magnetization intensity is maximum whenever A equals 1/(n1]1), where n is a
positive even integer. From the point of relaxation, the first solution, A=1/(21]1),
is the most practical one. The effect of INEPT optimization can be more easily
followed if the polarization transfer delay A is defined as 1/(2],pt)

¢(CHs, CH,, CH) o sin?  F1CH (5)
2 Iopt

The maximum intensity is met when the Jcri/Jopt ratio equals 1, and the intensity
decreases if the Jcr1/Jopt ratio is higher or lower than 1 (Figure 2). From the point of
sensitivity it is best to set [, to the average of Jcys of the sample. When the
difference of Jcys is exceptionally large, e.g. with a sample containing both alkane
(e ~ 125 Hz) and alkyne (YJen =~ 250 Hz)”! functionality, the cross peak
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Figure 2 Relation of signal intensity and ratio Jcp/Jopt in the HSQC (see Equation (5)). The
maximum intensities for CH;, CH, and CH groups are 3, 2, and 1, respectively.

volumes for these protons will be 75% from the maximum attainable if the [, is
set for average of the couplings. When the Jcys of the sample are known, suitable
coefficients can be formulated to correct the volumes to take this effect into
account, and by that improve the accuracy of quantification.

As always, homonuclear coupling evolution during the pulse sequence affects
the polarization transfer to the desired coherence and therefore affects the quan-
titativity. Homonuclear coupling evolution is active in HSQC experiment during
both INEPT and reverse-INEPT periods. We can consider a CH group, with one
remote proton H' coupled to the CH group proton. During both the INEPT and
reverse-INEPT period a part of the polarization from the CH group proton ends
up to the H' through a COSY-type transfer. Therefore, the density function for

this spin system is
_ ) E]CH 2 E] HH'
G(CH H) o sin (2 ]Opt> cos (2 ]opt> (6)

The loss of polarization is illustrated in Figure 3.

The loss of intensity can be significant, when the iz approaches the value of
Jcn. Therefore HSQC experiment is most effective in detecting cn correlations,
whereas its usefulness in detecting ]y correlations is limited. If there are a
large number of coupled protons, the general density function for a CH group
with 7 remote coupled protons is

_ ' .2 E]CH L 2 E]HH';(>
a(CH nH) x sin (2 ]Opt) g cos (2 o (7)
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Figure3 Signal loss in respect of homonuclear coupling evolution in the HSQC (see Equation (6)).

If J1zy is about 5% of Jcyy (corresponds roughly to the typical values of *J versus
'Tcn), the intensity loss is insignificant if only few protons are coupled (Figure 4).
However, e.g. the methine group in the isobutyl fragment can have eight coupled
protons, leading to 5% loss of intensity. More importantly, the cross peak would
be split to nine lines (if equal s are assumed), which makes reliable integration
of the cross peak difficult. If high accuracy in quantification is needed, these
factors must be taken into account.

Recently, there have been attempts to refine the HSQC experiment to improve
the quantitativity. Heikkinen et al.”* reported an interesting variation of the
experiment called as Q-HSQC. In this experiment, uniform polarization transfer
over a range of /oy couplings was accomplished with use of constant-time INEPT
periods with varied Jcp evolution times. In the subsequent paper the lineshape
problems associated with the Jyy coupling evolution during the long constant-
time INEPT periods were corrected by Q-CAHSQC using the CPMG-INEPT
approach, and the effects of carbon pulse offset were also discussed.”” A solution
to the necessity in Q-HSQC and Q-CAHSQC to measure a multiple of four scans
per transient was proposed by Peterson and Loening.”* Their QQ-HSQC experi-
ment elegantly exploited localized manipulation of the sample volume in a way
that the different parts of the sample were optimized for different polarization
transfer evolutions, resulting reduced number of scans per transient and shorter
total acquisition time. The principle concerning the spatial encoding of the sample
volume with pulsed field gradients has also been employed in a number of
applications, e.g. for measuring diffusion coefficients, homonuclear correlations
and longitudinal relaxation rates.”> "’
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Figure 4 Signal loss in respect of multiple homonuclear couplings in the HSQC when Jy is
presumed to be 5% of the J (see Equation (7)).

The other common inverse-detection method, heteronuclear multiple quan-
tum coherence (HMQC)”™* " relies on multiple-quantum coherence transitions
during the pulse sequence. Due to the multiple-quantum coherence transitions it
is more laborious to theoretically follow the course of magnetization, and the cross
peak will be broader in the F; dimension due to the [y evolution.!?'%® Unlike
HSQC, HMQC can also be optimized for*™ Jcy cou lings. This heteronuclear
multiple bond correlation experiment, or HMBC,'**!% has lower sensitivity than
HMQC/HSQC experiments, and the Yey correlations can appear as artefacts in
the spectrum. However, the cross peak volume should follow the concentration of
analyte, so with proper method validation HMQC and HMBC should also be
applicable for quantification.

23. Carbon-detected heteronuclear experiments

INEPT®® is used in multinuclear NMR spectroscopy to enhance sensitivity of
nuclei with low gyromagnetic ratio and/or low natural abundance.'”'*® When
used in direct observation of an insensitive heteronucleus like carbon, the stan-
dard INEPT has some shortcomings. The most prominent is the anti-phase multi-
plet structure of the resonances, which prevents proton decoupling during
acquisition. These shortcomings have been addressed in several papers, and
some improvements like possibility for multiplicity editing have been pub-
lished.'”""? There are also several examples how the INEPT experiment can be
expanded to a 2D heteronuclear shift correlation experiment called as 2D
INEPT.'">'*> Bendall et al.'"® have presented a thorough Heisenberg vector
analysis how polarization is transferred in various versions of the 2D INEPT
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Figure 5 A pulse sequence for 2D INEPT.

experiment. The coherence pathways are thus well known, and the experiment is
as such applicable for quantitative analysis. The basic version of the 2D INEPT
(Figure 5) consists of the refocused INEPT!%%110 experiment with the extra t;
period for proton chemical shift evolution.

Again, the evolution period itself should only give the proton chemical shift
modulation to the signal and therefore should not affect the quantitativity. The
analysis can be started with evolution time t; = 0. The INEPT period with
the duration A transfers the proton polarization to carbon, and after INEPT the
magnetization is in anti-phase with respect to proton(s), giving a typical anti-
phase multiplet when the carbon signal is recorded.''” The density function
calculated using product operators shows that the intensity of the desired polari-
zation (when effects of relaxation and pulse imperfections are neglected) is the
same for all CH,, groups

¢(CH3,CH,, CH)  sin (nJcyA) (8)
If we define that the delay A equals 1/(2],pt), we can rewrite the proportionality as
¢(CHs, CH,, CH) o sin (E]C—H> )

opt

The above equation describes how the signal intensity changes with respect to the
Jopt and the true Jcp coupling magnitude (Figure 6).

In the following refocusing period with duration d the anti-phase carbon
magnetization is refocused to in-phase magnetization. The intensity of the
detected carbon magnetization depends on the multiplicity of the CH,, group,
which must be taken into account. The density functions for each CH,, group'**'*?
are

(CHs) Z[ sin (37/cpd) + sin (nfcpd))
o(CHy) « sin (27)cud) (10)
0(CH)  sin (n]cpd)

It can be seen that the refocusing period & affects CH, CH, and CHj; groups
differently, hence offering possibility for multiplicity editing (Figure 7).
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Figure 6 Relation of signal intensity and mismatch between Jcyy and Jop¢ for the INEPT
period (see Equation (9)).

N D 2
AN

1 |
1 |
1 |
1 |
€ 0.0 + t
£ 05 ! 05 I ofs 1
1 |
-05 l i
1 |
1 |
| —CH
-1.0 L ' i
: : ——CH2
i : —— CH3
_1 -5 1 1
3"Jew

Figure 7 Relation of magnetization intensity and product of Joy and & for the INEPT refocusing
period (see Equation (10)). The points where &/ is 1/3 and 2/3 are marked with dashed lines.



Quantitative 2D NMR Studies 13

It is common to use value 1/(3].p) for the delay 8 to have all the signals
positive. If we look what the polarization transfer efficiency is for the whole
refocused INEPT period with A = 1/(2],pt) and 6 = 1/(3]opt), we can formulate

3
o(CH3) o< — sin mJcn sin n]CH + sin T Jen

4 2 ]opt ]opt 3 ]opt

mlen | . [ 27]cu

0(CH>) x sin | ==— | sin —
(CHL) 2 Jopt 3 Jopt

mlen | o e
2]0pt 3]opt

o(CH) x sin

It is now possible to follow what is the polarization transfer efficiency from proton
to carbon for each CH,, group, and also how the mismatch between true Jc; and
the Jop used for polarization transfer delay calculation affects the signal intensity
(Figure 8). When the Jcys of the sample are known, suitable coefficients can be
formulated to correct the cross peak volumes.

The intensity curves show that the CH; and CH, group intensities drop rapidly
when the Jci1/]opt Tatio exceeds 1. Sensitivity-wise, it is best to set |, higher than
average of 'Jcy of aliphatic hydrocarbons (typically 125 Hz), if the analyte has any,
e.g. electronegative heteroatoms or other structural features that result consider-
ably higher 'Jci couplings.” On the other hand, it is favourable to set Jop < Jcn
when optimizing sensitivity for CH groups with high Jcp.

Homonuclear coupling evolution during the pulse sequence gives its own
effect to the polarization transfer to the desired coherence and therefore affects the
quantitativity. For 2D INEPT the crucial point in this respect is the INEPT period.
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Figure 8 Relation of signal intensity and Jciu/Jop: ratio in the refocused INEPT (see Equation (11)).
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Figure 9 Signal loss with respect to homonuclear coupling evolution in INEPT (see Equation (12)).

We can consider a CH group with one remote proton H' coupled to the CH proton.
During the INEPT period this homonuclear coupling evolves, and a part of the
polarization from the CH group proton ends up to the H' through a COSY-type
transfer. Therefore, the density function for this spin system is

/ . (m]cu T

a(CH - H) x sin (2]opt> cos <2 ]Opt> (12)
Depending on the ratio between the homonuclear coupling and heteronuclear
coupling some polarization that would have ended during the following refocus-

ing period as the in-phase carbon magnetization is lost (Figure 9).
The loss of polarization is less severe in 2D INEPT compared to HSQC (cf.
Figure 3). As gy seldom exceeds 10% of the Ycn, the effect of homonuclear
coupling evolution to the quantitativity can be regarded as negligible in this

particular case, but the error from this source should be understood when high
precision in quantification is needed.

2.4. Sensitivity considerations

The amount of the analyte gives restrictions what types of experiments are
applicable. With quantitative 2D NMR it must be considered which kind of
spectrum delivers the needed information with best sensitivity.''*"'” The overall
sensitivitgl of a pulse experiment can be calculated according to following
equation™

t
/N ot 1 - exp (- 5t )| 13
1
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where Yexe and yops are the gyromagnetic ratios of the excited and observed
nucleus, respectively, tiecycle is the recycle time of the pulse sequence, and T;%
is the longitudinal relaxation time of the excited nucleus. The decisive factors in
the sensitivity are the gyromagnetic ratios of the excited nuclei and the observed
nuclei. In this regard, the most sensitive are the homonuclear 2D NMR experi-
ments where the high gyromagnetic ratio of proton can be employed both in
excitation and observation. In inverse-detected heteronuclear 'H-">C correlation
experiments we can also employ proton both in excitation and observation.
However, as the natural abundance of carbon-13 is 1.1%, only the same portion
of the proton magnetization will contribute to observable signal. The advantage of
inverse detection over the direct observation in "H-"°C correlation experiments is
its eight-fold higher sensitivity. Therefore, if we need to analyze and quantify
samples that contain the chemicals of interest in small amounts or if the chemicals
are minor components, the best option from the sensitivity point of view is to
employ 2D homonuclear correlation experiments. The inverse-detected 'H-'"°C
correlation experiments are recommended when better resolution is wished with-
out sacrificing too much the sensitivity. When the amount of the analyte is not
the issue, the best resolution can be achieved using carbon-detected 'H-'>C
correlation experiment.

2.5. RF pulse imperfections

Preceding product operator examinations rely on assumption of perfect RF
pulses. When RF pulse does not deliver magnetization transform as perfectly as
intended, the result is loss of magnetization that gives the observable signal. In
addition, unintended coherences may develop giving spurious artefacts to the
spectrum. Usual source of pulse imperfections, and also the easiest to correct, is
miscalibration of pulses. The source of the pulse imperfections can be also hard-
ware related; the probe head coil can give inhomogeneous B field, or the RF pulse
synthesizer can give inconsistent RF pulse frequency, duration, phase or power.
Nowadays hardware-related problems are in minor role due to digitalization of
the RF pulse synthesis. However, there is also one aspect intrinsically related to
the principle of pulse-Fourier NMR spectroscopy that can cause imperfect nuta-
tion of magnetization. An RF pulse with a finite amplitude delivers the intended
nutation of magnetization when the transmitter frequency is on-resonance. When
the resonance offset increases, the nutation of magnetization will deviate from the
optimum. Development of high-field NMR spectrometers has made this off-reso-
nance effect''®''" quite common phenomenon. Proton with sufficiently narrow
chemical shift range can be excited uniformly using standard RF amplifiers, but
excitation of other nuclei with larger chemical shift dispersion, like carbon, can
suffer heavily from this effect. Also, loss of signal intensity with polarization
transfer experiments'*’ can be significant due to off-resonance effects. Therefore,
while the 2D homonuclear correlation experiments can be applied to quantifica-
tion without further consideration of the offset effects, these effects can be a
significant source of error when 2D "H-"C correlation experiments are utilized.”
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The importance of the problem has raised significant interest in the develop-
ment of techniques aimed to improve the performance of the RF pulses with finite
amplitude. The problem can be addressed by using a sequence of pulse elements,
so-called composite pulses,'?!"'** that are designed to fulfil either inversion,'**~'**
refocusing,'**® excitation'*'** or even arbitrary nutation'”' of magnetization.
The other technique that can fulfil the need for uniform manipulation of magneti-
zation over wide chemical shift range utilizes adiabatic fast passages'**'®. There
have been some intriguing demonstrations how the off-resonance effect can be
compensated with broadband composite or adiabatic pulses thus giving a more
uniform polarization transfer between proton and carbon over the whole chemical
shift range.'**'*® These techniques can be utilized in development of suitable
quantitative 2D "H-">C correlation experiments with a better tolerance of offset
effects.

2.6. Relaxation

When a spin system under a strong homogenous magnetic field is perturbed with
a RF pulse from its thermodynamic equilibrium, it will tend to return back to the
energetically favoured eguilibrium state. This process is called as longitudinal or
spin-lattice relaxation,'” and the time constant for this exponentially occurring
progress is marked with symbol T;. Each spin in the spin system has its own
unique rate of longitudinal relaxation, and by that its own T; time. The second
relaxation process is also taking place when magnetization is tilted from the
thermodynamic equilibrium to transverse plane. Due to, e.g. various spin inter-
actions causing small magnetic field fluctuations the magnetization loses its
coherence and therefore its intensity. This process is called as transverse or
spin-spin relaxation,'*® and the time constant for this also exponentially occurring
progress is marked with symbol T. Classically, these relaxation processes can be
described with Bloch equations.'**'*

In repetitive pulse experiments the magnetization recovers back towards the
thermodynamic equilibrium during the acquisition time and the following relax-
ation delay with rate determined by the T relaxation. If the magnetization has no
time to fully recover during these delays, the magnetization gets saturated, and
only a part of the magnetization can be excited with the next pulse. As a result, the
signal intensity does not represent the full equilibrium magnetization of the given
nucleus, and therefore the quantitativity of the spectrum is compromised. The
recovered magnetization on the z-axis (the external magnetic field axis) in repeti-

tive pulse experiments'*' is

; (14)

where M, is the thermodynamic equilibrium magnetization, ¢, is the repetition
time, i.e. the sum of the acquisition time and the relaxation delay, and o is the
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excitation pulse angle. In 2D NMR experiments the polarization of the observed
nucleus is transferred usually completely on the transverse plane, so for the
magnetization recovery considerations o is 90°. In 1D NMR experiments the
excitation pulse angle can be adjusted quite freely, but is frequently also set for
90°. Theoretically, a 100% recovery of the magnetization takes infinitely long.
Therefore a recovery that exceeds 99% is considered sufficient to guarantee
quantitativity of the spectrum. With 90° excitation pulse this corresponds repeti-
tion time that is five times the longest T, of the excited nuclei. This means that in
carbon-detected heteronuclear experiments, where the polarization is transferred
from excited protons to carbons, we only need to consider proton T;s when
optimizing repetition times (see Equation (13)).

If the T, relaxation times are long, measurement of fully quantitative 2D NMR
spectrum can take exceedingly long time. However, the quantitativity of the
spectrum can also be considered from the point of the relative difference of peak
volumes in the spectrum, and how it is affected by the partial saturation of
magnetization due to insufficient repetition time. Consider two cross peaks,
representing two chemicals of interest with longitudinal relaxation times of T;°
and T,', in a 2D NMR spectrum. If the repetition time is set shorter than 5T,%",
M, PO < M™! through saturation of the magnetization, and the signal intensity is
decreased for both chemicals. If T,° = T;!, and we assume that T, effects are
negligible, we can hypothesize that the ratio M,"P'/M,"P" is the same regardless
of the repetition time t, (Figure 10). Therefore, we can set the re?etition time
1.269T,*" to get the optimal sensitivity for given measurement time'*?, while the
integrals from the two chemicals can be used to accurately determine their relative
amounts in the sample. A situation where the Tis are identical is very rarely
encountered with real samples. If the T, times of the excited nuclei are relatively
close to each other and the best possible quantitativity is not needed, shorter
repetition time than five times the T; can be used. For example, if the ratio of
the shortest T; time (T;') and the longest T, time (T,% equals 3/5, we can set the
repetition time to correspond 3T, and still get the amount of the chemical with T,
under 5% margin of error (Figure 10).

If the duration of the pulse sequence is long, the magnetization can also
attenuate between the first pulse and the beginning of the acquisition time. The
relaxation rate of the magnetization will vary during the pulse sequence depend-
ing on its coherence order. For a rigorous analysis of the dynamics of the spin
system and the relaxation parameters a more elaborate mathematical treatment
should be used.'*®> However, in most cases the transverse relaxation of the excited
nucleus is the dominant factor that attenuates the magnetization, and an approxi-
mate result can be obtained with Bloch equations.'**'*’ The attenuation of mag-
netization during the pulse sequence can be approximated as

M,y = exp(—tps/T2), (15)

where t, is the time magnetization spends on transverse plane during the pulse
sequence, i.e. where T, relaxation takes place (normally the time between the first
pulse and the beginning of the acquisition time). We can again consider two cross
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Figure 10 Intensity ratio for two resonances with different T, times (T;' and T;°) with respect
to the t,/T;' and t,/T;° ratios (cf. Equation (14)). The delay t, is the repetition time of a 2D
pulse experiment.

peaks representing two chemicals of interest with transverse relaxation times of
T, and T,' in a 2D NMR spectrum. If the pulse sequence duration is longer than
0.05 times T,”', the magnetization has lost over 5% its intensity through trans-
verse relaxation, and the signal intensity recorded during the acquisition time is
decreased. However, if T, = T,', we can hypothesize that the ratio Mx,yl / M,(,yO is
the same regardless of the duration of the pulse sequence t,, (Figure 11).

Furthermore, Figure 11 shows that if the difference of ratios tos / T20 and tos / Tzl
remains under 0.05, the intensities of the magnetization will not deviate more than
5% regardless of the values of t,,, T,° or T,'. For example, a HSQC experiment
optimized for 125 Hz ']y couplings will have t,s of 8 ms. For small molecules the
Tys can be in range of 1-3s, so the differences of signal intensities in the HSQC
spectrum due to attenuation of magnetization through T, during the pulse
sequence should be negligible.”” The attenuation of magnetization in larger mole-
cules with short T,s can have a significant effect to the quantitativity.'**

2.7. Processing

Processing of the NMR data has significant contribution to the quantitativity of
the spectrum. To achieve a 2D NMR spectrum where cross peaks can be
integrated with confidence, several factors that affect the spectrum must be
considered. In the 1D pulse-Fourier NMR spectroscopy the excited magnetization
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Figure 11 Intensity ratio for two resonances with different T, times (T5' and T,°) with respect
to the tps/Tz1 and i“,,S/TZ0 ratios (cf. Equation (15)). The delay t, is the time in the pulse
sequence where the T, relaxation takes place in a 2D pulse experiment.

induces the current to the receiver coil, and this current is sampled by the analog-
digital converter at evenly spaced points with respect to time as the free-induction
decay data. These data are transformed with discrete Fourier transform to the
frequency-domain spectrum, where Lorentzian peaks are shown with respect to
their resonance frequency. In 2D NMR spectroscopy, we have the same acquisi-
tion time period marked as t,, which is sampled with respect to time. Addition-
ally, we measure the t, data with different t; evolution times. The t; evolution time
is also linearly incremented, so after discrete Fourier transform of the acquired
data with respect to t, dimension, we can also perform the discrete Fourier
transform along t; dimension of the 2D matrix. Ideally, after 2D Fourier transform
of the 2D data matrix each peak in this 2D NMR spectrum should be with fully
Lorentzian shape starting from the zero level of the 2D NMR spectrum. In
practice, the quality of the 2D NMR spectrum can differ greatly from this ideal
case, making reliable integration of the cross peaks more difficult.

One artefact that may appear in the 2D NMR spectrum has its origins in the
nature of the data sampling. The spectrum can contain constant ridges along both
F, and F, dimensions that start from the base of the cross peaks.145 The reason of
this artefact is improper weighting of the cosine-modulated time-domain data.'*®
A solution to this problem, according to the theory of the discrete Fourier trans-
form,'*® is to multiply the first time-domain point by 0.5. This correction is
typically a default setting in spectrum processing software, but there can be
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situations due to analogue filtering or receiver gating that the intensity of the first
point is attenuated. In these cases the correct multiplication constant can be found
empirically. Other possible solution for this problem is to modify the data acqui-
sition so that sine-modulated data are recorded during ¢, and #; periods. This
would mean that the first point of sine-modulated data should be zero, and in this
way the weighting error would be negligible.'*®

The spectrum can also contain noise strands that go through the peak bases
along F; dimension. The level of the noise is proportional to the intensity of the
cross peak. This t; noise'* is caused by general hardware instabilities like incon-
sistencies in RF pulse synthesis and pulse sequence timing.'*® Introduction of
pulsed field gradients'®” together with digitalized RF pulse synthesizers has
significantly reduced the level of this artefact, but this can still be a problem in
analysis of minor components in a mixture sample containing intense background
signals. The level of #; noise can not be reduced in the spectrum through proces-
sing of the acquired data. Baseline correction can be used to shift the middle point
of the noise,"” but this can also affect the volume of cross peaks that appear on
this t; noise ridge. Such cross peaks should be cautiously used for quantification.

The number of acquired Points should be sufficient to give a good digital
resolution to the spectrum.'” With 2D NMR experiments the number of data
points in the indirect dimension is limited in order to keep the total acquisition
time reasonable. Therefore the acquired data will need zero filling to provide the
aimed digital resolution. The same rules apply to the 2D NMR spectra as to 1D
NMR spectra; if the digital resolution is too small, the line shapes will be too
coarse to accurately describe the resonance, and the peak volume will be biased.

Apodization or weighting of the acquired 2D data has a major effect to the
appearance of the spectrum. Apodization is used either for enhanced signal-to-
noise ratio or enhanced resolution. It can be also used to smooth a truncated
acquisition data to avoid distortions that appear on the base of peaks.'”! Truncated
data can be also corrected with linear prediction,'”*'* and it is useful to apply linear
prediction to the indirect dimension to enhance resolution. In case of HSQC data,
apodization that mimics the natural decay of the signal (i.e. exponential windowing)
should guarantee the best quantitativity. Exponential windowing may not always be
the best option if good resolution is aspired, and then a good compromise is to use
apodization with a small resolution enhancement, like squared cosine windowing.
Effects of apodization and linear prediction on the quantitativity of the spectrum
have been discussed in literature by several authors."”">® Validation tests are
naturally recommended in selection of the optimal apodization and linear predic-
tion in the used 2D NMR experiment and the samples.

Integration of the cross peak can be performed in two ways: by direct summa-
tion of the spectral data points or by peak parameter search by curve fitting.'*”
Direct summation is computationally fast method to acquire the peak volume, but
may be affected by baseplane roll, ¢; noise, or tails of other peaks, whereas curve
fitting, when successful, can reveal the true volume of the peak.'®*** Usually the
peak volume integration method is, however, chosen on the basis of availability, i.e.
which integration tool is incorporated in the spectrometer’s operating software.
There are several third-party NMR processing software packages available
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featuring some advanced NMR data processing tools'®>'®® which offer more

flexibility in processing of the spectra. When quantitative analysis is conducted
for a large set of samples, the recorded spectra must be processed in identical
manner, preferably by the same operator. This ensures that the processing devia-
tions between the spectra are minimized and quantitative comparison between
the samples should be straightforward.

2.8. Reference in quantification

In quantitative NMR spectroscopy the concentration of the analyte is typically
determined by comparing the analyte resonance integral to an inert, internal
reference with known concentration. In quantitative 2D NMR the relation
between the cross peak integrals of the reference and the analyte can be estab-
lished ether by calibration curve and/or correction coefficients derived from
theoretical calculations. It is then quite straightforward to calculate the analyte
concentration in the sample. In some cases there are no inert references available
that could be applied internally to the sample. In these cases a reference chemical
in a coaxial glass insert within the NMR sample tube can be used, so that no
contact will take place between the sample and the reference chemical. Other
possibility is to use external standard in a separate NMR tube.®

The referencing can also be done by employing an artificial reference reso-
nance. The electronic reference to access in vivo concentrations also known as the
(ERETIC)'® method provides a reference signal, synthesized by an electronic
device, which can be used for the determination of absolute concentrations. The
ERETIC approach has been applied to 1D NMR quantification with high accuracy;
the standard deviation has been reported to remain under 1%."*”'® Michel and
Akoka'® have also adopted this technique to produce an artificial reference cross
peak in 2D homonuclear and heteronuclear correlation spectra. This approach
shows potential as a universal reference in quantification.

3. APPLICATIONS

A survey of literature gave over 20 papers where 2D NMR experiments was
successfully applied in quantification of complex samples. The selection of the
used experiments was also quite diverse; all typical 2D homo- and heteronuclear
correlation experiments were among them. Many of the authors also compared
the 2D NMR results against 1D NMR quantification or quantification with other
analytical technique. In overall, 2D NMR quantification offered a better linearity
and accuracy in these comparisons due to better resolved peaks. Additionally, the
approach often facilitated analysis of minor components that were not distin-
guishable from 1D NMR spectra. The main part of the papers that demonstrated
2D NMR quantification focused on the analysis of natural products like animal
and plant metabolites. Some articles were also found where quantitative 2D NMR
was applied to quality control in food industry, and on characterization of the
products of oil industry. The following sections give a short summary of the
quantitative 2D NMR on the aforementioned topics.
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3.1. Metabolic profiling

Study of natural products, biological systems and processes taking place in living
organisms has become a major research. NMR spectroscopy has been an important
technique in characterization and quantification of single natural products in plant
extracts, dietary materials, and materials representing different metabolic stages of
organisms.'” A more comprehensive approach to follow the metabolic fluxes and
metabolism with NMR spectroscopy, often referred as metabonomics,'”" is a new
emerging research field, and many new methods in this research are under devel-
opment. There are number of excellent review articles and text books that discuss the
concepts and applications of metabolomics/metabonomics,'”>"'”> and the reader
interested in this topic is encouraged to familiarize oneself with the literature.

2D J-resolved NMR has been applied to metabolomics to enhance resolution of
the overlaygping resonances and facilitate identification of the sample compo-
nents.'”*'”” Viant'”® used this approach to achieve quantitative 1D F,-projections
which were analysed using principal component analysis to evaluate metabolites
citrate, taurine and alanine in embryogenesis of fish Oryzias latipes. In comparison
to conventional "H NMR quantification the author stated that the likelihood that a
peak in the projection spectrum contains more than one resonance is significantly
smaller, thus providing additional accuracy for summarizing and interpreting the
metabolomic data. The same combination of 2D J-resolved NMR and statistical
analysis has been used by Viant et al. in subsequent studies,'”*'® and also by
other research groups in studies of, e.g. liver tissue'®" and plant metabolism.'8*~'%*

Tiziani et al."”® reported an extensive study on the comparison of two weight-
ing functions, sine-bell and sine-bell combined with exponential, and their effects
on the 2D J-resolved spectrum resolution and reproducibility. Their tests with dog
urine, fish liver extract and leukaemia cell extract samples indicated that com-
bined use of sine-bell and exponential apodization resulted in a better resolution
and reproducibility, which should be beneficial in quantitative studies.

There are several reports dating from the 1980s where metabolic analyses were
performed with COSY.'®"*! In a study by Alonso et al.'* absolute-value COSY
spectra were used to identify lactate in samples of intact frog muscle. The paper
also demonstrated the quantification of the lactate levels on the basis of lactate
cross peak volumes. The authors reported a good linear correlation (R* 0.996)
when the cross peak volume of lactate in varied concentration was compared
against a cross peak volume of the internal reference, carnosine. Based on that
finding the authors were able to follow the changes of lactate level in gastrochemius
frog muscles during the 18 h observation time.

Nouaille et al.'”” studied occurrence of maltodextrins in a strain of Fibrobacter
succinogenes using DQF-COSY. They were able to identify, and also quantify, the
presence of maltodextrin-1-phosphate in this rumen bacterium. Massou et al.'**
applied both absolute-value DQF-COSY and phase-sensitive TOCSY experiments
to quantification of '*C-enriched glucose metabolites and carbon fluxes in Escher-
ichia coli. In their comparison they observed that TOCSY delivered a better quan-
titativity in this application. The in-phase coherences obtained with zero-quantum
filtering®™ gave only positive signals in the phase-sensitive TOCSY spectrum,
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which enabled easier 2D integration. The magnitude calculations with the DQF-
COSY caused broad lines, making the integration more difficult; other implications
were also discussed. It was also noted that the heteronuclear scalar couplings were
averaged to zero with TOCSY during the isotropic mixing period, and the effects
related to long-range heteronuclear couplings were avoided. TOCSY experiment
was also used by Van et al.'”” in comparison of global metabolic profiles of mouse
urine. They reported that the improved resolution facilitated detection of minor
metabolic components in urine giving more accurate and statistically relevant
analysis of changes in the metabolic fluxes.

In the study by Dumas et al.'®® 2D '"H-">C correlation spectroscopy was
validated in analysis of metabolism in cattle treated with anabolic steroids.
Urine samples were analyzed with HMBC, where polarization transfer was opti-
mized for *Jcy couplings. They applied linear discriminant analysis to extract
quantitative variables from the spectra in order to reveal metabolism involved in
endocrine disruption processes. Guerrini et al.'”” adopted also 2D 'H-'°C correla-
tion spectroscopy, in this case HSQC, in analysis of differently substituted mono-
saccharide components of heparan sulphate and other glycosaminoglycans
obtained by chemical modification of the E. coli K5 polysaccharide. The authors
discussed the implications to the quantitativity of the integrals with respect to the
differences between polarization transfer optimization and the true 'Jc couplings.
They stated that when variation among true 'Jcg; values was in range 5-8 Hz,
as obtained for uronic acid residues, it did not affect to a significant degree to
the calculated content in glycosaminoglycan individual residues. However, there
were cases where observed couplings of certain groups differed 25 Hz, and
differences of these magnitudes, according to the authors, can generate significant
errors in the compositional analysis. HSQC was also applied by Lewis et al.'*®
in their study. They reported identification and quantification of ca. 40 most
abundant metabolites in extracts from Arabidopsis thaliana, Saccharomyces cerevisiae
and Medicago sativa with their proposed fast metabolite quantification, or FMQ,
method. The FMQ by NMR demonstrated excellent linearity (R* 0.99, slope 0.97),
and the average error was smaller in the FMQ by NMR compared to "H NMR
quantification (2.7 and 16.2%, respectively).

3.2. Lignin chemistry

While a large part of natural product studies is focused on plant extracts contain-
ing small molecules, a significant amount of research is also going on with
polymers of the flora. Pulp industry that uses cellulose of wood in paper
making'®’ has also carried out research on the other major polymer of the plant
kingdom known as lignin.”” Lignin is heterogeneous and lacks defined primary
structure, and therefore various models of lignin structure have been pro-
posed.?”' 2% NMR as a powerful structural elucidation technique has also been
employed in characterization of lignin both in solution and solid state.?***%”
Heikkinen et al.”* presented an application of the Q-HSQC experiment with
uniform polarization transfer over a range of /oy couplings in quantification. This
study with a mixture of lignin model compounds demonstrated comparative
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results against 1D 'H and "°C quantification, and the relative standard deviation
remained below 3% in all cases. Zang and Gellersted'** presented an extensive
study on the influence of T, relaxation in quantification with HSQC experiment.
They proposed an approach where cross peaks with the same T, relaxation
profiles were analyzed as individual groups, so that the T errors in quantification
could be minimized. Their results in quantification of milled wood lignin of Picea
abies agree well with the literature values®>?**?%%2% acquired with chemical
analysis or 1D NMR methods.

Natural degradation of lignin has also been under interest. Lignin degradation
products form a large part of humic substances in soil as well as in river and lake
waters. NMR spectroscopy has been used in several studies to characterize these
highly complex samples.”'*'*> A report by Haiber et al.*'* described analysis of
humic and fulvic acids in river water reference samples. They used HETCOR, a
version of the 2D INEPT experiment, in identification of lignin degradation
products. The size-exclusion fractioned sample with high molecular weight com-
pounds (>100 kDa) was not analyzable with HETCOR due to relaxation losses,
but the method was applicable in quantification of lower molecular weight frac-
tions. Information was used to interpret the processes of lignin degradation.

3.3. Food analysis and quality control

Food production for human and animal consumption is an important branch of
industry. The production, processing, as well as storage, is controlled by national
and international legislation. This legislation is aimed to assure that the food is
safe for human or animal consumption by regulating, e.g. what are the acceptable
limits of bacteria growth and related toxins, pesticide and herbicide remnants,
preservatives and additives. There is also need to verify the origin of the foodstuff
(e.g. gene manipulated grain and vegetables) and to prevent counterfeit food
products (e.g. wines and liqueurs) to end up on the market. Many of these
regulations need verification by methods of analytical chemistry. NMR spectros-
copy has also been applied to food analysis, and there are some excellent reviews
on this topic.'>*'¢

A report where quantitative 2D NMR was applied to differentiation of beer
brands was published by Khatib et al.>’” They used 2D J-resolved NMR to
improve resolution of components present in 2-butanol extracts of several beer
brands. With application of principal component analysis they distinguished six
lagers from each other based on their amino acid contents. They also discussed
how the amount of compounds that have an important effect to the taste, like
tyrosol, can be estimated with the method.

Hu et al.*'® demonstrated how organic compounds could be quantified in
whole milk by HSQC. A relaxation reagent was used in the milk samples to
speed up the acquisition. Calibration curves for sodium citrate, acetylglucosa-
mine, tributyrin, triolein, trilinolein and lecithin measured against an external
reference (1,1,2,2-tetrachloroethane) in a coaxial glass insert showed a good line-
arity; R* was above 0.98 in all cases. The amounts of the chemicals in milk were in
accordance with the reference values determined by gas chromatography.
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Use of quantitative 2D NMR spectroscopy is still quite rare in food analysis
and quality control. A possible reason can be that experimental set-up, acquisition
and processing of 2D NMR experiments are considered to be too difficult or time-
consuming compared to 1D NMR experiments. Also, restrictions and regulations
from the laboratory environment (quality systems, standards) can hinder applica-
tion of new methodology in quantification. Considering the challenging sample
matrices the 2D NMR methods would be excellent tools in quantification.

3.4. Product properties of oil fractions

Oil industry has a long history of application of NMR spectroscopy for characteri-
zation of crude oils, products and oil fractions. The methodology has been mainly
1D proton- or carbon-detected experiments. Quantitative 'H NMR and "*C{'H}
NMR experiments have been used in estimation of aromatic, olefin, naphtene and
paraffin proportions in the samples.?'**** A more detailed characterization has
been obtained using various 1D carbon-detected experiments, like GASPE, CSE,
QUAT and DEPT to obtain quantitative CH,, sub-spectra.”*'"*** The goal of
characterization of the oil fractions and quantification of certain structural fea-
tures has been to find correlation between these features and the product proper-
ties (e.g. viscosity index, pour point). Due to environmental concerns oil
companies are nowadays more interested in development of lubricant base oils
that have low aromatic and olefin contents. Hydrogenation of unsaturated com-
ponents also improves the stability of the base oils, which is an important property
for the end-product. Quantitative analysis of a saturated oil fraction with NMR is
a major challenge. When the oil fraction contains only aliphatic compounds, the
spectrum width that contains the resonances narrows to ca. 1 ppm in the 'H NMR
spectrum and ca. 50 ppm in *C{'H} NMR spectrum. This causes excessive
resonance overlap in the 1D NMR spectra, thus rendering their usefulness in
characterization of oil fractions quite limited. Therefore, elevated interest in 2D
NMR spectroscopy for characterization and quantification of oil fraction compo-
nents has risen. 2D NMR spectroscopy has been used by several research groups
to characterize the average structure of the oil fractions.””>**° Quantitativity
studies of certain 2D NMR experiments like TOCSY** and 2D INEPT**' have
also been reported. In addition, there have been attempts to make statistical
models how the quantitative information derived from 2D NMR sg)ectra can be
used to predict oil product properties. Peng et al.>** applied 2D "°C J-resolved
NMR data to estimate the molar concentration of the different CH,, (n =0, 1, 2, 3)
spin systems in the sample, and by that to predict the density and viscosity of the
crude oils. Vadanénen et al.** used the artificial neural network analysis to corre-
late HSQC data from a set of hydrogenated oil fractions to their viscosity indexes.
The part of the spectra containing methyl cross peaks, i.e. the part that contained
most of the information about the hydrocarbon chain branching, was processed
with the artificial neural network analysis. The analysis predicted viscosity
indexes of the oil fractions with correlation coefficient 0.903, indicating that the
hydrocarbon chain branching is an important factor in determination of the
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viscosity index. The analysis also indicated what kind of branching in the hydro-
carbons most likely promoted the desired high viscosity index.

While there is a limited number of publications about application of quantita-
tive 2D NMR in oil fractions, they still demonstrate how much more details 2D
NMR can offer. The reason for the low number of papers can be also explained by
the nature of the business; oil companies might feel to lose an advantage in the
markets if they publish their latest analytical methodologies. The industry itself is
now on the verge of changes due to depleting oil resources and general concerns
of environmental pollution. Motor oils and other oil products will be needed also
in the future, but the oil consumption need to be controlled and reduced. Devel-
opment of new oil products fulfilling these new requirements needs tools of
analytical chemistry, and by that, NMR spectroscopy.

4. CONCLUSIONS

Quantitative 2D NMR has shown its applicability as well as validity on several
fields of research. Compared to quantitative 1D NMR, quantitative 2D NMR is
more demanding with respect to experimental set-up, processing and cost of
measurement time, but with the invested effort, 2D NMR offers significant
improvement in resolution, and therefore challenges 1D NMR techniques in
quantification of complex samples. Combination of sophisticated statistical anal-
ysis and the quantitative 2D NMR is an approach that has found a fertile ground
in, e.g. metabolomics and may demonstrate its value also in new fields of research.
While 1D NMR will remain the most used NMR technique for quantification, use
of 2D NMR will find growing interest in quantitative studies of complex samples.
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provided including recommendations on sample preparation and spectrom-
eter optimization. In addition, biologically relevant samples were used
to demonstrate and compare the relative strengths/weaknesses of described
techniques. This publication attempts to provide practical background
and general knowledge for both novice and experienced users
seeking to select and optimize the most appropriate tools for their NMR
challenges.

Key Words: Nuclear magnetic resonance spectroscopy, Solvent, Water
suppression, Radiation damping, Demagnetization field, Bulk susceptibility
effect, Presaturation, Watergate, Purge, Metabonomics.

1. RATIONALE

1.1. Objectives

There are a fantastic number of exploratory manuscripts and reviews thoroughly
covering aspects of biomolecular NMR and the relationship with solvent suppres-
sion over the last 30 years. Biochemically® focused NMR spectroscopy has been
developing for well over a half century." Originally we had planned to cover all
aspects of solvent suppression but were quickly forced to re-evaluate this position
for two reasons. The first was the overwhelming volume of material to cover in
order to perform a comprehensive review. The second and perhaps more impor-
tant reason was the quality of reviews completed by other authors and (at best) the
redundancy that any comprehensive work on our part would necessarily encounter.
Interestingly, larger reviews on solvent suppression seem to cover approximately
10-years of the literature, and the timing of this review is no exception. For example,
areview by Hore” was published in 1989, while Coron et al.,® Gueron etal.,* Lui and
Mao,” and the Price® reviews were published between 1999 and 2001. Other excellent
reviews have emphasized integral techniques such as the incorporation of pulsed
field gradients.”” An extensive review already mentioned contains a unique focus
on the mathematical theory behind solvent signals* and is highly recommended for
anyone seeking insights in that aspect of spectroscopy.

During the past few years there have been three developments necessitating an
updated review. The first is a recent resurgence of active development in the field
of solvent suppression. The second is the rapid incorporation of cryogenically
cooled probes into biomolecular NMR laboratories and the related challenges of
increased signal to noise.” Lastly there has been an expansion of NMR into non-
traditional fields (e.g. metabonomics®'?) and by researchers self-described as
non-NMR experts. As result, there is a need for a review of recent advances and
a practical guide to assist non-NMR focused investigators who are beginning to

* A simple PubMed search for ‘'NMR’ in title yields some 78 000 references, with 180 000 hits for 'NMR’ as a keyword.

° This is an interesting point as most spectroscopists would never think of increased signal to noise ratios as a challenge.
Do not forget that the solvent signal gets more intense as do artefacts. In addition, as the noise floor drops any previously
hidden problem tends to stand out.
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consider the advantages that NMR can provide. Even researchers experienced
with NMR may not be familiar with all the subtleties of optimizing solvent
suppression. Therefore we will attempt to reference the excellent previous
works wherever possible and only re-address similar topics in the cases where a
review will facilitate a better understanding of a new development or where we
can yield directed assistance for less experienced users. This publication will
attempt to tackle the limitations and robustness of techniques on identical, biolog-
ically relevant samples to facilitate direct comparison and evaluation for the
potential user. Best of luck and let us begin.

1.2. Why suppress solvent?

There are many reasons behind the need for solvent suppression. The most
obvious is the occlusion of 'H containing peaks of interest (solute) in the back-
ground of a massive solvent signal such as 90% 'H,O containing 10% *H,O
(also shown as D,O) for an internal lock reference. We also always add
2,2-dimethyl-2-silapentane-5-sulfonic acid (DSS)" for internal referencing of
biological samples. Just like trying to see something in the sky close to the sun,
small peaks next to, or on top of the solvent peak are obscured and distorted.
Attempting any type of quantitation is next to impossible due to a non-linear
baseline and/or distortions from the overwhelming solvent resonance (Figure 1A).

Common spectral errors obtained by not suppressing the solvent were shown
in Figure 1B and C. The errors in measurement of the FID caused by overloading
the receiver yield problems with the discrete Fourier transform resulting in
artefactual signals and large baseline ‘wiggles’. None of the spectra were particu-
larly useful.

While it may be easy to suggest and visualize the physical removal of 'H
solvent resonances from the sample by the full substitution of a maximally
deuterated solvent (e.g. 99.99% *H,O or suitable organic solvent such as deuter-
ated chloroform), this choice removes resonances of interest'* or calls into ques-
tion the biological relevance of subsequent studies. For proteins, the use of
exchangeable solvent deuterons would result in the eventual loss of all exchange-
able hydrogen atom signals from the protein'>2° with a rate determined propor-
tional to exposure/regional instability (e.g. lack of hydrogen bonding or other
tight secondary structural elements).

The concentration of 'H resonances in fully protonated water samples is on the
order of 110 M, which vastly exceeds even the most optimistic biological samples.
Even if the solubility of a subject protein were such that solute signal could be on
par with the solvent, any subsequent work would be hindered by concerns of non-
specific binding, dimerization (or higher order polymerization), and functional
relevance in any of these cases. Of course the more obvious problem would be the
difficulty in obtaining and purifying enough sample (see Appendix), often
labelled via expression in expensive '°C, °N, and possibly even *H-enriched
media, to create such a hypothetical sample. As the solubility of almost any
sample can never come close to these concentrations, suppression of the solvent
becomes inescapable.
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13. Problems with ignoring solvent signals

13.1. Receiver and analogue to digital converter errors

We have seen what happens if we simply ignore suppression concerns for the
moment and acquire a spectrum (Figure 1). A receiver overflow occurs when the
intensity of the receiver voltage exceeds the maximum that can be accurately read.
Otherwise the start of the FID (that should show precession of a sinusoid) contains
only maximum values until enough signal decay has occurred to bring the
intensity back into scale (Figure 2). Until then, no accurate amplitudes can be
measured. One solution is to turn down the amplification of that signal (and any
other weaker signals that might be of interest). By turning down the signal
amplification and/or by only exciting a fraction of the sample, we can bring the
recorded voltage back into scale and the digital conversion back into a feasible
solution (Figure 1A). This means that the maximum water signal amplitude fits
inside the largest number possible for the digital converter, and the receiver can
record the voltage levels in the coil.

However this does not mean the solute is being measured correctly, only that
the largest signal is within the scale range. In most modern instruments a 16-bit
converter (able to create a range of 2'° values) is used allowing definition of +32 768
points. This may seem like a lot, but if the water signal is 100 000 times larger than
the signals of interest (i.e. 110 M H,O peak compared to a 1 mM protein) there
remains less than one digital point to define the entire signal of the solute (impos-
sible as multiple interfering sinusoids cannot be accurately described by only +1 s
and 0 s). Some newer consoles now contain 20-bit ADCs but this does not solve
receiver overflows, or other distortions occurring due to the massive solvent signal.

1.3.1.1. Digitization noise Digitization noise can most easily be described as mis-
takes in the measured voltage when translated to a digital number. Essentially
there are not enough points to accurately describe the voltage, and the nearest
digital number is selected somewhat similar to simple rounding errors. Effective
digitization of a signal intensity less than the smallest value has been discussed,”!
although the reasoning that noise levels should theoretically increase solute
signals into a relatively detectable scale is certainly not the most palatable argu-
ment. Digital noise errors should be most common when extremely weak signals
are sought after in the presence of very strong ones and everything has to fit in a
limited range of values. While receiver overloads occur when intensities are too

Figure 1 Effect of solvent. (A)—(C) show the NMR spectra for a 600 uL sample of T mM ubiquitin
and 0.5 mM DSS dissolved in 90% H,O with 10% D,O at pH 7 containing 0.1% NaN; (for inhibition
of bacterial growth). All were run with a simple one pulse-read sequence containing no pre- or
post-acquisition solvent suppression. Spectra were recorded on an Oxford 2.2K pumped non-
shielded 18.8 T (800 MHz 'H) magnet coupled to a four channel Varian Inova console and
cryogenically cooled HCN-5 mm probe with Z-gradient coil. (A) Single high power pulse of 1 us
(approximately an 11° pulse) and no water suppression and the gain set to minimum. The short
pulse was necessary to reduce the water signal intensity sufficiently to avoid receiver overflow.
The effect of a full 90° pulse on the same sample with (B) minimal, and (C) normal gain settings
show the resulting distortions in the processed FID due to ADC and receiver over flow errors. Even
with minimal gain the water signal was sufficient to overload the receiver.
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Figure 2 Signal overload. Two simple carton FIDs are shown. The left FID amplitude (A) is within
scale and shows accurate measurements for each recorded point of acquisition. The right FID

(B) shows a signal recorded with the gain set too high and the first series of points off scale. These
points can only be incorrectly recorded by the hardware as maximum values.

high, digitization noise is the opposite extreme when signals are small but the
amplification (gain) cannot be increased due to overpowering signals on the verge
of being ‘clipped’ (overloaded and set to 100% by default). Ray Freeman’s book
‘Spin Choreography’* (Figure 10.1, p. 317) demonstrates this concept very nicely.
Even the versatility of increasing the resolution of the ADC (e.g. 20 bit digitization
hardware) would easily be eclipsed by the conceptually simple act of removing
the intense undesired signals to start with, and hence our discussion.

2. SOLVENT SUPPRESSION

2.1. Practicalities

The following sections attempt to quickly express some general NMR ‘rules of
thumb’ that we have adopted. They are not meant to imply hard and fast rules or
requirements to be imposed on all samples and spectroscopists (though some are
certainly required at our facility), but instead simply methods we have found to
effectively acquire consistent data in the most reasonable amount of time. As the
saying goes, “Your mileage may vary’.

2.1.1. Samples

The first rule of NMR is ‘Crap in equals crap out’. It does not matter how many
millions you spend on a super conducting magnet, nor how carefully you isolate
vibrations, eliminate electromagnetic noise, stabilize temperatures, train your

¢ All of Ray Freeman'’s books are scientifically excellent, a pleasure to read, and highly recommended for anyone interested
in further NMR readings.

4 Taken from The 4 Rules of NMR by Brian D. Sykes. 1. Crap in equals Crap out (censored version for our younger readers),
2. Cleanliness is next to Godliness, 3. Ain’t broke do not fix it, and 4. Use the simplest experiment to answer the question.
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spectroscopist, or cool your probe because if you have a bad sample you will
undoubtedly obtain a poor result. We recommend a 600 uL sample (i.e. 5 mm
NMR tube) resulting in a 44.5 mm sample length (measured from the bottom of
the meniscus to the bottom of the tube). While spectrometer vendors recommend
volumes as high as 700 uL, we have found that 500 uL is the practical minimum
with 600 uL giving excellent results via a reasonable amount of shimming (see
Section 2.1.5). The sample length is important because modern biomolecular-
oriented NMR probes (i.e. "H coil on the inside closest to the sample) use longer
receiver coils (e.g. 18 mm instead of older 16 mm) incorporating more coil wire
turns in order to increase sensitivity. A 600 uL sample can be carefully centred in
even 18 mm long cryogenically cooled receiver coils and yield good results. We
have seen that 500 uL samples can be run, but the sacrifices in terms of final shim
quality begin to outweigh the advantages gained by not diluting the solute
concentration. For example, it is better to dilute a sample up to at least 500 uL
(or even better to 600 uL) than it is to run it at 400 uL. The 400 uL sample suffers
from overall inhomogeneity (lineshape) and solvent suppression problems that
remove any expected advantages of higher concentration.

It is easy to imagine that the best overall magnetic field homogeneity should be
achievable on a consistent cylinder of infinite length passing through perfect
rotations of coil wiring. While we certainly cannot achieve infinite length samples,
it is our experience that 10-11 mm of sample on either end of the receiver coil is
sufficient in order to properly shim a sample. Achieving higher quality shims will
make all peaks in the spectra sharper (thus signal/noise increases) and greatly
facilitate any solvent suppression scheme improving baseline performance and
sensitivity. When the amount of available sample is the limiting factor (not
solubility), we have turned quite successfully to susceptibility-matched plugs
such as those supplied by Shigemi NMR Tubes Inc. Shigemi manufactures tubes
with solvent-matched plugs in the bottom of the NMR tube and a top plug that
can be lowered to the surface of the sample. Using these tubes we have found that
325-350 uL fills the receiver coils to 20 mm of length and maintains enough
material in the top reservoir to avoid refluxing of the solvent into the upper
tube areas. Refluxing and subsequent capillary action can result in micro-bubbles
forming in the receiver area. Bubbles are very disruptive to any resulting spectra
as they form directly inside the receiver coils causing a drop of the lock level
(indicative of a disruption to the homogeneity of the magnetic field) over several
hours. For example, samples that are shipped for studies from sea level to higher
altitudes often degas during (or shortly after) transportation. A simple way to
check for bubbles (or any other non-soluble contaminant) without removing the
sample from the magnet is by the observation of a distortion in the gradient profile
(Figure 3).

Bubbles can be removed from Shigemi tubes by tilting the NMR tube to about
45° from vertical and carefully, but rapidly, depressing the top plunger a milli-
metre or two. A short but strong ‘tap” on the plunger causing a small depth change
will usually force the bubbles out. This can be repeated if necessary until all
bubbles are removed, though some patience and care may be essential. When
clear of bubbles, the plunger position can be readjusted and secured in place. Once
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40 30 20 10 0O -10 -20 -30 —40 kHz 40 30 20 10 0 -10 —20 -30 —40 kHz

Figure 3 Micro-bubbles present during Z-gradient profile acquisition. Shown above is the Z-gra-
dient profile of a 9010 H,0/D,0 sample in a Shigemi BMS-005V NMR tube (A) lacking and (B)
containing small micro-bubbles. A sample yielding the gradient profile seen in (B) would be very
difficult to shim to satisfactory levels and water suppression efforts would certainly suffer.

removed air bubbles rarely form again unless the volume of solvent in the upper
well is too small and refluxes further up the tube drawing volume out of the
receiver area by capillary action. The gradient profile of Figure 3A should confirm
the result once temperature equilibrium has been re-established.

2.1.2. Tubes

Many researchers are seduced into saving money by buying cheap NMR tubes.
These tubes are not only inexpensive but also poorly manufactured with relatively
high error tolerances that deliver inconsistent results. In the past, when liquid
samples were routinely spun at 15-20 Hz, the quality and precision of the tube
manufacturing was critical to reduce artefacts such as spinning side bands. Today
most spectrometer users do not spin their samples as the use of pulsed field
gradients for coherence selection prohibits the physical rotation of the sample.
This does not mean that consistent, high accuracy tube manufacturing is not
important or that simple 1D-"H experiments that do not commonly use coherence
transfer selection via gradients would not benefit from spinning. On the contrary,
for reproducible results and reducing the need for shimming adjustments from
sample to sample, high quality precision tubes are ideal. Research groups focus-
ing on high throughput (e.g. metabonomics) logically seek to minimize set up time
between acquisitions. Unfortunately these same projects are faced with high
initial costs associated with large (or massive) numbers of NMR tubes that are
subsequently either reused (i.e. washed by hand) or even discarded. Our experi-
ence has been that cheaper tubes disrupt routine operation more often. These ‘bad’
tubes are far more difficult to shim and never yield the quality of results achievable
with other tubes in the same production batch. Relatively good quality tubes can
even go ‘bad” during washing if they become scratched during handling.
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We have found tubes equal to the quality of a Wilmad 535P NMR (Wilmad
Glass, SP-Industries, Inc.) or Shigemi (Shigemi Inc., Allison Park, PA, USA) BMS-
005V (V or B depending on your probe manufacturer) sufficient for biomolecular
studies on spectrometers from 500 to 800 MHz. Admittedly, we have used Wilmad
541P (or equivalent) for facility standard samples (e.g. establishment of reference
shim sets, see Section 2.1.5) but the costs preclude routine incorporation.

2.13. Lock
Many spectrometer users do not fully appreciate the importance or functionality
of spectrometer ‘lock’. The frequency of the internal deuterated solvent is contin-
uously followed by the spectrometer hardware as a reference point, and a small
magnetic field is applied to bring the reference frequency back to a preset static
position. If the main magnetic field drifts far enough away from the set point, then
the lock field generator will no longer be able to compensate, and the set point
must be re-established in the new range. If external influences, such as large metal
bodies, cryogen Dewars, temperature changes, vibrations, pressure changes, and
so on, affect the magnet, then the lock circuitry must quickly compensate to
maintain the position of the deuterium resonance. Like any signal, the phase of
the observed resonance can be critical in the ability to evaluate the actual fre-
quency. For example, being 90° out of phase with the deuterium signal would
make the resonance appear as a null and only noise would be observed. Con-
versely, searching for the lock frequency when far off resonance would be difficult
and time consuming regardless of the accuracy of the phase of measurement.
We have found that it is very important to set the lock position and phase prior
to acquiring high field and high-resolution data. Incorrect settings of the lock
phase by even a few degrees can cause distortions originating from intense peaks,
especially when gradients are utilized on cold probes. As another saying goes,
‘Every little bit helps” and having the lock correctly phased and positioned prior to
and after shimming can increase the efficiency of subsequent solvent suppression
efforts and reduce artefacts.

2.1.4. Temperature equalization

One of the most commonly encountered questions is ““How long do I have to wait
until my sample reaches equilibrium?’” This is just as important for high through-
put studies such as metabonomics and medical diagnostics that use only a few
scans as it is for multidimensional biomolecular studies where a single experiment
can last up to 6 days. The answer (and solvent suppression method) depends on
the application.

Initial thermal equilibrium, often based on the lock level stability, can be
reached quickly taking as little as a few minutes (e.g. a room temperature sample
inserted into a regulated magnet at 25 °C). Increasing the airflow to the variable
temperature controller can speed this equilibrium process but unfortunately can
easily introduce microphonics in the resulting spectra due to minute vibrations
(i.e. wiggling of the sample in the probe). This is of course deleterious, and a
compromise between temperature stability and positional stability must be
reached for each spectrometer. For cryogenically cooled probes this becomes
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more complicated as the receiver coils are mere millimetres away at 25 K while the
sample must be stable at 25 °C. Increased airflows are often required to minimize
temperature gradients throughout (X-, Y-axis) or along (Z-axis) the sample.

For samples requiring runs of seconds or minutes, thermal equilibrium may be
all that is required. This can be determined by the stability of the lineshape during
shimming of the sample. For long-term experiments, equilibrium of the refluxing
solvent must also be reached. As the solvent refluxes and condenses higher in the
tube the volume of the sample in the receiver coil is reduced. The sample is no
longer centred in the receiver coils and the lineshape degrades. We have found
that aqueous solvents take about 18 hours to reach equilibrium depending on the
cleanliness of the tube. To accommodate this finding we often insert a sample in
the magnet the night before experiments are due to begin. This assists with overall
shim stability and solvent suppression.

2.1.5. Shimming

Shimming is often called the ‘art’ of NMR. Everyone develops a routine or a
method that they have evolved from practice and/or watching others. We have
found that each spectrometer behaves differently: sometimes subtle, other times
different enough that a method that works for one system may not be appropriate
for another.

Each magnet, and perhaps even each probe, can have a distinct response to
different shims. For example our 800 MHz system using the room temperature
5 mm HCN probe always had a —32 unit Z; adjustment (accompanied with a
slight drop in the lock level) that needed to be made after either shimming for
maximum lock response or after Z-gradient shimming. While counterintuitive,
the overall homogeneity and lineshape improves despite the reduction in the
relative lock level (more on this below). The adjustment is not nearly so pro-
nounced on the 5 mm cold probe, but is still present and appropriate. Now
whether this is a compensation for a lengthwise temperature gradient through
the sample or an idiosyncrasy of our particular probe coil design is uncertain, but
it is merely a fact and is performed almost without thought by experienced users
on that particular instrument (and always results in better lineshape). None of the
other magnets that we manage has this peculiarity (or at least that has the same
magnitude of lock drop). We hypothesize that the lock drop is due to deuterated
lock solvent at the edges of the coil moving out of resonance as the field inside
the receiver coil is improved. The overall amount of lock solvent on resonance
therefore decreases even though the lineshape is improving for the solute.

So why is it so important to learn the requirements for your system? The long
and short of shimming is that the better the overall quality of shimming the
narrower and more symmetric all resonances will be in the spectra. This is always
a desired aspect for any form of solvent suppression no matter how good the
pulse sequence may be. There are of course many methods to shim based on
iterative manual shimming, shimming to obtain the highest lock level, automatic
shimming on the lock via a pre-programmed algorithm, Z-gradient-based auto-
shimming, full three-dimensional shimming using Z-gradients and the X and Y



Recent Advances in Solvent Suppression for Solution NMR 43

shim coils (capable of properly shimming a magnet from installation), or any
combination of the previously mentioned techniques.

To minimize the time taken to shim, we have adopted a weekly routine on an
ideal standard sample, and users are supplied an updated optimal shim set upon
which to start their experiments. Users are strongly encouraged to use moderate
to high quality NMR tubes with exactly 600 uL of sample volume (reproducing
the volume used in the standard samples) and to centre the NMR tube in the
spinner carefully in relation to the receiver coils. Users are often able to interac-
tively shim on the resulting lineshape requiring only slight corrections to the Z,
Z,, X1, and Y, shims.

Spectroscopists can also utilize Z-gradient shimming that typically yields
reasonable results. Even in the worst cases, Z-gradient shimming should bring a
researcher into the ‘ballpark’ of optimal sample shims (for an interesting discus-
sion see Jerschow and Bodenhausen’s paper™). It is our experience that short
samples of 500 uL or less go vastly astray in the iterative portion of Z-gradient
shimming with the Zs and Zs shims quickly moving out of range, seemingly
overcompensating for one another. On normal or long samples, gradient shim-
ming and subsequent interactive manual shimming of the spectra (in an interac-
tive manner usually requiring less than 5 min) will result in acceptable lineshape
and solvent suppression characteristics (Figure 4).

Conversely if a user ignores the facility recommendations (e.g. using a 475 uL
sample volume in a low quality tube) they can spend several minutes to hours
attempting to reproduce the homogeneity a standard sample can provide with the
standard shim set.

For any type of high-throughput experimentation we cannot emphasize
enough the utility and efficiency of having a set length of sample (with established
content and supplied routine shims), consistently centred via the sample spinner
for delivery into a well-maintained magnet. Anything less is most certainly a
waste of one’s precious human resources.

2.1.6. Pulse width calibrations

The proper calibration of the 90° pulse width (i.e. M, vector model considered in
the rotating frame) is one of the easiest and most dramatic optimizations that can
be applied to an NMR sample. Any error in the determination of the effective 90°
pulse length has an immediate effect on the quality of the solvent suppression and
obtained data. Paul Keifer has carefully reviewed the fundamental technique of
arraying the pulse length to include a 360° null for a given static power and by
simple inspection, determining the appropriate 90° pulse without needing com-
pensation for radiation damping or relaxation effects.** Also discussed was how a
single array can be used to identify common problems such as radiation damping,
RF homogeneity, probe arcing, and off-resonance effects (among others). The
paper is therefore highly recommended.

2.1.6.1. Nutation frequency measurement Peter Wu and Gottfried Otting have
recently described a technique that can quickly and accurately yield the 90°
pulse width via a single acquired transient.” The concept is to measure the
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Figure 4 Shimmed example. The resulting spectra of a shimmed 550 uL 1 mM unlabelled ubiquitin
sample containing 1 mM DSS (inset shows expansion of the DSS methyl peak) in 90/10 H,O/D,0 is
shown. Presaturation (91 Hz B, field) was applied for 2.5 s and a calibrated 90° pulse (8.6 us) was
inserted directly after saturation. A total of four steady state pulses were used prior to the 32
acquired transients. The sweep width was 12 000 Hz (48k complex points for a 4 s acquisition time
and 20x oversampling), data were zero filled to twice the acquired data size and no other
weighting or post-acquisition modification was performed. The DSS methyl peak shows the
natural abundance "C splitting (~118 Hz) and the *°Si satellites ~7 Hz. This was the sample used for
sequence comparisons.

spectral response while the sample is actively experiencing the B, induced field.
This requires controlled gating of the 'H amplifier while the receiver circuitry is
open otherwise harm may befall the instrumentation. The frequency of nutation
(in this case the magnitude of the observed splitting) of the observed resonance is
the B, field strength and therefore one can easily determine the correct pulse
width for the sample.® The most recent (i.e. ca. 2007 or newer) digital spectro-
meters have this capacity included with the software while older and more
common consoles (e.g. Varian Inova) require a pulse sequence utilizing explicit
acquisition periods.

¢ Frequency of nutation = yB,, therefore the 90° pulse length = (4yB;)™". Also note that the authors used a 32-fold
oversampling that appeared in their calculations, and users need to replace this with their own value (if applicable).
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2.1.7. Carrier position

The last easily optimized parameter is the carrier position of the spectrometer. The
carrier is often set using the lock frequency (based on solvent tables), or after a
single pulse read experiment. We have found that a simultaneous array of both
the high power carrier position and lower power presaturation frequency (if
applicable) on the actual sample works best. As will be discussed later (see
Section 2.2.4), the array of the carrier (and presaturation) frequency compensates
for several properties of various solvents and provides the best frequency for the
majority of the spins that will be involved in subsequent suppression techniques
(e.g. poor shims resulting in an asymmetric solvent peak can require a slight offset
from the mean to provide the best suppression). As solvent peaks are actively
suppressed (resulting in asymmetric residual signals) and move depending on
aspects such as sample temperature/stability or pH, it is not recommended to use
a solvent resonance as a reference point.'**°

2.1.8. Summary

Each high quality sample (or group of similar samples) needs to be carefully
shimmed and locked. As a minimum set of optimizations the pulse width and
carrier position should be accurately established. These simple parameters should
provide the background for at least manageable suppression. More complicated
sequences may require further optimizations that will be discussed in greater
detail in the following sections.

2.2. Understanding water

In biological systems the interaction of aqueous solvents with amino acids and
polypeptide chains has been examined® and even exploited®® for decades. Two
brilliant papers were written by John Edsall and Hugh McKenzie, regarding how
proteins might fold and thereby interact with water.**° These papers were
written at a time when eloquent scientific discussions were conducted through
published manuscripts. They are a unique joy to read in today’s application
oriented environment and are recommended for anyone interested in the thought
processes that evolved into modern protein folding theory and biomolecular
spectroscopy.

2.2.1. Solvent in exchange

While most researchers first experience NMR incorporating organic solvents such
as deuterochloroform (CDCl3) or deuterated-benzene (CgDg), relevant biomolec-
ular NMR often requires an electrostatic solvent such as water. Besides the
hydrophobicity difference of organic solvents, one of the most obvious differences
is the exchangeable nature of water. Since protons in H,O can easily exchange in a
pH dependent manner,*'>? the complexity of residual solvent signal suppression
vastly increases. Also the desire to avoid inadvertently suppressing exchangeable
solute signals is evident. When the protons in water are actively suppressed (e.g.
presaturation) and then allowed enough time to exchange into positions in the
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solute, not only are the exchange sites themselves removed but also the immediate
neighbours of the solute can show bleaching effects.*

2.2.2. Water ‘Hump’

Perhaps the greatest problem with suppressing water is the width of the peak. The
water peak is not only broad due to exchange but also depends on the stability and
homogeneity of the main magnetic field B,. Again we see the need for careful
shimming of the sample once equilibrium has been reached (Section 2.1.5). Inter-
estingly the regions of the sample slightly outside the probe’s receiver coil have
come under suspicion. Several groups use the term ‘far-away’ or ‘distant” water to
refer to this region. Solvent in this portion of the sample experiences different
homogeneity of the main field as well as reduced induced fields (B;) from hard
and soft pulses. All of this results in resonances skewed away from the central
resonance frequency and experiencing little or no suppression (more on this later).

2.23. Radiation damping

The entire utility of NMR is the ability to record the magnitude and phase
information of precessing nuclei in a large (hopefully static) external field. Cumu-
lative precession is digitized from a carefully nurtured voltage in the receiver
circuitry. However, any oscillating signal will generate an electromagnetic field.
Radiation damping occurs when large coherent precessing resonances (like the
massive solvent signal) produce a current in the hardware of the receiver coil such
that an effective field (Brp) counter to the induced field (B;) is generated.34
Radiation damping effects® and suppression techniques have been extensively
discussed and reviewed.>*?*¢ 3 The result of Bgp is to tip signals, on or close to
resonance with the solvent, back to the +Z-axis creating a faster apparent relaxa-
tion rate than would normally be expected. Water can relax on the order of
seconds in the absence of radiation damping, but will only require 100-200
us when radiation damping is in effect (Equation (1)).6

Tirp = (27QyM) ™" (1)

Essentially any attempt to move the bulk magnetization of the solvent into the XY-
plane will be fought against while any manipulation of the spins back to the +Z-
axis will be accelerated. One cannot rely on a single optimized calculation, based
on off-resonance peaks (e.g. DSS methyl peak), for solvent either in the ‘flipdown’
or ‘flipback’ cases.

The solvent relaxes not with the expected T; time constant (i.e. small rate
constant), but instead with a much smaller observed time constant Tigrp that is
proportional to the quality factor (Q), filing factor (», ratio of sample volume over
coil volume),**® and the magnetization (equilibrium being M,). Room tempera-
ture probes typically have a Q of perhaps a few hundred units but cryogenically
cooled probes can push this value to 1500" (or even upwards of 40 000 is possible
though not applied in biomolecular probes). The increased rate of relaxation due
to radiation dampening is immediately evident.

f Knut Mehr (Probe Designer, Varian Inc.) personal communication.
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Interestingly RD causes different spin behaviour than expected for typical T;
or T, relaxation. One can usually consider vector theory and models with coherent
magnetization in the XY-plane precessing after a hard 90° pulse (e.g. +X hard
pulse). We usually think of T, relaxation leading to a reduction of the resulting
vector magnitude in the XY-plane, followed by the longer T; period with the zero
net magnetization slowly climbing up the Z-axis to equilibrium. Radiation damp-
ing results from an induced field (Brp) caused by the solvent spins. In this case,
the induced field Bgp causes the same effect as a weak —X pulse tilting any XY
magnetization back along the outside of the vector sphere towards +Z. For
example during a 180° inversion pulse, any error in the pulse length resulting in
some magnetization in the XY-plane will cause RD to build and induce spins
away from the —Z-axis. This in turns yields a greater induced effect until all net
magnetization is moved off the —Z-axis and full RD is achieved. Errors in pulse
lengths become common when one remembers that RD fights the initial pulse B,
(e.g. flipdown) and helps any subsequent pulse (e.g. flipback) returning magneti-
zation towards the +Z-axis. There is an excellent description of this in Figure 4 of
William Price’s review.® It is important to appreciate the effects of radiation
damping, as we shall see later on.

2.2.4. Demagnetization field effects

2.2.4.1. Identifying the problem For over a decade several groups have identified
small chemical shift changes during particular 2D experiments. The assumption
of all NMR experiments is that the primary field of the magnet is stable during the
course of the experiment, or at least that any changes are compensated for via the
lock circuitry and associated field(s) applied to bring the lock signal back to a set
point. This assumption allows all calculations to be done on a non-time dependent
B, field. Malcolm Levitt published an excellent full review on this subject in
1996.*' Prof. Levitt uses the term ‘demagnetization field effect’ (as will we) but
terms such as ‘bulk nuclear-paramagnetic-susceptibility-induced transients’,**
‘dipolar field’, or ‘bulk susceptibility effects’*’ have also been used.

The effect has arguably been attributed to other phenomena (e.g. Bloch-Siegert
shifts** and intermolecular multiple-quantum cross peaks**). While these argu-
ments are compelling, we will work with the results of Malcolm Levitt’s study.
For example, it was originally hypothesized that multiple-quantum peaks could
be generated between water and solute accounting for artefacts in multidimen-
sional spectra.** However Lix, Sonnichsen, and Sykes*” resolved this question
quite convincingly using '’F~'H heteronuclear Overhauser (commonly termed
HOESY) measurements showing that perturbing the "H resonances altered the
main magnetic field experienced by "F nuclei.

We now know that demagnetization can be thought of as a field created by the
presence of a large number of spins such as an aqueous solvent. The perturbation
caused by such a large number of spins affects the magnetic field experienced by
the remaining nuclei in solution.*' Therefore removing the spins using a solvent
suppression technique changes B, for a short period of time until equilibrium can
be re-established. Every other resonance (including residual solvent resonances)
proceeds under a slightly different magnetic field and their frequencies of
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precession are correspondingly altered. This begs the question: if you are
attempting to suppress a solvent, where are you doing it from and when is the
best time considering your target is now moving around? A technique fully
optimized on an organic solvent may fail on an aqueous sample for precisely
this reason. Even presaturation, one of the simplest solvent suppression techni-
ques depends strongly on the saturation pulse position. If water starts out reso-
nating at one frequency but moves once suppression is initiated, then either the
frequency of saturation must be changed during the saturation pulse to compen-
sate, or a compromise intermediate position must be used that can be established
by arraying the carrier frequency of the saturating pulse.

2.2.4.2. Understanding the effect on cold probes Levitt’s review showed convinc-
ingly that demagnetization effects are real though relatively small in magnitude.*'
However, this study was done in 1996 prior to the wide spread use of cold
probes.”” Alexej Jershow has reported more recently on demagnetization field
effects during his investigation of excitation sculpting,*” but these studies were at
300 MHz and on a room temperature probe. In the simplest case flipback pulses
that return the bulk solvent magnetization to the +Z-axis remove the field pertur-
bation caused by demagnetization during the acquisition period, but the flipback
pulses might not remove the disturbance during the indirectly detected dimen-
sions (of course this is usually coupled with heteronuclear coherence pathway
selection which has its own inherent solvent suppression*®*’). We believe that
demagnetization has a much larger effect than has been previously considered or
reported.

While investigating what we thought to be hardware lock instability on our
800 MHz spectrometer we discovered what we now suggest is a large demagneti-
zation effect on cold probes. What we found was a noticeable change in lock levels
during presaturation periods (i.e. 2 s at an induced field strength of ~90 Hz) even
when the lock circuitry was active (Figure 5).

The change was occurring despite the sample being locked perfectly on reso-
nance and the lock resonance carefully phased, shown in Figure 5A and B region
(iif). Turning the lock compensation off (Figure 5 iv) resulted in large changes
when the same presaturation pulses were used. Conversely the lock changes were
substantially reduced (both while locked and unlocked) when a 98% D,0O sample
was used as shown in Figure 5B corresponding to the decrease in 'H concentra-
tion. The lock circuitry was not able to completely compensate for the field
disturbance in the H,O sample as shown in Figure 5A.

To confirm the demagnetization field hypothesis, we repeated the same
experiments with presaturation pulses both on and off resonance for both samples
(off-resonance pulses had no effect), and then proceeded to repeat all tests on a 500
MHz spectrometer equipped with a room temperature probe. Finally we moved
to a different 500 MHz spectrometer located in a different building equipped with
a 5 mm cold probe and repeated the experiments (data not shown). The tests on
the 500 MHz spectrometers confirmed that the lock perturbations were propor-
tional to the spectrometer magnetic field strength, the presence of a high Q cooled-
probe, and the concentration of H in the sample. Future examinations will
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Figure 5 Cold probe demagnetization field effects. (A) shows the lock responses of a 90/10
H,0/D,0 sample while (B) shows the lock of a 98% D,O sample. The marked intervals correlate
to: (i) equilibrium unlocked as a control, (ii) equilibrium with lock circuit active, (iii) locked while
repeatedly pulsing with a 2.5 s ~90 Hz presaturation pulse and a 4 s recycle time, and (iv) the same
repeating presaturation sequence as shown in (iii) but with an inactive lock circuit. Results are
from an 800 MHz spectrometer with a 5 mm HCN cryogenically cooled probe.

undoubtedly clarify the magnitude of the demagnetization effect on cryogenically
cooled probes, possible ways to compensate, and improve solvent suppression
techniques.

2.3. How to suppress solvent?

There are only so many ways to distinguish one NMR signal from another (e.g.
chemical shifts, relaxation, diffusion, and scalar couplings).”***" The ability to
isolate and remove a solvent resonance carries all the resolution limitations
that any other NMR study would incorporate, along with a few new ones
due to the solvent signal magnitude and chemical nature. Water is especially
irritating due to exchange characteristics when compared with highly deuterated
common organic solvents like dichloromethane (CD,Cl,) or benzene (C¢Dg).
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The spectroscopist requires a rapid technique that can isolate the solvent
resonance(s) while causing little or no perturbation to the solvent or the quantum
mechanical manipulation applied to the solute during the course of the experi-
ment. We shall now briefly review a few of the more common methods (for more
detailed reviews, see References 2, 4-7).

2.3.1. Coherence destruction/selection

Destructive methods often depend on exploiting or creating a time dependent
function of the sample resonances such as diffusion rates (e.g. DRYCLEAN®' and
others®), B; inhomogeneity (e.g. presat) or gradients (e.g. WATERGATE,
DANTE®) to isolate and destroy coherence of the solvent resonance(s).”**° The
techniques most often depend on a chemical shift difference between the solvent
and solute though solute resonances are often inadvertently suppressed (i.e.
bandwidth issues). Methods in this category require multiple careful optimiza-
tions, and compromises must commonly be made in terms of overall suppression
amplitude and bandwidth of effect. Refocusing of the solvent coherence must be
avoided but is quite often overlooked.

The coherence pathway selection aspect applies most to heteronuclear sys-
tems. A great example is the common and extremely useful 2D-"H,"”N-HSQC that
can depend solely on pulsed field gradients (i.e. sensitivity enhancement™”” to
select magnetization (both the P and N type) pertaining to the single quantum
transitions of a "H'”N pair (e.g. amides in protein backbones). The coherence
order is selected without the need for phase cycling. Solvent resonances cannot
meet the heteronuclear selection criteria and are drastically suppressed though
not entirely removed. Coherence selection against solvent can be improved with
moderate solvent suppression techniques (e.g. flipback pulses) in order to further
reduce residual solvent information and to improve the signal intensity of
exchangeable solute signals.

2.3.2. Selective pulses
Selective pulses, also called shaped or soft pulses, can be used to isolate the
response of solvent resonances exploiting chemical shift differences.”*”% %
Shaped pulses are most often coupled with refocusing periods and gradients
such as the water suppression by gradient-tailored excitation (WATERGATE)
and Excitation Sculpting methods (see Section 3). Shaped pulses utilize altered
phase, frequency, or amplitude (or any combination thereof) to mould the fre-
quency response. Typical ‘hard” pulses are square waves (or as square a wave as
the hardware can deliver) that can be thought of as the amplifier in an ‘off-on—off’
sequence. Presaturation response is shaped by the extreme length (several sec-
onds) of the pulse at relatively low power. Shaped pulses attempt to also achieve
efficient selection, but in a far shorter period of time (typically hundreds of
microseconds to a few milliseconds).

Modern spectrometers and the accompanying software usually supply the
user with a graphic interface for the design and selection of a wide range of
shaped pulses optimized for excitation, decoupling, inversion, and refocusing
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(to name but a few). Combinations of shaped pulses resulting in the simultaneous
selectivity of multiple resonances are possible and becoming common.?>*%%+°

2.3.3. Non-invasive flipbacks
As mentioned, non-invasive or passive techniques have been added to many
multidimensional and multinuclear pulse sequences such as the 2D 'H,"’N-
edited-HSQC up to more complicated 3D and 4D heteronuclear-based NOESYs.
The basic principle is to use a relatively long selective pulse to manipulate water.
Unlike the previous section, however, these pulses are used to return solvent
(most often water) resonances back to the +Z-axis without the need for selection
or coherence destruction, effectively removing much of the echo refocusing,
radiation damping, demagnetization, and alternate suppression concerns.'**®
The pulses require optimization (especially on higher field systems) but can
yield excellent results.

2.3.4. Evaluation criteria for suppression

It has always been desirable to have an analytical process for the evaluation of
solvent suppression methods. One of the first attempts at quantitation was done
by Peter Hore in his review of solvent suppression.” However, it has been difficult
to establish a method for the same reasons that solvent suppression is difficult in
the first place. Each solvent behaves differently in terms of relaxation, coupling,
and chemical shift (among other properties). In addition, each spectrometer has
different characteristics and each user individually evaluates the quality of shim-
ming to be used and the time available for optimizations. This makes establishing
a standard sample to work on and how any pulse sequence will be evaluated
challenging (to say the least).

2.3.4.1. Residual solvent amplitude Residual solvent amplitude is perhaps the
most obvious parameter when judging the effectiveness of a suppression
sequence. The magnitude of the remaining solvent resonance(s) is easily identi-
fied in the spectra and can be judged in comparison to the solute present in the
sample. While certainly not the only criterion, it is indeed important and most
sequences realize the need to suppress solvents such as water by a factor of 10*
or 10° to bring samples into dynamic range.

2.3.4.2. Suppression bandwidth This is another important criterion that is easily
overlooked. When judging the pulse sequence simply by the value of remaining
solvent signal, one forgets that there is often a price to be paid via the suppression
range. Peaks that are close to or under the solvent resonance may be fully or
partially suppressed by any selective technique. The goal of all solvent suppres-
sion techniques of course is to be as effective as possible, in a region as narrow as
possible, and not require too much time to execute.

2.3.4.3. Pulse sequence length This leads us to the third criterion of sequence
performance. A method that requires too much time either runs into problems
with radiation damping and/or exchange with atoms of interest in the solute
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(e.g. Hn backbone or side chain atoms), or can add an unacceptable amount of
time to the acquisition. This can occur from individual pulse sequence lengths, or
from the requirement of multiple acquisitions via extensive phase cycling and
subsequent cancellation, to delays required for full relaxation before the next FID
can be acquired. An ideal suppression technique will therefore need to be power-
ful, selective, and quick, but are there additional characteristics?

2.34.4. Artefacts Any technique can inadvertently introduce changes to the rest
of the spectra. For example, baseline distortions are timing errors in the first few
acquisition points. Another common problem involves phase changes (linear and
non-linear) introduced throughout the spectrum (both 1D and higher dimension-
ality) that easily occur depending on the method used. Homonuclear couplings
develop during spin-echo sequences and are not easily suppressed interfering
with quantitative analysis. A good suppression sequence must not create these
problems or should attempt to compensate in some other way.

2.3.4.5. Calibrations and tolerance Now we add one more level of complication.
Not only will the sequence need the characteristics described above (i.e. powerful,
selective, quick, and clean), but we also seek methods that are easy to use and
tolerant of mistakes. All NMR users, regardless of experience, would undoubt-
edly appreciate a pulse sequence that is easy to conceptualize, requires the least
number of experimental parameters to be optimized, and yields simple reproduc-
ible results for efficient optimization. If a pulse sequence takes hours to optimize
(e.g. full equilibrium must be reached between transients) with multiple inter-
dependent parameters and must subsequently be re-optimized for each sample,
then the sequence will need exceptional performance in every other aspect of
evaluation to be adopted. Alternatively, a pulse sequence that gives only average
suppression but requires little or no optimization will likely receive enthusiastic
usage even though the overall performance may not meet that of other suppres-
sion choices. While neither extreme is likely we are often faced with several
comparable choices and must evaluate the experimental needs and the robustness
of the chosen suppression method(s).

3. SUPPRESSION PULSE SEQUENCES

The order of review was intended to be alphabetical with the exception of pre-
saturation and water-eliminated Fourier transform (WEFT)/NOESY due to the
importance of these sequences and comparisons to subsequent developments.
Presaturation and WEFT (commonly referred to as 1D-NOESY) remain, for many
groups, the ‘gold standard’ to which all other forms of suppression are compared.
Suppression techniques prior to or during acquisition are considered. Suppression
in the solid state®” and post-acquisition mathematical suppression techniques (e.g.
WAVEWAT®® and others>**”’) are beyond the scope of this review.
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3.1. Presaturation

Selective presaturation (presat), with “pre’ referring to implementation prior to
execution of the nearly limitless range of pulse sequences (Figure 6A), depends on
the inhomogeneity of the induced field (B;) to result in a loss of coherence
(saturation) for the selected resonance.”'™?

This is most often the water resonance for biomolecular samples but can be any
resonance or even multiple®*® simultaneous resonances requiring suppression.

Selectivity is achieved by elongating the pulse so that an extremely narrow
effective bandwidth ensues. Even the most modern spectrometers, with ever
increasing RF pulse and field performance, cannot deliver identical signals for
an indefinite period of time, and the inhomogeneity causes an eventual loss of
coherence in the water signal. Since the selectivity is proportional to the pulse
duration, one naturally considers increasing the pulse length hopefully resulting
in perfectly selective solvent suppression.

While a wonderful idea, this can never be the result. Thinking about establish-
ing equilibrium in the real spectral world, one can easily envision a situation
where longer and longer pulses have an ever-decreasing improvement on the
quality of suppression (i.e. equilibrium is achieved), and that the overall shim-
ming quality of the sample comes into play. For example, a broad or asymmetric
water peak resulting from a moderately shimmed sample (or inhomogeneous/
unstable magnet) cannot be effectively eliminated by a narrow band of suppres-
sion and extending the saturation period would only make matters worse. The
efficacy of presaturation depends on the power delivered, the extent of pulse
length, and the position at which this power is delivered to the sample.

A broad asymmetric peak makes the selection of the carrier position difficult
since a compromise frequency must be selected to immediately saturate the great-
est number of spins and then again during exchange with the other resonances. As
the symmetry of the resonances in the sample improves (most likely through
shimming) and the peaks become taller and narrower, the ideal presaturation
position becomes evident.

Once the shims have been optimized yielding the narrowest peak possible and
the best carrier position has been selected (see Section 2.1), the only parameters left
to optimize are the power levels and duration of the saturation pulse. Unfortu-
nately, as noted by Wu and Otting,”* presaturation becomes more problematic on
higher field instruments equipped with cold probes and the amplifier powers
associated with overcoming radiation damping become so intense that ‘bleaching’
(i.e. saturation transfer) of nearby resonances is unavoidable. Radiation damping
fights the induced saturation field requiring more power than initially surmised
by simple extrapolation from higher power levels (even on non-compressing
amplifiers). Increasing the power yields better water suppression but a larger
effective suppression band that reduces the intensity of neighbouring peaks.
Mao and Yi have reported a very simple modification to the standard presatura-
tion sequence where they introduce 90° phase shift (Presat90) into the later part of
the saturation pulse.”” The concept was to remove any spin-lock effect of the
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Figure 6 Presat, WEFT/NOESY, and FLIPSY. The typical (A) presat, (B) WEFT/NOESY and

(C) FLIPSY. Any 90° and 180° hard pulses are identified, respectively, by narrow and wide hollow
rectangles, respectively, with relative phases indicated inside the shape (where appropriate).
Outlined Gaussian shapes indicate selective pulses while gradients are represented on their own
horizontal line by filled shapes. For full phase cycle discussions please refer to the referenced
manuscripts. The 45° phase shifted pulse discussed in the text is indicated by the asterisk in the
NOESY sequence and an ‘X in the FLIPSY shows the variable flip angle pulse. The modified FLIPSY
contains a homo-spoil gradient just after the presaturation period.
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principle saturation pulse. However at higher fields equipped with a cold probe
we did not find this modification to be entirely distinct from the original presat
(see Figure 11).

3.2. Using T,

3.21. WEFT/NOESY

The 1D version of the 2D-'H,'H-NOESY sequence76 shown in Figure 6B is perhaps
one of the most widely chosen suppression schemes. The first increment of the 2D
is acquired while the delay increments, phase cycles, and quadrature detection
related to the indirectly detected dimension are not used (Exorcyle”” and other
phase cycling is still performed?®). This sequence also seems to be the present
method of choice for metabonomics studies.''”*””

This family of solvent suppression techniques really began with WEFT® and
later related sequences.”®" The pulse sequence originally depended upon the T,
relaxation time of the solvent being much greater than the solute. In this case after
the initial 180° inversion pulse, as the solvent has relaxed to a net zero M,, the
solute should have returned to equilibrium (or close to it) and therefore be ready
for the final 90° excitation pulse. The solute would be observed at full intensity
while the solvent would have little or no signal to contribute. This method is one
of the few sequences that allows resonances to be observed in proteins close to or
even under the water peak.”

For cases where RD comes into play causing water to relax at a rate similar to
the solute, the related Water-Press sequence® applies gradients inside the delay to
suppress RD. Water then relaxes at a normal slow rate allowing the solute to reach
equilibrium before the solvent. Super-WEFT®' uses a series of dummy-scans to
explicitly establish an equilibrium using much shorter delays than are required
for full relaxation. Instead of waiting for equilibrium between each FID, the steady
state is achieved producing far faster repetition though suppression can be a bit
more challenging to optimize.

Modern usage of the 1D-NOESY pulse sequence is essentially a WEFT experi-
ment with much shorter delays in a steady-state equilibrium exactly as initially
described by Patt and Sykes and later detailed by Inubushi and Becker. Optimi-
zation of the ‘mixing’ time allows selection of the equilibrium null for the solvent
though some groups do not optimize choosing to instead run a consistent delay
for all spectra.

3.2.2. Volume selection

William Price was one of the first to explicitly state in the literature that the
additional suppression afforded some sequences was due to the ‘volume selec-
tion”*”*>% of the phase cycle.’ Volume selection certainly does seem to be playing

8 Exorcyle was appropriately and humorously named in reference to the “ghosts” and “phantoms” that were removed
from the spectra.
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a key role in recent suppression developments, especially considering the wider
coils and additional difficulties involved in cooled probes. Modern NMR tubes
with susceptibility-matched plugs make it easier to select the physical region to be
recorded. A very recent paper has suggested a method for physically restricting
the sample volume to the receiver coils using immiscible layers.**

The WEFT/NOESY style experiment provides substantially better water sup-
pression than simple presaturation with four transients, which is the minimum for
the phase cycle to take effect. With proper optimization of the mixing period the
WEFT/NOESY still yields suppression even when considering only the first
transient, and before pulsed field gradients were used in the mixing period.
Therefore, while important, volume selection alone cannot be the sole answer.

At first glance there is little difference between the sequences (Figure 6). They
all depend on the difference in relaxation time between the quickly relaxing solute
and the presumably much longer solvent. The delay time (i.e. mixing time in the
NOESY) is empirically selected to coincide with the solvent magnetization reach-
ing net zero along the Z-axis, and gradients (in more modern versions) are used to
eliminate any pulse width errors. The gradients should therefore be placed at the
end of the mixing period in the cases where radiation dampening would be used
to assist the relaxation process, that is when the spin-lattice relaxation time of the
solute is relatively long. When the solute relaxation rates are actually slower then
the solvent (e.g. RD on solvent), then the null of the solvent occurs before the
solute (i.e. negative solute peaks). The resulting inverted amplitude spectra are
typically phased 180° to be positive without the realization that a steady state has
been achieved, though with decreased signal.

A recent modification to the WEFT/NOESY involves the use of a 45° phase
shift to the excitation pulse in relation to the receiver coil.” This modification is not
well documented in the literature, but the purpose of the change results in 1/2 the
signal to noise in the first increment, and the apparent lost signal intensity is
recovered on the second transient. The original version had an initial full signal
read pulse parallel and a zero signal second FID anti-parallel to the receiver coil.
The actual effectiveness of this change maybe somewhat elusive, but the logic
behind it is to balance the real and imaginary signal intensities when considering
radiation damping.

The main drawback to the original WEFT/NOESY experiments was the depen-
dence on T; relaxation times. The optimal case was to wait for 3-5 times T, re-
establishing equilibrium between each transient. As noted above this need not be the
case and a steady-state using much shorter delays can still be used with good results.

Lastly, it is commonly assumed that the relaxation rate of all solute atoms is
consistent, which is not the case for multiple compounds in a single sample (e.g.
metabonomics). Calibrations must be applied to any standard database for iden-
tification based on relative rates of relaxation, and therefore intensity of peaks.
Different functional groups in the same molecule can have different spin-lattice
relaxation rates as would more flexible regions of large molecules. For extremely
accurate measurements the calibration of signal loss is also frequency dependent
(i.e. distance to carrier position is proportional to intensity variation) due to the
profile of the hard pulses.
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3.2.3. FLIPSY and modified FLIPSY

Neuhaus et al. first introduced FLIPSY® (flip angle adjustable one-dimensional
NOESY) in 1996 and re-evaluated the pulse sequence in 2008 for use with meta-
bonomics projects.”” The modified FLIPSY is similar to the original (Figure 6C)
with the exception of a small homospoil gradient prior to the flip-angle controlled
pulse and just after the presaturation period.

The concept is to remove any transverse magnetization that may remain or has
developed due to the weak spin-locking effect of the presaturation pulse (similar
to the idea of the 90° phase shift added to the original presat, see Section 3.1). As
stated by the authors, the water suppression should be identical to WEFT/NOESY
with the added advantage of using a variable flip angle for Ernst angle calcula-
tions resulting in signal to noise improvements and reduced recycle delays.

3.3. Selective excitation family

3.3.1. Double-pulsed field gradient spin echo

Excitation sculpting (Figure 7) is a popular water suppression technique
originally reported by A. J. Shaka’s group in 1995. The sculpting aspect comes
from the gradient-delay—(180 "sejective—180"hara)—delay—gradient (pulse field gra-
dient spin echo or PFGSE) refocusing period common to many suppression and
spectroscopic techniques.

The key is that refocusing was achieved by a 180° pulse selective for the
solvent, and a hard non-selective pulse. This resulted in either a net 0° pulse (i.e.
—x selective and +x hard as reported by the authors) or net 360° pulse (i.e. +x
selective with +x hard) on the solvent which, as a result, experiences two dephas-
ing gradients while the solute is defocused and refocused by the two equivalent
gradients. This refocusing module can be doubled (hence double PFGSE or
DPFGSE) with differing gradient pairs (e.g. Gi-refocus—G—Gy—refocus-G,)
resulting in suppression and baseline quality improvements. Interestingly, the
authors emphasize that the DPFGSE style experiments are not necessarily twice
the duration of an equivalent double WATERGATE sequence (see Section 3.6).
Their discussion does not, however, indicate why the 180° selective pulse is
necessarily the same duration as each of the 90° soft pulses used in WATERGATE
other than perhaps to compare shape performance at similar pulse lengths (even
this is not necessarily convincing as one is comparing a 90° to a 180° pulse
performance). Depending on the power levels or type of pulses chosen, the
duration of these pulses could change dramatically, and the purpose of the
distinction and conclusion is not absolutely clear. In addition, there is no discus-
sion about the refocusing period lengths (all the delays are displayed as gradient
lengths only). The authors also mention how the DPFGSE sequence is inherently
more robust when dealing with even the small phase errors of modern spectro-
meters that are associated with large attenuator differences between hard and soft
pulses.*” In our experience, the difference is quite small as the WATERGATE
experiments only have minor phase sensitivities of 1° or 2° corrections at most,
though this may depend on the type of hardware available.

86-88
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Figure 7 Excitation sculpting and SOGGY pulse sequence. (A) shows a cartoon representation
of the basic DPFGSE module while (B) shows the SOGGY sequence. Cartoon sequence components
are the same as described previously.

3.3.2. SOGGY

Solvent-optimized gradient-gradient spectroscopy (SOGGY)™ is an improvement
on the already effective excitation sculpting pulse sequence. The non-selective
180° pulse in the middle of the refocusing periods was replaced with a “phase-
alternating composite pulse’ designed to compensate for B;-field inhomogeneity
(Figure 7B), and selection criteria for the composite pulse were quite strict. The
replacement pulse had to compensate for any imperfections of the selective 180°
pulse, closely approximate the performance of the hard pulse on resonance, and
outperform the original 180° pulse in the off-resonance cases. A key was that the
composite pulse should only counteract off-resonance inhomogeneity. Final selec-
tion criteria for the composite pulse included that the pulse should not add to the

)89
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total experimental length, be too difficult to create, or require specialized
hardware. After several pulses were tried and improved upon, the authors
reported the final 81°) 81°_y) 342°(y) 162°_,) SOGGY composite pulse best met
the desired criteria.

Interestingly, the authors showed a comparison of SOGGY against several
other recent suppression sequences such as WATERGATE and PURGE. They
noted the off-resonance ‘undulations’ caused by the SOGGY suppression tech-
nique, but did not comment on the implications for high-resolution quantitative
metabonomics measurements where baseline performance is critical. While
SOGGY has some advantages, this was certainly one disadvantage when com-
pared to some of the other sequences.

SOGGY has average coding requirements, excellent solvent suppression per-
formance, and good solute retention. The compact preparatory nature of the
sequence makes it easy to apply to existing pulse sequences. SOGGY is certainly
one of the best solvent suppression techniques available and does not come with
the high number of parameters requiring optimization that other sequences
contain.

3.4. Presat-180

The Presat-180 (presaturation with Adiabatic Toggling of 180 degree pulse
inversion) sequence™ attempts to directly address the ‘faraway water’ existing
at the edges of the receiver coil detection limit. The sequence begins with standard
presaturation that removes the bulk of the water resonances. Any ‘distant” or “far-
away’ solvent resonances (and solute) do not experience the full effect of satura-
tion. At this point, an inversion pulse is applied, resulting in a relatively reduced
effective pulse flip angle to resonances on the edges of the sample. The inversion
pulse is toggled on and off in subsequent transients resulting in alternating —Z
and +Z solute magnetization. The difference is taken, and therefore each scan
allows the solute to increase while the far-away water and imperfect pulse results
are cancelled. An adiabatic inversion pulse can easily be used to increase the
sequence tolerance to Bi-inhomogeneity. Unlike refocusing style experiments,
there are no losses due to diffusion or development of homonuclear scalar cou-
plings. Also, there is no loss due to the inversion-recovery T; dependence seen the
in the WEFT/NOESY style experiments (i.e. T; rates must be calibrated and
compensated for in the WEFT/NOESY experiments for metabonomics work).
The Presat-180 is: simple, easy to implement with a short phase cycle, rela-
tively insensitive to miscalibration, does not add significantly to the length of
pulse sequences or introduce artefacts, and is adequately effective (Figure 11C).

" The use of 125 Hz presaturation pulse for 3 s in the relaxation delay was perhaps not the fairest comparison for intensity
measurements.
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3.5. PURGE

Presaturation utilizing relaxation gradients and echoes (PURGE, shown in
Figure 8)”' is a relatively new pulse sequence by Andre Simpson and Sarah
Brown from the Chemistry department at the University of Toronto.

PURGE relies upon both presaturation and repeated refocusing cassettes (i.e.
90°-delay-180°-delay) interspersed with gradients. Initial presaturation removes
the bulk of the solvent resonances while weak presat pulses (200 us) during the
refocusing delays move portions of any remaining solvent resonances off the XY-
plane. The final 90° pulse returns magnetization to the Z-axis, except for those
solvent spins which were slightly off the XY-plane due to the saturation pulses.
Off-axis spins are removed by the gradients, and the cassettes are repeated with
different gradient strengths to avoid refocusing solvent signals.

The pulse sequence yielded surprising solvent suppression given the few
parameters (i.e. pulse width and maybe the refocusing delay A) that needed to
be adjusted. The sequence is efficient, selective, yields flat baselines, and executes
quickly. However, the sequence and phase cycle are certainly not trivial in terms
of being incorporated into already complex pulse sequences. The authors point
out that theoretically any 90° pulse could be replaced by the PURGE sequence, but
implementing this could prove a challenge. An extensive phase cycle was
reported and condensed in Figure 8, but it was noted that suppression could be
achieved with as few as four steps.

Wi YW w3y

[ sat|| d d [ d2 | d d | d2 |

Grad.

Figure 8 PURGE pulse sequence. A cartoon representation of the PURGE pulse sequence is shown.
The delay d and d, were reported to be 200 us (d was reported between 3 us to 15 ms with
little change to solvent suppression). Gradients (G/cm) were empirically optimized to

Gy = —73,Gy, = 29.2, G; = —9.5, G4, = 38.0 and the phase cycles were reported to be: w; = 2(x),
2(—x); wy = 4(x), 4(—x), —y, 3(y), 4(—y); ws = 2(x, —x), 2(—x, x), 2(y, —y), 2(—y, y); receiver = x,
2(—x), x, —x, 2(x), —x, —y, 2(y), —y. Cartoon components are as described previously.
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3.6. WATERGATE family

3.6.1. WATERGATE

WATERGATE" (water suppression by gradient tailored excitation, Figure 9A)
comprises some form of selective inversion pulse®"”® surrounded by two gradi-
ents of equal magnitude and duration. The only specification for the inversion
unit is that it results in full inversion of the solute, while leaving the solvent
resonance(s) unaffected and dephased by the isocromats of the pulse field gradi-
ents.”* In this way the intensity of the solvent coherence destruction is directly
proportional to the applied gradient amplitudes. However, the refocusing period
allows T, relaxation, diffusion, and scalar coupling to evolve with some concomi-
tant solute intensity losses. In addition, extremely intense gradients can take
unacceptably long periods of time to settle delaying acquisition or resulting in
spectral distortions. A compromise always has to be reached between solvent
suppression and system stability.

The original pulse sequence comprised of an initial 90° bringing all magneti-
zation into the XY-plane. A gradient was used to encode the coherences, and
refocusing was employed by a non-selective 180° hard pulse surrounded by two
90° shaped pulses of opposite phase. After the refocusing pulses, another identical
time period was used containing a final gradient of equal amplitude. Solute was
effectively encoded by the first gradient, reversed, and decoded by the final
gradient. The type of selective pulses, amplitudes, and durations determined
the efficacy and selectivity of the solvent suppression. Optimization could be
achieved by modifying the type of shaped pulse and duration, then arraying the
fine attenuator (or course attenuator if more applicable on your system) to find a
minimum. Any effects due to miscalibration and/or radiation damping could
therefore be compensated for empirically. Other components requiring optimiza-
tion include the hard 180-pulse width, carrier position, and phase of the two soft
pulses.

3.6.2. The 3919 WATERGATE
A modification to the original WATERGATE was proposed by Sklenar et al. in
1993. The selective portion of the pulse sequence comprised a 3u—d—90—d—190—d—
190-d-9a—d-30 (with 2600 = 180° pulse and d being a short delay, usually in the
few hundred microseconds range, Figure 9B).”* The sequence was called a W3 due
to the three pulse components making up the selective portion of the WATER-
GATE suppression, but is more commonly referred to as a 3919 WATERGATE.
This sequence did not suffer from any phase problems associated with rapid
attenuator switching (i.e. lower power shaped pulses to high power square pulses
and vice versa)® as all pulse were high power square waves, and no optimizations
were required as only the inter-pulse delay can be altered. The inter-pulse delay (z,
see Equation (2)) controls the bandwidth of suppression (i.e. the longer the delay
the narrower the suppression region) and the frequency of higher order notches.’

" A second version of the 3919 for off resonance selective excitation was reported with notches at (2 + 1)/2t and
required a slightly different phase cycle.
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Figure 9 WATERGATE pulse sequences. The various evolutions of the WATERGATE sequences
are shown. (A) shows the original WATERGATE, while (B) shows the 3919 modification, and

(C) the W5. The pulse components used are described in Figure 6 except that the specific length
pulses are shaded gray.
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1
AVsup:in;, n=0,1,2,3... (2)

One must take care not to bring the secondary notches into the solute spectra, and
this limits the control over the selectivity of the solvent suppression that can be
obtained (i.e. a compromise between suppression efficiency and solute detection).
One can make the solvent suppression extremely selective, however the off-
resonance notches will move closer to the carrier frequency, in from the edges,
removing valuable solute information. The notches can be moved well outside the
frequency range of desired resonances, but the central notch widens removing
information close to the carrier.

The 3919 WATERGATE sequence is very effective and requires little optimiza-
tion. Once a suitable delay is determined for a spectrometer frequency it can
simply be used as a standard setting and requires no further attention. Coding
the appropriate phase cycles into an existing sequence is not difficult though care
should be taken on complex experiments. The exclusive use of hard pulses makes
power calibration far simpler, and the use of a vector simulation program such as
PJINMR' can make visualizing the necessary phase alterations or the effect of
gradients and pulses much easier when designing the experiment.

3.6.3. W5 WATERGATE

In 1998, Liu et al. introduced modifications to the 3919 sequence to reduce the width
of the on-resonance suppression notch while moving the secondary notches further
out. The two new pulses were termed W4 and W5 (Figure 9C). " Itis important to
note that there is a typo in the first paragraph incorrectly stating that the 3919 uses
‘620 = 180°". The value in the abstract and the original 3919 paper is correct (i.e. 260 =
180°). Like the 3919 sequence, W5 involves a series of explicit pulses (i.e. 5) inter-
spersed with delays that control the solvent suppression width and where the
secondary suppression notches occur. It is important to remember that these types
of suppression schemes have a net zero effect on solvent (solvent resonances
are moved off the +Z-axis but return, while solute is inverted) so radiation damping
can certainly cause problems. Additional power may be required.

3.6.4. RECUR-NMR

Recovery of underwater resonances by magnetization transfer NMR (RECUR-
NMR)” was reported by Liu et al. in 2001. The sequence uses a double WATER-
GATE, followed by a TOCSY or ROESY transfer of magnetization (either through
dipolar coupling or through space via the ROE) to resonances that would have
otherwise been removed, as they fall inside the suppression region of the WATER-
GATE shaped pulses. The sequence was therefore modified from the others in the
family to include a spin-lock at the end, just before acquisition. Not only did this
allow transfer of magnetization back on to otherwise suppressed atoms but it could
also suppress resonances from large molecular fragments, such as membrane

I Pure Java NMR (PJNMR) $ written by Paul-Jean Letourneau, Robert Boyko, and Brian Sykes, $ Department of
Biochemistry at the University of Alberta. Available for free download at the NANUC website (http://www.nanuc.ca).
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fragments, glyco-proteins, and anti-bodies in binding studies. Resonances from
large molecules can cause baseline roll making quantitation difficult. In all other
aspects this method should perform similarly to a normal WATERGATE.

3.6.5. Modified binomials

Zheng, Torres, and Price have recently introduced phase-modulated binomial six-
pulse sequences applicable to Excitation Sculpting or WATERGATE.?” The phase
modulation was designed to avoid the introduction of artefacts into the spectra,
and the pulses to have a net zero effect on resonance (solvent). The binomials were
supposed to quickly progress to full inversion with the most consistent phase and
amplitude across as wide an effective bandwidth as possible. The newer
sequences had a steeper climb slope angle from the on-resonance minimum to
the maximum inversion point and were reported to have ~10% better bandwidth
than W5. Also the entire sequence was shorter in duration than the W5. The
sequence is only slightly more difficult to code than the original excitation sculpt-
ing or WATERGATE though accurate phase reproduction would be required to
execute this suppression method. The pulse sequence was not coded at the time of
testing and was therefore not included in the comparisons, however we expect
similar performance on our instrumentation to that of the W5 sequence (with
reported improvements of course).

3.7. WET series

The original concept was reported by Ogg, Kingsley, and Taylor in 1994 and was
designed for in vivo studies.” Ogg et al. were attempting to use frequency selective
pulses (Section 2.3.2) and gradients in a longitudinal relaxation time (T;) and
induced field (B;) independent manner. They also desired efficient suppression of
the solvent signal on the first set of pulses (no signal averaging over separate
transients) and without subsequent water refocusing echoes (echoes can begin to
develop once the gradients cease). This means that they were attempting to discern
a way to suppress different solvents on different instruments with the same method
yet without the need for major recalibration by the spectroscopist. This was, and
still is, a very challenging objective even with today’s advances in software and
hardware. They settled on the use of four different variable pulse tip angles, four
gradients, and four identical inter-pulse delays (f) initially determined using the
Bloch equations (Figure 10). They explored different pulse lengths and inter-pulse
delays monitoring off resonance, B; and T; dependencies.

The initial technique was built upon by Smallcombe, Patt, and Keifer™ in 1995
who settled on the sequence shown in Figure 10A with each subsequent gradient
amplitude 1/2 the intensity of the preceding member (e.g. 1x, 0.5x, 0.25x%,
0.125x). The reduction in the gradient strengths was done to reduce solvent
echoes, and a short delay (d,) was included to allow minimization of the small
negative residual solvent.

The researchers also noted the ability to select solvent peaks away from the
carrier using shifted and /or composite laminar pulses (SLP).'®” Modern spectrom-
eter software makes creating these types of shaped pulses quite easy. One of the
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Figure 10 Wet pulse sequences. Cartoon representations of the (A) basic WET, (B) WET with
composite (90,90,90_,90_,) read pulse, (C) WET180, (D) WET270, and (E) SWET pulse sequences.
See Figure 6 for pulse descriptions and text for details. WET gradients were the same for all
sequences and are described in text.
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primary advantages of WET sequences was the rapid nature of the suppression,
making it ideal for application in flow cell spectrometers where the solvent signal
was rapidly and consistently replenished with unsuppressed material. These
experiments can also make the 1% natural abundance '°C splitting from organic
solvents a nuisance and the authors reported a method to decouple these peaks
during the selective 'H pulses. The preparatory nature of the sequence also makes
incorporation into multidimensional experiments easier.

3.7.1. WET180
The WET180 sequence'”" was introduced by Hauping Mo and Daniel Raftery this
year. A toggled inversion pulse is inserted into the final selective WET shaped
pulse (Figure 10C). Originally they had attempted to include the alternating 180°
pulse after the four selective pulses, but this interfered with the optimized perfor-
mance of the WET selective sequence. Instead they inserted a 180°(,) adiabatic
pulse into the final shape and maintained the total pulse performance by changing
the shaped pulse into a 19°_,); therefore the total effect of the shaped and
adiabatic pulse was the required 161°(,. Solvent on the edge of the receiver coils
does not properly respond to the 180° pulses and therefore should be suppressed
by the subsequent toggling and associated subtractive phase cycle.
Unfortunately, a version of the pulse sequence was not available for our spec-
trometer and the sequence could not be included in our tests.* The authors did show
comparisons to the other WET style experiments. A unique observation was that
WET270 on their instrumentation had a phase and calibration difficulty thatrequired
the 90° and 270° components to be separately acquired and phased before addition.'**

3.7.2. WET270

Zhang et al. published the WET270 (Figure 10D) modification'’* of the original
WET water suppression scheme in 2000. They were focusing on the ‘far-away’
water problem similar to that attempted by other sequences and tested a compos-
ite volume selective pulse pioneered by Ad Bax™ instead of the final read pulse
(Figure 10D). They felt that the original 90,90,90_,90_, volume selective pulse
was too limiting (bandwidth secondary nulls at —0.8080 and 0.5475 yB; and a non-
linear phase distortion) and opted for an alternative approach. They collected the
standard WET sequence, but on the fourth acquired transient they swapped the
final 90° pulse for a 270° pulse with opposite phase. The result was that any
resonances that experienced the full B field would see four equal full additions
(remember that a 270° pulse with opposite phase should be equivalent to the
previous 90° pulses). However, the important part is that any spins experiencing
less than the full B; field will not add, but instead be subtracted on the fourth
acquisition. For example, if the effective B, field experienced by the ‘far-away’
water at the fringes of the 'H coils was 30% then the total accumulation over four
transients would be 30% + 30% + 30% + 3x(—30%) = 0. It is possible that the 270°
pulse may produce some concerns regarding receiver overflow or inconsistent
pulse response yielding less than optimal subtraction. This may account for the

k A version of the sequence is expected very soon for Varian spectrometers.
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unusual acquisition and processing mentioned in the WET180 manuscript com-
parisons.'”" This sequence was unfortunately not available at the time of writing.

3.7.3. SWET

The purpose of the Secure Water Suppression (SWET)”* pulse sequence
(Figure 10E) was to eliminate the effects of radiation damping (see Section 2.2.3)
while still using the WET pulse-gradient method for water suppression. As noted
in the RD section, this is especially important on modern high field magnets
equipped with high Q-factor cold probes (remember that RD is proportional to
B, and probe Q-factor). The effects of RD make shape pulse calibration problem-
atic, and a high power pulse calibration cannot be used (even assuming linear
amplifier response) to determine the optimal WET selective pulses. SWET com-
bats RD by incorporating a bipolar gradient pair in the delay between subsequent
selective pulses thus causing the destruction of solvent coherence. The water
suppression components are identical to the original WET sequence.

4. COMPARISONS, CONCLUSIONS, AND ADVICE

All the suppression techniques worked well in reducing solvent by many orders
of magnitude. Solvent suppression has become so effective that improvements on
the order of only a few percent can be the deciding factor when trying to deter-
mine the ‘best’” method during comparisons.

We selected two samples for the sequence comparisons. The first sample was a
1 mM ubiquitin protein dissolved in 90% H,O with 10% D,0O with 1 mM DSS as an
internal reference. The sample was deliberatively shortened to 550 uL to make the
shimming less effective. The sample was symmetrically shimmed, but only down
to a linewidth (50% height) of ~1 Hz. This sample was used to evaluate the solvent
amplitude after suppression and to give insight into the relative effect (if any) of
the solute signals on an 800 MHz instrument equipped with 5 mm HCN cold
probe. The results of the tests were discussed in Section 4.1. The second sample
was a 10 mM N-acetyl-asparagine in 98% D,O (600 uL) also symmetrically
shimmed with a final width at 50% height of 0.77 Hz. This sample was ideal in
terms of efficient solvent suppression and was used to compare and evaluate
the baseline characteristics and off-resonance effects of the sequences on solute
suppression (Section 4.2).

4.1. Comparison of suppression

All the spectra were collected sequentially on the ubiquitin sample with each
experiment taking approximately 2.5 min to complete. The results are shown in
Figure 11A-L.

Each of the sequences was optimized with appropriate parameters (see figure
legend) and presented at the same vertical scale for direct comparison. Standard
parameters such as the 90° pulse width, sweep width, acquisition times, presa-
turation periods and powers, carrier positions and so on were maintained for each
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Figure 11  Suppression comparison on a ubiquitin sample. The figure shows consecutively acquired
spectra collected on the ubiquitin sample (see text). All spectra were acquired with 32 transients
after 4 steady-state pulses. The acquisition time was 2 s with 2.5 s of preparation (e.g. presatura-
tion, recycle delay, etc.). Spectra were zero-filled to twice the number of acquired points.

(A) Presaturation with optimized carrier position and pulse width that was used for all subsequent
hard pulses, (B) Presat90 with the same parameters, (C) Presat180 with an independently optimized
180° pulse length, (D) WEFT/NOESY with the same carrier and pulse width as optimized in the
previous experiments and a 100 ms mixing time, (E) WET (118 us inter-pulse delay) with optimized
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experiment type. Presat (Figure 11A) and WEFT/NOESY (Figure 11D) are the
spectra most often used for suppression comparisons. All sequences yielded
acceptable to superb suppression of the water preventing both receiver overflow
and ADC problems (WET/SWET exception detailed below). The amplitudes of
both the amide and aliphatic regions were very similar with the exception of
WEFT. While the amides were almost equally as intense, the aliphatic and the DSS
reference peak show a marked reduction. This is most likely due to the loss of
signal from using shorter than optimal delays (i.e. incomplete relaxation between
FIDs) as discussed in Section 3.2.1. Another immediate observation is the stunning
suppression performance of the WATERGATE, excitation sculpting (DFGPSE),
and PURGE sequences compared to the more traditional sequences. Even the
WEFT/NOESY had difficulty competing with the PURGE and SOGGY sequences
for overall amplitude solvent suppression and was at least a factor of 2 behind in
solute signal to noise. The WATEGATE 3919 and W5 sequences did not suppress
water as well, but required far fewer parameter optimizations, especially com-
pared to the original WATERGATE.

Most of the sequences performed well even on this short and moderately
shimmed sample. Despite not optimizing the shims, almost every sequence was
able to suppress sufficiently to acquire useful spectra with minimal baseline
distortions even close to the solvent. The exception occurred for the WET style
sequences. The WET family did not suppress nearly as well and required the gain
to be reduced by 6 dB (vertical scale in the figure was increased to compensate) to
prevent a receiver overflow and ADC error. However, WET and SWET are very
easy to include in pulse sequences (e.g. during the recycle delay or mixing
periods) and allow simple suppression of multiple frequencies using composite
shaped pulses. The poor results may come from several sources (e.g. coding error,
optimization error, etc.) and therefore may not represent a limitation of the pulse
sequences. Alternatively, as a real world example, some sequences simply per-
form better on some spectrometers and users must be prepared to adapt when
necessary. We have typically found WET to be extremely reliable and robust, but
certainly not on this particular sample.

4.2. Bandwidth, artefacts, and baseline

Residual solvent signal amplitude is only one of the many criteria for evaluating
suppression techniques. As spectroscopists, we are certainly interested in any
baseline corruption that may result, as this will deter the ability to properly
integrate and automatically interpret spectra. We also do not want the inclusion
of spurious peaks, or the removal of actual information close to the solvent signal.

d, delay shaped pulse length, (F) SWET (118 us inter-pulse delay) with optimized 1° pulse width
(1.8 us), (G) WATERGATE with optimized: carrier frequency, independent suppression frequency,
phase correction (1°) for low attenuator pulses, shaped pulse power, independent flipdown and
flipback pulse lengths, and 180° inversion pulse length, (H) WATERGATE-3919 without further
optimization, (I) WATERGATE-WS5 without further optimization, (J) PURGE without optimization,
(K) DPFGSE with optimized shaped pulse length, and finally (L) SOGGY without further
optimization.
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Therefore to evaluate the pulse sequences more closely, we selected a different
sample that contained far fewer peaks than ubiquitin, a large intense peak in order
to evaluate baseline performance, and a set of peaks very close to the solvent to
check the bandwidth of suppression. We selected a synthetic sample of N-acetyl-
asparagine (kindly donated by Daniels Fine Chemicals Ltd. of Redwater, Alberta)
that contained all the peaks of interest. Figure 12 shows a similar comparison of all
the sequences reviewed previously, but run on the synthetic sample. All the
methods performed well on the amide (~6-8 ppm, eightfold higher scale) and
the aliphatic (~1-5.5 ppm) regions. The downfield H, peaks however did reveal
some notable differences in the bandwidth of suppression. The WET (using 3 ms
SINC pulse lengths), WATERGATE (1.6 ms selective pulses), 3919, and W5 ver-
sions all demonstrated that nearby resonances can also be drastically suppressed
during solvent elimination. To a lesser degree SOGGY also showed some reduc-
tion of the nearby peaks. The larger bandwidth of reduction for the 3919 and W5
sequences was due to the very short inter-pulse delay (89 us) resulting from
automatic software optimizations. An initial value of 160 us was manually
selected but the software program determined that the maximum suppression
occurred at 89 us. For our tests, the automated results were maintained to show
what a typical user might encounter, and what the highest level of suppression
could achieve. This may however not be the fairest comparison in terms of
suppression bandwidth, and readers are encouraged to experiment on their
systems with different delay settings.

None of the sequences introduced large artefacts, and the baseline perfor-
mance was quite good with some small imperfections close to the water peak
(e.g. Figure 12E-I). However, upon close examination we did find a very interest-
ing small distortion. There was a distinct weak distortion associated with the
intense resonance of the acetyl group (Figure 13).

The error was an ‘s’ shaped bend (Figure 13A) in the baseline that could not be
removed with any combination of non-linear or linear phase corrections. We had
previously noted this type of error when the lock phase was incorrectly set, but
this was not the culprit in this case. The lock position and phase were optimal and
even altering these parameters away from the optimal value did not modulate the
distortion. The ‘s” shape did not appear in non-gradient sequences such as presat
and was quite small (compared to the two 0.5% natural abundance "*C coupled
peaks on either side of the main signal). The distortion was only noticed due to the
very intense amplitude of the source acetyl peak and the fact that we were looking
specifically for distortions when comparing sequences (if you look closely you can
see the distortion in Figure 12). We did find that the error had a gradient strength
dependency. Low gradient strengths resulted in inconsistent baseline problems
while very high gradients (e.g. 30 g/cm or higher) yielded consistent baseline
problems with amplitudes proportional to the gradient strength applied. Even
during intermediate gradients (e.g. 3-8 g/cm) the distortions were consistent but
reduced in amplitude. We have been able to track down the problem to a gradient
hardware issue previously undiagnosed on our system. By reversing the ampli-
tude of the applied gradients in every other acquired FID the problem was
completely resolved (e.g. DPFGSE sequence with alternating gradients result in
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Figure 12 Bandwidth, artefacts, and baseline. Pulse sequences previously tested in Figure 11
were applied to a sample of 10 mM N-acetyl-asparagine (98% D,0) in order to evaluate the
effects of the various suppression methods on exchangeable atoms (amides), resonances close
to the solvent (H,s), and extremely intense peaks (acetyl group).

Figure 13B). We have begun to explore which other sequences may require this
gradient compensation.

Finally, a comparison of the solvent suppression pulse sequences was per-
formed with purposeful errors in pulse width (—10%) or carrier position (—4 Hz).
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Figure 13  Baseline distortion. (A) shows an expanded view including the upfield N-acetyl peak
region and the typical distortion seen in all suppression experiments utilizing gradients. (B) shows
the same experiment but utilizing alternate amplitude gradients. The CH2s show homonuclear
coupling evolution. Note that the natural abundance »C couplings are almost off scale indicating
the relative magnitude of the problem.

While definite problems were seen with single scans, once a full phase cycle was
applied all the sequences performed amazingly well, and therefore the data were
not included. Our experience is that even common small errors can result in
usable (though certainly not ideal) spectra when utilizing any of these modern,
robust, suppression methods.

4.3. Conclusion

Every suppression sequence covered in this review provides at least adequate
(often excellent) suppression of a single solvent resonance with several sequences
providing astounding performance. In addition, many of the sequences are capa-
ble of suppressing multiple resonances simultaneously in very short experimental
times. Some sequences provided poorer overall suppression performance such as
presat or the WET family, but the presat and WET methods are the easiest to
implement and optimize. The WATERGATE sequences are more difficult to code,
but provided very good suppression with little or no optimization (e.g. 3919 or
WS5). The best suppression undoubtedly was provided by the WATEGATE,
PURGE, and Excitation Sculpting (DPFGSE and SOGGY) sequences. Unfortu-
nately WATERGATE and DPFGSE require the most optimizations to attain the



Recent Advances in Solvent Suppression for Solution NMR 73

highest levels of solvent suppression and solute retention. Luckily modern spec-
trometers often come with automation software to optimize the suppression
sequences relieving the obvious tedium (and common errors). The NMR user
has many choices and fortunately none of them are a ‘bad’ choice. In most cases
whichever suppression sequence is most familiar and/or pre-coded on your
system should yield satisfactory results providing at least minimal optimization
is performed. In the cases of the most difficult samples, the addition of moderate
presaturation at the beginning of any existing suppression sequence should
remove enough solvent signal to eliminate any remaining receiver or ADC pro-
blems. There are certainly no bad sequences, and therefore we recommend first
use what is available, then code what may be needed. All the best of luck.
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APPENDIX

If attempting to increase the solute concentration.
A simplified example:
(Remember that a 10 kD protein = 10 000 g/mol)

ImM = 1 x 10~>mol x 10000 g/mol x 600 x 10~°L = 6 mg
To make a solute concentration equivalent to solvent:

(Remember that water is ~18 g/mol therefore 1000 g/Lx1 mol/18 g = 55 M
water = 110 M 'H)

110 mol/L x 600 x 10~°L x 10000 g/mol = 660 g
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Therefore a 10 kDa protein would require 660 g of material to be dissolved in a

600 uL sample to be equal to the signal of the solvent. This is not possible, nor
would even a sample at 1/100th the concentration be moderately feasible. The
alternative is to reduce the solute signal and work with a realistic solute concen-
tration often around 1 mM.
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Abstract Photo-CIDNP spectroscopy relies on a unique interplay of magnetic interac-

tions, diffusion, and chemical reactivity; it possesses all the advantages of
NMR spectroscopy but responds to processes on a nanosecond timescale.
This very powerful method can be used to investigate short-lived intermedi-
ates, the mechanisms of complex photoreactions, structures and folding of
proteins, and processes in photosynthetic reaction centres. This chapter
provides an introduction to the theory, explains the instrumentation
and techniques with emphasis on new developments, uses a series of case
studies to illustrate the information that a chemist can obtain from photo-
CIDNP, and reviews recent applications of photo-CIDNP spectroscopy to
chemical and biochemical problems. The literature from 1996 to mid-2008 is
covered.

Key Words:  Chemically induced dynamic nuclear polarization,
Photochemistry, Paramagnetic NMR, NMR in reacting systems.

1. INTRODUCTION

NMR spectra recorded during the course of certain chemical reactions exhibit
anomalous signal intensities, namely, enhanced absorption or emission of indi-
vidual lines, or whole multiplets. This was discovered independently by Bargon,
Fischer, and Johnsen,' and by Ward and Lawler” in 1967. It is not surprising that
spectrometer artefacts were originally thought to be responsible. The exciting
atmosphere of those days has been recalled by Bargon® in a recent paper
dedicated to the memory of Hanns Fischer, who died in 2005.

From the start, these phenomena were recognized as spin polarizations (devia-
tions of the populations of the nuclear spin states from the Boltzmann distribution)
caused by radical reactions. As the first attempts to understand their generation
erroneously focussed on Overhauser effects, they were christened ““chemically
induced dynamic nuclear polarizations”. Although only partially correct, that
name has stuck, possibly because its acronym CIDNP (usually pronounced “kid-
nap’’) evokes the picture of radical scavenging. However, only 2 years later the
now universally accepted quite different explanation, the hitherto unknown
radical-pair mechanism, was found, again by two groups independently.*”

The radical-pair mechanism relies on a complex interplay of nuclear-spin
dependent intersystem crossing of radical pairs, modulated by the dynamics of



Photo-CIDNP Spectroscopy 79

interdiffusion, and electron-spin dependent chemical reactivity of the pairs at
reencounters. Hence, CIDNP experiments can yield very detailed information
about the intermediates and the pathways of their formation and decay, informa-
tion that is often difficult or impossible to obtain in other ways. Yet, this power
comes at a price: Although they can be performed with standard equipment,
CIDNP experiments are slightly more difficult to plan and interpret than are
ordinary NMR measurements, and some expertise is needed to make the most of
that powerful method. The present review has been written with the purpose
of bridging that gap by including a detailed explanation of the principles, the
experimental techniques, and the kind of information that can be routinely obtained
with CIDNP spectroscopy; it aims at NMR spectroscopists with a chemical
background.

Although CIDNP was first observed in thermal reactions, its true potential lies
in the field of photochemistry, and over the years the interest of the community has
shifted more and more towards photo-CIDNP; in the last 10 years, thermal reac-
tions have accounted for less than 15% of all CIDNP work reported. A histogram of
published papers shows a levelling off of publication frequency in the last decade,
so the field has reached maturity by now, the decrease in publication numbers
being mainly caused by a lower number of studies dealing with the effect as such,
not with its application to chemical problems. Reflecting general trends, mecha-
nistic and kinetic studies of organic photoreactions by CIDNP have been slightly
decreasing in frequency over the last years, which is compensated by a growing
interest in applying photo-CIDNP to systems of biochemical interest, most notably
proteins and the photosynthetic reaction centre.

Exhaustive coverage of both background and applications of photo-CIDNP up
to 1988 is provided by Steiner’s review,® and the literature from that point of time
up to mid-1996 has been extensively reviewed by the present author.” Since then,
only a number of shorter reviews concerned with specific aspects of photo-CIDNP
have appeared, which will be dealt with in the pertaining sections below. The
review section of this chapter, therefore, concentrates on the period from 1996 to
mid-2008, and will go into details of earlier work only where necessary.

Writing about a method that is not so commonly used (in the author’s opinion,
less frequently than it deserves), one faces the problem that readers will have very
diverse motives and questions, ranging from the applicability to a given chemical
problem over the optimization of experimental parameters and protocols to
quantitative calculations of the effects. Bearing that in mind, a structured
approach is taken. Sections 2-3.3 provide the qualitative framework while
Section 3.4 is only needed by those who are interested in a quantitative treatment.
Section 3.5 deals with recent research focussed on the CIDNP effect itself. Experi-
mental aspects, including new developments, are comprehensively covered in
Section 4. In a series of case studies, Section 5 describes the kind of information
CIDNP experiments yield; this should enable a chemist to judge whether his or
her problem could benefit from investigating it by this method. Finally, recent
applications of photo-CIDNP to chemical and/or biochemical problems are
reviewed in Section 6, which is grouped by reaction types on one hand and classes
of substances on the other.
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2. CIDNP PHENOMENA

2.1. Net and multiplet effects

For the very common case of a weakly coupled spin system, any nonequilibrium
population such as caused by CIDNP can be decomposed into longitudinal one-
spin order I, two-spin order 2I;l,, and so forth. While the basis of that
decomposition, the product operator formalism,” was unknown at the time
when CIDNP was discovered, the characteristic signal patterns associated with
one- and two-spin orders were immediately recognized, and given the names “net
effect’” and “multiplet effect”. Their phases (i.e. signs) depend in a simple way
on the structures of the paramagnetic intermediates and the reaction mechanism,
as explained in Section 3.2, which is probably the most frequently exploited
feature of CIDNP. Figure 1 displays examples of these two effects.

NMR spectrometers of the late 1960s did not permit the detection of higher
spin orders for sensitivity reasons, so no new name was coined for them; the term
used today is “higher multiplet effects”. More importantly, with the cw instru-
ments ubiquitous at that time a separation of different spin orders n was princi-
pally impossible. The advent of pulsed and Fourier transform spectrometers
reduced that to a trivial task: Because for a weakly coupled spin system the
amplitude of the detectable signal is proportional to sind cos” '9, one simply
has to acquire spectra with different flip angles ¥ and form suitable linear
combinations (e.g. one- and two-spin orders are separated by adding and
subtracting two spectra acquired with 9 = 45° and ¥ = 135°).”

ppm

Figure 1 CIDNP net effects (bottom trace) and multiplet effects (top trace) for the olefinic
protons of N, N-diethylvinylamine V (for the formula, see Chart 5) formed in the photoreaction of
xanthone with triethylamine in acetonitrile. Net and multiplet effects were separated by their flip
angle dependence, as described in the text. Left: X part (o proton) of the ABX spectrum; right:
AB part (f protons). The reason for the missing two inner lines from the multiplet of the o protons
in the upper spectrum is explained in Ref. 114.
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As will be explained in Section 3.2, multiplet and higher multiplet effects are
much more prominent at low fields. For that reason, CIDNP net effects prevail on
today’s high-field spectrometers.

2.2. Time-resolved photo-CIDNP

The processes generating the spin polarizations are typically completed within a
few nanoseconds after the birth of the radical pairs. While this feature is lost when
radical-pair generation is continuous, as in thermal reactions or photoreactions
brought about by cw illumination, radical-pair formation can easily be made fast
on that timescale when a pulsed laser is used as the light source.

To become observable by NMR, the polarizations next have to find their way
into diamagnetic products. This depends on the chemistry of the system and on
the concentrations, but very often occurs on a timescale of several tens of micro-
seconds. If an rf pulse is applied at some point of time during that period, it
converts the polarizations present at that very moment into coherences and
isolates them from the further development of the polarizations, which are longi-
tudinal magnetizations only; hence, these coherences decay in the same way as
any normal NMR signal.

By varying the time between the laser flash and the rf pulse in a series of scans,
a temporal profile of the reaction is thus obtained. This technique was introduced
on a millisecond timescale'” within less than a decade after the discovery of the
CIDNP effect, and soon afterwards extended to the microsecond!'! and submicro-
second'? range. Figure 2 shows an example of such an experiment. Because the
durations of hard pulses for protons on modern spectrometers are in the micro-
second range, a time resolution on that order is routinely accessible; deconvolution
methods'? allow a reduction by another factor of 10.

I/[a.u.]

T T T T
0 2 4 6 8 10
Atlus

Figure 2 Time-resolved CIDNP experiment on the system xanthone/triisopropylamine in
acetonitrile at 294 K; amine concentration 10 mM. Shown are the CIDNP signals of the terminal
protons of the amine as functions of the delay At between the laser flash and the sampling rf pulse
(duration, 1.0 us).
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3. CIDNP THEORY

3.1. The radical-pair mechanism™”

Radical pairs are the key intermediates for CIDNP effects. From the way chemis-
try is taught, most scientists would regard single radicals as something natural
and radical pairs as something exotic. Yet, that is a misconception from the start
because all reactions that produce radicals from non-radical precursors (bond
cleavage or electron transfer) produce them in pairs.

Even more pertinent to the character of a radical pair as an entity is the idea of a
cage. Intuitively, that word evokes the picture of the pair being kept together by
surrounding solvent molecules, which would make a cage a region of space.
However, CIDNP and related effects could not arise if the two radicals did not
easily and rapidly separate to distances where there is no interaction between
them. What makes them still a pair under these conditions is a correlation of their
electron spins, which persists despite their separation and despite the absence of
any interaction between them, and provides a memory of each other (a slowly
fading one, because of relaxation). That correlation does not manifest itself as long
as the radicals are separated; its detection is only possible if the two radicals—
meaning the same two, not just chemically equivalent others—reencounter at some
later point of time. As is probably not common knowledge, the probability that
that happens is quite substantial, even approaching unity if there is a Coulombic
attraction between them. At the moment of reencounter, the question of whether
the radicals have remained in the cage can be determined in retrospect: They have
if their spin correlation has not been lost during the preceding diffusive excursion.
Hence, a cage is a much more abstract notion, a region of time during which the
joint electron-spin state keeps the radicals from becoming independent despite the
absence of interactions between them.

An overline is normally used to symbolize a spin-correlated, or ‘“geminate”,
radical pair R} R} and to distinguish it from single, or ““free”, radicals R} and R}.
Additionally, the electron spin multiplicity of the pair is specified at the top left of
the overline.

3.1.1. Electron-spin states of a radical pair

When the radicals of a pair are in contact, i.e. at the moment the pair is born or at a
later reencounter, the spin Hamiltonian is completely dominated by the exchange
interaction. In consequence, the two unpaired electrons are indistinguishable, and
wave functions such as |of) are inacceptable because they violate the Pauli
principle. The correct eigenstates are singlet and triplet,

L (1) — 1) 1)
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On the other hand, when the radicals are far apart the exchange interaction is zero,
so the unpaired electrons can now be distinguished (e.g. by an EPR experiment or
by scavenging), and the eigenstates are the four doublet functions

ID_y-p) = 1BB) (Z1T-1)), [D-y43) = B2

(3)
|D+%7+%> = |OCOC> (E |T+1>)7 |D+%,—%> = |O£B>

It is seen that |ao) and |BB) always remain eigenfunctions regardless of the
interradical separation.

Although the other two functions are only eigenfunctions in special situations
(contact, singlet and triplet; infinite separation, two doublets), each set is never-
theless a valid set of basis functions that can be used to describe the spin state.
|S) and |T,) are most useful for that purpose because they are eigenfunctions at
the start and at the end of a diffusive excursion. At in-between times, the spin state
|X)(t), which will usually be time dependent, is always describable by a linear
combination

1X)(£) = ¢s(8)[S) + cr, (1) To) (4)

with time dependent coefficients cs and cr,.

This opens up the possibility of intersystem crossing of a radical pair. Let the
pair be born, e.g. in state |Tj), and then enter on a diffusive excursion during
which the spin state evolves under the spin Hamiltonian. If cs is no longer zero at
reencounter, the pair has acquired some singlet character. But at that moment, the
exchange interaction is operative again and forces the pair into one of its eigen-
states, meaning that in an ensemble of radical pairs a certain fraction will produce
singlet pairs upon reencounter, i.e. will have undergone intersystem crossing.

3.1.2. Intersystem crossing of radical pairs

The distance dependence of the exchange interaction | is crucial for the evolution
of the spin state of a pair. An exponential decrease with the interradical separation
ris usually assumed.'* Typical potential energy curves of singlet and triplet states
are displayed in Figure 3. In a magnetic field, the Zeeman energy causes an
additional splitting of the triplet sublevels, as shown in the inset.

There are two situations when | vanishes, and when intersystem crossing is
thus most efficient. First, for r larger than a certain value, not more than a few
molecular diameters, |S) and |T,) become degenerate. This condition holds for
most of a diffusive excursion unless diffusion is restricted (as would be the case,
e.g. in a micelle), so processes of type |S) < |Ty) provide the most efficient, and
most common, pathway of intersystem crossing of radical pairs. Second, at some
critical distance there exists a level crossing between ‘S > and either ]T_1> or, in the
rare case of a positive exchange interaction, |T ;). Because intersystem crossing is
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Figure 3 Potential energy E,. of a radical pair as a function of the interradical separation r.
The exchange integral J is one-half the vertical separation of the singlet and triplet functions. The
inset shows the splitting of the triplet levels in a magnetic field. Further explanation, see text.

a slow process, the system has to spend a considerable time in a region of | ~ 0,
and intersystem crossing by |S) < |T11) pathways is normally only relevant for
biradicals or in micelles. Its efficiency increases with decreasing angle of intersec-
tion of the two potential curves, so it is also more efficient if the magnetic field
is low.

Vector diagrams'® (Figure 4) allow a very convenient visualization of the
mechanism of intersystem crossing between |S) and |Ty). The electron spin of
each radical is drawn as an arrow. This allows a correct representation in the case
of two individual radicals but violates the Pauli principle for the singlet and
the |T,) state; despite this limitation, the diagrams lead to correct conclusions.
The singlet state has no magnetic moment, so the two vectors have to be antipar-
allel. ]T0> does possess a non-zero magnetic moment but zero z component, so the
two vectors have to be drawn as shown on the r.h.s. of Figure 4. In a situation
where the two radicals do not interact, their electron spins precess independently,
and, unless the two radicals are absolutely identical—not only as far as their chemi-
cal constitution is concerned but also with respect to the spin state of each nucleus
they contain—in general with different precession frequencies. Hence, if the system
starts out in state ‘S>, the two arrows will get out of phase, as displayed in the centre



Photo-CIDNP Spectroscopy 85

|S) Cs|S)+crol Tod

Figure 4 Vector model visualization of intersystem crossing of radical pairs in high fields. Left:
singlet state; centre: superposition state; right: state ]To>. Further explanation, see text.

of Figure 4, eventually reach state |Ty), then gradually revert to state ‘S>, and so
forth. Intersystem crossing between |S) and | Tj) is thus a coherent oscillation caused
by different precession frequencies of the non-interacting radicals.

In high fields, where electron and nuclear spin states can be specified inde-
pendently, this picture can easily be cast into a formula for the angular frequency
wsr, of intersystem crossing. One has to consider the differences of the Zeeman
interaction (g; and g», g-values of the two radicals; , Bohr magneton; By, field of
the NMR magnet) and of the hyperfine interactions (a,, and m,,, hyperfine coupling
constant and z spin projection of nucleus #; positive sign and index i for the nuclei
in the first radical, negative sign and index j for those in the second), so

1
WsT, =57 (81— 2)PBo + E am; — E ajmj (5)
i j

A characteristic of intersystem crossing between |S) and |T,) is that the nuclear
spin state does not change. The situation is different for intersystem crossing
between |S) and ’Ti1>: This requires a concomitant spin flip of a nucleus because
the z component of the total electron spin changes. Neither the Zeeman interaction
nor the secular terms of the hyperfine interaction mix |S) with | T, ). However, the
non-secular terms of the hyperfine interaction, which are completely non-diago-
nal and have zero matrix elements between |S) and |T,) for any nuclear spin
configuration, cause transitions between ‘S> and ’T_1> and |T+1> that are accom-
panied by a change of the nuclear spin state. The angular frequency of intersystem
crossing wsr,, is

1
WST, = 4 Zai(slxlix + Sy L) + Zaj(Sszjx + Sy Liy) ¢ (6)
i j
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A comparison of Equations (5) and (6) shows that the intersystem crossing
frequencies are of comparable magnitudes.

3.1.3. Mechanism of CIDNP generation in high fields (S—Ty-type CIDNP)

The radical-pair mechanism is displayed in Chart 1. Its main ingredients are that

spin is conserved during chemical processes; that radical pairs are formed, diffuse

apart and reencounter; and that the eigenstates of their electron spins are different

when the radicals are in contact or when they are far apart, leading to an evolution

of the electron-spin state under the spin Hamiltonian during a diffusive excursion.
The mechanism can be broken down into three steps:

1. Birth of the radical pair in the singlet or triplet state
(As follows from Section 3.1.2, only the |T0> state is relevant, and molecules
born in one of the other two triplet states can be ignored because they do not
lead to any CIDNP effects of the S—Ty-type; as this is tacitly assumed, only the
multiplicity of the pair is specified in the scheme.) That state is the same as that
of the radical-pair precursor, in other words its multiplicity is that of the excited
state from which the photoreaction starts.

For completeness, it should be mentioned that a radical pair can also be
formed by a chance encounter of two free (i.e. uncorrelated) radicals. Because
this produces all four spin states with equal probability but a significant
fraction of the resulting singlet pairs will immediately combine to give diamag-
netic products before CIDNP can arise, these so-called F-pairs behave
qualitatively like triplet-born pairs.

The mechanism is thus entered from the top, either by the left branch or the
right branch, producing either the radical pair on the left or that on the right.
Looking at an ensemble, the radical pairs initially all have the same electron
spin multiplicity, and all nuclear spin states are populated according to the
Boltzmann distribution (i.e. are populated practically equally).

® I@
1 @ 3

R} R} P — R} R}

@ 5

singlet exit channel triplet exit channel

Product(s) of ’ ‘ Product(s) of ’

Chart 1
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2. Nuclear-spin selective intersystem crossing of the spin correlated pairs
(“nuclear spin sorting’’)
During the life of the pairs intersystem crossing between |S) and |T,) occurs
with a frequency that depends on the g-value difference and on the nuclear spin
state of each individual pair (Equation 5). Because of the “leaks” provided by
step 3 it is permissible, at least for a qualitative description, to equate those
frequencies with rates. Each configuration of the nuclear spins thus causes a
specific intersystem crossing rate of the radical pairs containing it; those con-
figurations that decrease the rate are enriched in the pairs of the starting
multiplicity, those that increase it in the pairs of the other multiplicity. Hence,
the nuclear spins are sorted between the two multiplicities, i.e. opposite nuclear
spin polarizations are generated in the paramagnetic intermediates (but are not
yet observable by NMR). Because of the symmetry of nuclear energy levels, the
sorting is also symmetrical, i.e. these opposite polarizations are exactly identi-
cal in magnitude.

3. Electron-spin selective reactions of the radical pairs
This feature is again due to spin conservation in chemical reactions. The typical
case is a combination of the two radicals of the pair to give a product (“gemi-
nate” reaction). A singlet pair must yield a singlet product and a triplet pair a
triplet product. Very often, though not always, the first alternative is thermo-
dynamically allowed and the second forbidden. Radical pairs that cannot react
will undergo another diffusive excursion but eventually lose their spin correla-
tion and form free radicals (“escape” from the cage) that react individually,
with other reaction partners than with each other.

Not only is the electron-spin state conserved in all these reactions but also the
nuclear spin state. Hence, the nuclear spin polarizations present in the pairs are
transferred into the diamagnetic products, where they can be detected. Those
nuclear spin configurations that slowed down intersystem crossing are over-
populated in the product(s) of the exit channel on the same side as the entry
channel of the scheme; those that accelerated it are overpopulated in the
product(s) of the exit channel on the other side.

The importance of different exit channels can hardly be overstressed. If both
exit channels lead to the same product, the spin sorting is undone, and no S-T-
type CIDNP results. However, a difference of reaction probabilities suffices for
some CIDNP to remain. Another important factor avoiding a cancellation that
would otherwise be perfect is nuclear spin relaxation in longer-lived paramag-
netic intermediates, free radicals or triplet molecules. Even if there is a com-
plete cancellation of the polarizations at long times but an imbalance of reaction
rates, CIDNDP occurs as a transient effect and can be detected in a time-resolved
experiment.

3.14. S—T,,-type CIDNP

The different operating principle of generating nuclear spin polarizations, by
electron—-nuclear flip-flop transitions instead of by spin sorting, reduces the mech-
anism to a two-step scheme.
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1. Birth of the radical pair in the singlet or the triplet state (which in this case
usually means |T_;), rarely |T.,))

Flip-flop transitions are bidirectional, so the precursor multiplicity is a key
prerequisite, in the same way as for 5-T-type CIDNP.

For an ensemble of radical pairs, the same initial condition as before holds,
i.e. each pair again starts out with the same electron-spin state, and the nuclear
spins are unpolarized.

2. Development of nuclear polarizations in the spin-correlated pairs or biradicals
Because Equation (6) couples the nuclear spin motion and the electron-spin
motion, not only the electron-spin state of each pair oscillates but also the
nuclear spin state. Over the ensemble, however, the oscillation is not symmet-
rical because flip—flop transitions are only possible for one-half of the pairs.
Consider, for example, an ensemble of biradicals with one proton, and let
the biradicals be born in state |T_;). Taking into account also the nuclear spin,
one-half of the biradicals are thus born in state |T,1oc> and the other half in state
|T_18). The latter cannot undergo flip-flop transitions to the singlet state, so
have to remain in the state they were born. The others oscillate between |T_;x)
and |SB). If a fraction 71 of them has reached the singlet state, the total number of
biradicals with nuclear spin |ac> is (1-n)/2, and the total number of biradicals
with spin |B) is n/2+1/2. The difference between the number of molecules
with nuclear spin |o) and |B) is thus 7, in other words the system oscillates
between zero polarization (n = 0) and complete polarization of one sort (n = -1,
i.e. all nuclear spins in state |) in the example) but can never develop a nuclear
spin polarization of the other sort (a surplus of nuclear spins |o) in the example)
because n cannot be negative.

Looking at the singlet and the triplet state separately, the difference between
the number of molecules with nuclear spin |«) and |B) is —11/2 for the singlet
state in the example because }Soc> is never formed, and (1-n)/2-1/2, i.e. —-n/2
for the triplet state. Hence, at any time the nuclear spin polarizations of the
singlet and the triplet state are seen to be equal.

The polarization generation by flip-flop transitions instead of by spin sorting thus
causes S—-T,4-type CIDNP to differ from S—T\-type CIDNP in three main aspects.
First, different exit channels are not needed. Second, even in cases when they are
available, the polarizations from them are exactly equal. Third, the polarizations
are always of one sort (one sign).

3.2. Qualitative rules

Much of the attractivity of CIDNP for chemical investigations stems from the fact
that simple qualitative rules'® can be formulated that relate the phases (signs)
of the observed polarizations to the reaction mechanism and the magnetic
parameters of the radical pairs.

From the discussion of Chart 1 it has emerged that one can only distinguish
whether the pathway from the precursor to an observed product traverses the
diagram diagonally or whether entry and exit channel lie on the same side. This
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can be described by assigning a parameter p to the entry channel (¢ = +1, triplet
precursor; u = -1, singlet precursor), and a parameter ¢ to the exit channel, which
is +1 if product formation occurs from singlet pairs and -1 for product formation
from triplet pairs, including the case that the route to the observed product is via
free radicals. (Older publications use the nomenclature ‘“cage’” and “‘escape”
products, which is less fortunate because a triplet pair can react to give a triplet
product in the cage). Multiplying u and ¢ yields +1 for a diagonal pathway through
the diagram, and -1 for a vertical one.

A connection with the magnetic parameters can be established with the aid of
Equation (5) and the vector diagrams of Figure 4. To see the effects more clearly,
projections of the vectors onto the xy plane are advantageous. As, furthermore,
only differential precession effects intersystem crossing, that coordinate system is
taken to rotate with the average frequency w,y,

1
Way =529 (81 +82)BBo + Z:aimi + Ej:ajmj 7)

To avoid an ambiguity, it is necessary to choose radical 1 as the radical containing
the observed nucleus. The vectors of the initial state define an axis. At any time
during the evolution, the contribution of that state, and that of the other state, to
the superposition of Equation (4) is then obtained by projecting the vectors onto
that axis, and onto the axis perpendicular to it.

Figure 5 shows an example for a radical pair with one nucleus of spin 1/2, e.g.
a proton, and a triplet precursor. Assume that radical 1 has the higher g-value, that
the hyperfine coupling constant of the nucleus is positive, and that the sense of
precession is clockwise. The action of the g-value difference is first shown sepa-
rately. It is seen to cause a symmetrical displacement of the two vectors from their
initial positions. Next, the effect of the hyperfine interaction for the nucleus having
spin o and spin f is superimposed on that. The resulting displacements are again
symmetrical, but with respect to the positions of the vectors after rotation by the
g-value difference. Obviously, the Zeeman and hyperfine terms add constructively
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Figure 5 Phase of a CIDNP net effect explained with vector models (projections). From left to
right, starting state; influence of the g-value difference; influence of the nuclear spin state through
the hyperfine coupling constant; resulting population difference of the nuclear spin states in the
product; resulting CIDNP signal. The labels on the vector models denote the electron spin of
radical 1 or 2. Further explanation, see text.
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when the spin state of the nucleus is « but oppose each other when it is . Hence,
in the singlet pairs and their subsequent products, the a spins are enriched while
the B spins are depleted, so the resulting NMR signal appears in enhanced
absorption.

The opposite signal would be obtained if the g-value difference Ag were made
negative, or if the hyperfine coupling constant 4 were made negative; however, no
change would be result if both Ag and a were made negative.

All these regularities are summed up by Kaptein’s rule'® for the phase (sign) I';
of a CIDNP net effect (I, = +1, enhanced absorption of nucleus i; I'; = -1,
emission),

I'i = p x & x sign(Ag) x sign a; (8)

From the discussion of Figure 5 it also emerges that a CIDNP net effect can only
arise if both Ag and a are non-zero because either interaction on its own causes a
symmetrical displacement around the starting axis, so no spin sorting takes place.

CIDNP multiplet effects can be rationalized in the same way. The simplest case
is that of a radical pair with two spin-1/2 nuclei A and X. Let both be contained in
radical 1 and have positive hyperfine coupling constants a, and ay; as in Figure 5
let the precursor multiplicity be triplet and the product be formed via the singlet
exit channel; let the coupling constant | in the observed product have a positive
sign. The treatment can be greatly simplified by setting Ag to zero. Not only does
that remove all net effects but the precession differences caused by the spin state
of nucleus 1 then have the same effect as the Ag term in the preceding example.
Assuming that a, is larger than ay, one arrives at the vector model and population
diagram displayed in Figure 6, which shows that a so-called E/A multiplet
(emission of the low-field line, absorption of the high-field line of each doublet)
results.
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Figure 6 Explanation of a CIDNP multiplet effect with vector models (projections). From left to
right, starting state; influence of the first nuclear spin (A) only; influence of the second nuclear
spin; population differences; resulting spectrum. The labels on the vector models denote the
electron spin of radical 1 or 2, the labels in the NMR spectrum the nuclear transitions. Further
explanation, see text.
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Making a, smaller than ay only permutes vectors within diagrams, so has no
influence on the CIDNP spectrum. Modifying the other parameters has the fol-
lowing effects: Inverting the sign of either a, or ay interchanges the populations of
all spin states connected by a transition, so inverts the signal pattern (A/E instead
of E/A); putting either A or X into radical 2 has the same consequence; changing
the sign of | permutes the two lines of each doublet, so again inverts the multiplet
pattern. Combining all these factors, one arrives at Kaptein’s rule'® for a CIDNP
multiplet effect I';; of two nuclei i and j (I'; = +1, E/A; T';; = -1, A/E),

Ijj = pu x & x sign a; x sign a; X g;; x sign Jj; ©)

where the additional parameter o;; is +1 when the two nuclei are contained in the
same radical and —1 when they are not.

These vector models also show that the multiplet effects decrease when the
Zeeman interaction has to be taken into account, because the additional rotation
causes the projections onto the singlet state to differ less. This explains why
multiplet effects are much more important in low fields and for radical pairs
with small g-value differences.

The reliability of Equations (8) and (9) is almost surprising when one considers
that they represent the radical-pair mechanism in a simplified form only. The most
important situation where they are known to predict wrong phases is for the
polarizations of nuclei with small hyperfine coupling constants in the presence of
other nuclei with very large hyperfine coupling constants, as is the case, for instance,
if "H-CIDNP is investigated in '°C labelled molecules.'” A recent example has been
reported for '*C-polarizations stemming from phosphorous-centred radicals."®

A sign rule can also be formulated for the phases of S-T,;-type CIDNP.
As Section 3.1.4 has shown, neither the magnetic parameters nor the exit channel
have any relevance for the polarizations. What decides their phase is only the
intersystem crossing pathway, that is, whether intersystem crossing occurs
between |T_;) and [S) or between |T.) and |S), because each pathway cannot
flip nuclear spins of one kind (f in the first case, o in the second). That pathway is
in turn determined by which triplet curve in Figure 3 crosses the singlet curve: Itis
between |T_;) and ‘S> for a negative exchange interaction J (the normal case),
or between |T.) and |S) if  is positive. In other words, the sign of ] is the only
relevant quantity apart from the parameter p, which has the same meaning as
before. This leads to an even simpler rule for the phase y of an S-T,;-type net
effect (y = +1, absorption; y = -1, emission),

y = x sign] (10)
Multiplet effects cannot arise in S—T;-type CIDNP.

3.3. Pair substitution

Transformations of radical pairs into others also leave there imprint on the
polarizations if they occur on a timescale comparable to the radical-pair life."" '
These processes are called pair substitution. At the moment of such a transforma-
tion of the first pair into the second, the intersystem crossing frequency of
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Equation (5) or (6) abruptly changes because the second pair will in general have
different Ag and/or different hyperfine coupling constants. The resulting CIDNP
effects are, therefore, not simply the sum of CIDNP from the first pair, if that pair
had an infinite life, and from the second, if that pair were the only one present.
Instead, they can be regarded as arising from a hypothetical pair, for which Ag and
each hyperfine coupling constant is a weighted average of the respective parame-
ter for the first and second pair, with the weighting factors given by the two
lifetimes. Examples have been reported® where neither pair on its own develops a
CIDNP net effect, one because of negligible hyperfine couplings and the other
because of zero Ag, but where pair substitution causes CIDNP to appear. This can
easily be visualized by Figure 5 where these two interactions, which normally
work simultaneously, have been separated for clarity. If the magnetic properties
of each pair are known or can be estimated, the transformation rate can be
obtained from the CIDNP signals. This extends the timescale of NMR to the
sub-nanosecond range. Examples are given below.

3.4. Calculations of CIDNP intensities

As usual in quantum mechanics, the formulation of the problem is comparatively
simple but the calculational difficulties can be formidable.

The time evolution of the density matrix ¢ of the system under the joint
influence of the spin Hamiltonian H comprising also the exchange interaction,
of diffusion (operator I'), of the chemical reaction (operator K), and of relaxation
(operator R) is given by the so-called stochastic Liouville equation,*

0

ot
NMR spectroscopists are normally familiar with the first and last term on the r.h.s.
of Equation (11), the second term is a partial differential operator known from
classical physics, and the third term is simply a projection operator onto each
reacting multiplicity times the respective reaction rate.

It is at this point that 5-Ty-type CIDNP and S-T -type CIDNP diverge.
Because there are no flip-flop transitions in the first case, a separation of nuclear
and electronic subspaces is possible and leads to a drastic simplification of the
problem, since only four elements of the density matrix have to be retained. This
even affords a closed-form analytical solution if some simplifying assumptions
are introduced. In the second case, no such separation is possible, and numerical
solutions of the stochastic Liouville equation are the only feasible procedure; this
subject is obviously beyond the scope of this review.

For 5-To-type CIDNP, the relevant density matrix is, in explicit notation,

o= ( 0ss 05T, ) (12)

i
Q=—£[H,@]+DF9+KQ+RQ (11)

0TS OToT,
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and the Hamiltonian H of the system is

(3

with Q being the matrix element of intersystem crossing (see, Equation (5)) and E
being the sum of the magnetic energy (see, Equation (7)) and of the exchange
integral J; through the latter, E is distance dependent.

Carrying out the matrix multiplications of the commutator in Equation (11),
and rewriting the result as a vector equation one gets

0ss (0 -Q Q 0 0ss
Of oty | __ 1| -Q 26 0 Q 05T, (14)
ot | 01,5 Rl Q 0 -2E -Q 0T,

0T, T, 0 Q -Q 0 0T, T,

Because the density matrix is Hermitian, and because its trace is 1 in the absence of
a chemical reaction (which will be considered at a later stage), a change of
variables allows a further simplification of Equation (14),%

g [ 9ss — ony [0 -Q 0 0ss — OT,T,
T 2Im (os1,) | = 5 Q 0 -E 2Im (osr,) (15)
2Re (ost,) 0 E O 2Re (os,)

The purpose of this change of variables is threefold. First, the size of the matrix is

reduced to three. Second, all variables are now real quantities. Third, and most

importantly, two of the variables now correspond to physical observables: The

first is the population difference between |S) and |Ty), which is directly related to

the product yields, and the third is an opposite polarization of both electron spins of

the radicals. The second component, a phase correlation, is not directly observable.
The solution of 15 is obtained by standard methods. It is

‘h;—z + %cos(Qt) - %sin(Qt) % [1 — cos(Qt)]
9ss — O1yT, E 0ss — 01,7,
( Zeor ) o| e e e ( 205 ) 16)
2Re(ost,) 2Re(os7, ) o
% [1 — cos(Qt)] ésin(Qt) 8—2 + ‘Ii—zcos(Qt)

with the abbreviations
2
V=v0Q?+E2 Q:_;/

The distance dependence of the exchange integral | couples spin evolution and
diffusive motion of the radical pair. However, ] is such a strongly varying function
that during a diffusive excursion there are almost instantaneous transitions



94 Martin Goez

between an inner region (called the exchange region, with a diameter of only a few
times the sum of the molecular radii of the radicals) where the spin Hamiltonian is
totally dominated by | and an outer region stretching to infinity where | is
negligible compared to Q. This dichotomy permits the following approximate
treatment,”* which leads to a closed-form solution.

Within the exchange region, only electron-spin polarization and phase corre-
lation are mixed, as can be seen by setting Q to zero in Equation (15); Equation (16)
shows the mixing to be a rotation through an angle 2Jt. As 1/] falls into the sub-
picosecond range in this region, the angle of rotation is much larger than 27, so the
different lengths of the trajectories until a reencounter and above all the distance-
dependent size of | cause a complete randomization of these two components of
the density matrix,”> whereas the population difference is unaffected.

Outside the exchange region, phase correlation and population difference are
mixed while the electron-spin polarization remains constant. Because there is no
distance dependence in this region, the amount of mixing is only governed by
the duration of the diffusive excursion until the boundary of the exchange
region is reached again. Assuming that a diffusive excursion starts and stops
at that boundary, and neglecting relaxation, one can thus average over the ensem-
ble using the reencounter function f(t, d, d), which is the conditional probability
density that two radicals initially separated by distance d re-approach to distance
d in the period of time between t and t+df. The resulting averaged density
matrix g is

- c —s O
i=|s ¢ 080 (17)
0 0 p

It is seen that c and s are the Fourier cosine and sine transforms of f{t, d, d) at the
angular frequency of intersystem crossing 2Q/H and p is the total probability of
reencounter,

= Jcos(ZQt/ﬁ)f(t, 4, d)dt (18)
0

5= Jsin(ZQt/H)f(t,d,d)dt (19)
0

p=|ft.dd)dt (20)

ST
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The Noyes reencounter function®

Fitd dy = PE=PM o, [_ A-pyid o

V4nD 4Dt

where D is the interdiffusion coefficient, is frequently used. Equation (21) is valid
for diffusion occurring by steps of length /p (Ap < d) and in the absence of
attractive or repulsive forces between the radicals. With this model, the probabil-
ity p is, to a very good approximation, given by

pr1/ <1 + 2;;) (22)

and the Fourier transforms are
¢ = cos[(1 — p)dlexp—(1 — p)9] (23)
s = sign Q sin[(1 — p)olexp[—(1 — p)d] (24)

with

_[210|4
=175 (25)

For small mixing matrix element Q and large diffusion coefficient (i.e. non-viscous
solvents) an expansion of Equations (23) and (24) to first order is possible and
leads to the very simple results that ¢ and s are approximately given by 1-(1-p)d
and sign Q- (1-p)o.

To describe chemical reactions upon reencounter, which in general will occur
with different probabilities for the singlet and triplet states, one has to separate the
variables oss and or,r, again. However, because electron-spin polarization does
not arise during a diffusive excursion and is randomized in the approach of the
radicals to their contact distance, it suffices to retain the component 2Im(ogr,) in
the density matrix; the component 2Re(ogr, ) is not needed. In this new basis, the
mixing matrix M of Equation (17) becomes

R ((1+c)/2 (1-¢)/2—-5/2 O)
M=|1-¢0/2 (14¢)/2+s/2 0
s - c

(26)

Assuming that only singlets react at a reencounter, and with a probability /, one
gets the amount of geminate product formed by applying the projection operator
(4 0 0) to the density matrix of that moment. Pairs that have not reacted will
undergo a new diffusive excursion. For the density matrix at the start of that
excursion, one has to take into account that molecules were removed by
the reaction and that the phase correlation was destroyed in the approach to the
contact distance, hence one obtains it by applying the matrix R,
R = diag(1 — 4,1, 0), to the density matrix before the reencounter.
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This allows an easy description of multiple reencounters:** From encounter n
to encounter n+1, the change of the density matrix is given by

Gni1 = MR, (27)

Multiplying the density matrix at each reencounter with the projection operator,
and summing up the series yields the total amount F* of product formed from a
triplet precursor and via the singlet exit channel,

0 0
(1) =(2 0 0)[E —Mf{]1(1> (28)
0 0

where E is the unit matrix and the exponent -1 denotes matrix inversion. It has
been shown®* that the product yields for singlet or F-pair precursors can all be
expressed with the key quantity F*. Carrying out the tedious calculations of
Equation (28), one obtains the very compact result

F 2-p(1+0)

o0

FF=(i 0 0)[2(1\7[1%)"

k=0

(29)

which is independent of the diffusion model used. When ¢ and s are given by
Equations (23-25), an expansion to first order, which is permissible in solvents of
low viscosity, leads to an even simpler expression,

. _ PO
Fr = 5 (30)
With Equations (5), (25), and (30) one can also deduce approximate rules for
the dependences of the CIDNP intensities on the strength of the magnetic inter-
actions and on the field By. For the simple model system of a radical pair with one
proton in the first radical, the population difference of the nuclear spin states |)
and |p) is seen to be

P, Pyoc /IQu — \/IQsl o \/1AghBo+a/2l —\/|AgBBy —a/2]  (31)

For high fields and sufficiently large Ag, the Ag term can be factored out. When
one assumes both Ag and a to be positive to simplify the procedure, one gets by
expanding to first order

P, — Py o \/AgBBy x [\/1+ a/(2AghBy) — /T — a/(2AghBy)]

~ (AgpBo) "/ x a2 %2

The decrease of the polarization with increasing field is in strong contrast
to normal NMR, where the Boltzmann population differences increase linearly
with By. The approximate proportionality between hyperfine coupling constant
and polarization intensity forms the basis of identifying paramagnetic
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intermediates by CIDNP, since the CIDNP spectrum thus carries practically the
same information as the EPR spectrum.

3.5. Recent studies of the CIDNP effect as such

This section lists theoretical and experimental investigations where the focus has
been predominantly on the CIDNP effect itself; instrumentation, techniques and
applications are covered in later sections.

Diffusion is intricately linked with all aspects of the radical-pair mechanism.
The CIDNP kinetics for the reaction of a sensitizer with a large spherical molecule
that has only a small reactive spot on its surface were studied theoretically.”” This
situation is typical for protein CIDNP, where only three amino acids are readily
polarizable, and where such a polarizable amino acid must be exposed to the bulk
solution to be able to react with a photoexcited dye. Goez and Heun carried out
Monte Carlo simulations of diffusion for radical ion pairs both in homogeneous
phase® and in micelles.” The advantage of this approach compared to numerical
solutions of the diffusion equation is that it can easily accommodate arbitrary
boundary conditions, such as non-spherical symmetry, as opposed to the com-
monly used “‘model of the microreactor’”*” where a diffusive excursion starts at
the micelle centre and one radical is kept fixed there.

CIDNP experiments are almost invariably carried out in (homogeneous or
heterogeneous) liquid phase, first because those media are most relevant for
chemical reactions and biological processes, and second because the diffusion
properties in gases and solids are expected to make the radical-pair mechanism
ineffective. However, a few groups have ventured onto this terrain. Salikhov et al.
compared gas-phase and liquid-phase CIDNP of cyclic ketones.?' The fact that the
paramagnetic intermediates in these reactions are biradicals avoids the reencoun-
ter problem normally present in a gas. The exchange interaction was found to be
much stronger in the gas phase, which was explained by a more compact config-
uration of the biradical. CIDNP of cyclic and acyclic ketones was investigated in
plastic®** and crystalline® cyclohexane. No polarizations were found in the
crystalline medium, emphasizing the necessity of molecular mobility for CIDNP.

In systems with unrestricted diffusion, the ubiquitous variant of CIDNP is the
S5-To-type, and reports of S-T_;-type CIDNP under these conditions are very rare,
even in low fields. All recent examples*>® involve radical pairs with very large
hyperfine coupling constants caused by an inorganic nucleus (*'P or ''*Sn). Even
then, diffusion must favour longer dwell times around the level crossing, as is
seen by the observation that low-field net CIDNP of *'P from the radical-pair
trimethylbenzoyl/dimethoxyphosphonyl still arises to 60-70% through S-Ty-type
CIDNP in the less viscous solvent acetonitrile, while in the more viscous solvent
dioxane the contribution of this intersystem crossing pathway decreases to
20-50%."

Much experimental and theoretical work has been done on flexible biradicals
obtained by the photolysis of cyclododecanones.’* Field-dependent CIDNP
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39,40,42-44 39,44

measurements in low fields, including the temperature dependence,
and time-resolved experiments in high fields on the CIDNP net'**! and multi-
plet® effects were complemented by measurements of stimulated nuclear polari-
zation®”** and time-resolved EPR.*"** The competition of intersystem crossing by
spin—orbit coupling and by hyperfine interactions was addressed by comparing
the acyl-ketyl and bis(ketyl) biradicals formed durin§ photolysis of a 2-hydroxy
and a 2,12-dihydroxy substituted cyclododecanone;** spin-orbit coupling dom-
inates for the former type of biradical whereas intersystem crossing occurs pri-
marily by hyperfine interactions and relaxation in the latter. Numerical solutions
of the stochastic Liouville equation are the only feasible way of taking into account
the complicated dynamics of the polymethylene chain. The numerical calculations
have been refined in such a way that good agreement between experiment and
theory is now reached for the CIDNP phenomena in these systems including the
effects of added scavengers.*

Other polarization mechanisms sporadically appear in the literature. Anoma-
lous (with respect to S-Ty-type CIDNP) polarization phases in the photoinitiated
oxidation of NADH catalysed by horseradish peroxidase have been ascribed to
quartet-doublet transitions.*® The influence of the free radical TEMPO on CIDNP
during photolysis of diisopropylketone was interpreted by spin exchange,®
whereas other authors came to the conclusion that for the very similar substrate
dibenzylketone all effects can be explained by the increased relaxation rate caused
by the paramagnetic reagent.*® Earlier observations of unusual polarizations in
the photolysis of acetone in isopropanol (e.g. net CIDNP although the radical pair
consists of two identical radicals), which seemed to point to a cross-relaxation or
cross-correlation mechanism of CIDNP,*°" were later found to be due to second-
ary chemistry and a strong solvent dependence of relaxation.” However, such
mechanisms exist for nuclei with a strong anisotropy of the hyperfine coupling,
most notably '°F, and were shown to be the reason for inversions of CIDNP phases
in a protein when the rotational correlation times are increased.”

The influence of relaxation in different species on the CIDNP signals has been
considered by several authors. In a theoretical study it was concluded that even in
a confined environment (micelle) and low fields relaxation in the radical pairs
affects only the amplitude but not the shape of the field dependence.” For
macromolecular systems, relaxation is much faster than for small molecules,
which leads to a loss of CIDNP. In the very important case of biopolymers this
cannot be avoided by raising the experimental temperature until a region of more
favourable correlation times is reached because irreversible destruction of the
structure would occur. To explore how serious the influence of relaxation is,
Kuhn and Bargon investigated ketones with a macromolecular side chain.”
It was found that CIDNP in products of low molecular weights can be observed
with good sensitivity even if these products arise from a radical pair with a
macromolecular character, but the observation of CIDNP in macromolecular
products is much less sensitive. In other words, the molecular weight does not
interfere with CIDNP generation but only with CIDNP detection. Relaxation in
the products is, however, not always detrimental. Kuprov and Hore® analysed
cross-relaxation (NOE transfer) in 3-fluorotyrosine from the strongly polarized '*F
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nuclei to the less strongly polarized protons and concluded that if this modified
amino acid is incorporated in a protein, a detectable NOE enhancement of an
unpolarized nearby proton could still result at distances of about 7A.

Most chemical applications of CIDNP rely on identifying an intermediate and /
or a reaction pathway by the polarization phases through Equations (8) and (9),
and intensities through Equation (32), for which the relationship between polar-
izations and hyperfine coupling constants a is the crucial link. The reliability of
CIDNP for determining hyperfine coupling constants was investigated by com-
paring the values extracted from the CIDNP spectra with EPR data and the results
of DFT calculations; good agreement was found.”® “Anti-Kaptein”’ net effects on
nuclei with small 2 in the presence of others with a large a had previously
only been observed in "H-CIDNP of '*C labelled compounds,'” but *C nuclei in
the presence of *'P nuclei can suffer the same fate, as was recently reported for
acylphosphine oxide photoinitiators.'®

Pair substitution continues to attract the attention of CIDNP spectroscopists.
The analysis is mostly carried out by numerical simulations based on the standard
theory; a general formalism that treats pair substitution through quadrature of
Green functions was developed.” However, a closed-form solution has been
reported for reversible pair substitution,”® i.e. processes of the type RP; = RP,.
All calculations of pair substitutions need the magnetic parameters as their input,
but these quantities are frequently not known very well. Adjusting them by a fit is
the usual remedy but problematic, as it introduces at least four more adjustable fit
parameters because each pair has its specific Ag and hyperfine coupling constant
of the observed nucleus. Starting from the recognition that precisely these para-
meters determine the polarizations in the limits of no pair substitution and of
infinitely fast pair substitution, and that these two limiting cases can be measured
separately if pair substitution occurs by a bimolecular reaction, the theory was
recast in a form that its inputs are the limiting polarizations instead of the
magnetic parameters, which are thus contained implicitly.”” In a pair substitution,
the abrupt change of the spin Hamiltonian usually takes place at an arbitrary time
during a diffusive excursion. Quite distinct from that is the case that a radical pair
is transformed into another radical pair at the moment of an encounter. For that
scenario, a closed-form solution that again contains the magnetic parameters
implicitly was developed (compare Chart 5 and Figure 21 below).*

Experiments in low magnetic fields yield very valuable information, in partic-
ular because CIDNP is then only affected by the hyperfine coupling constants but
not the Ag term. However, in spin systems with a scalar coupling there is a danger
that CIDNP is redistibuted, so nuclei that are not actually polarized by CIDNP
because of insufficient hyperfine coupling acquire polarization indirectly through
this redistribution. This was analysed theoretically and experimentally, and it was
concluded that it is not sufficient to consider only the coupling but that the
duration of the irradiation, the waiting times, and the time for transferring the
sample to the high field for observation play a very important role.’’**

With CIDNP, sudden perturbations of a spin system are normally only applied
for detection purposes, as in time-resolved experiments where an rf pulse con-
verts polarizations into coherences. A direct perturbation of the radical pairs can
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be achieved by rapidly switching the magnetic field during their life. This method
(switched external magnetic field, SEMF)®* has been applied successfully to study
the kinetics of micellized radical pairs,®*® the lifetime of short-lived radicals in
solution,*® degenerate electron exchange®*® hydrogen abstraction,®” and radical
coupling.”

4. INSTRUMENTATION AND TECHNIQUES

4.1. Standard hardware

All Photo-CIDNP experiments need an NMR spectrometer and a light source.

Although even a cw instrument would be capable of recording CIDNP spectra,
a pulsed and FT one is indispensable for all experimental schemes described in the
next sections. No hardware modifications are necessary. The field strength is only
dictated by resolution requirements (or spectrometer availability) because the
sensitivity of CIDNP measurements is field-independent.” Pulsed field gradients
are more than helpful for CIDNP work. On one hand, some of the illumination
methods explained in the following can distort the field so severely that shimming
without gradients is almost impossible or at least extremely time-consuming. On
the other hand, some of the pulse sequences given below rely on gradients or are
greatly improved in performance by them.

As the light source, a cw or pulsed laser is mostly used today. The high power
of a laser is particularly advantageous because the photo-CIDNP signal is directly
proportional to the photochemical turnover. As a consequence of the high photon
flux, however, illumination of the sample has to be off at all times except for a
short duration before an acquisition, otherwise quick decomposition would occur.
Hence, a shutter is an essential add-on for a cw laser while a pulsed laser allows
not only single-pulse (i.e. time-resolved) experiments but also quasi-continuous
illumination, if a train of pulses with a high repetition rate is applied for some
time; the simplest way to achieve the latter is by letting the laser run freely and
controlling the duration of the illumination with a shutter. Another benefit of
gated illumination is that advanced pulse schemes (see below) for background
suppression in experiments without time resolution become possible.

The synchronization of the NMR pulse sequence and the timing of the illumi-
nation poses little problems because modern spectrometers usually have one or
several spare lines; alternatively, unused transmitter or decoupler channels can
serve for that purpose. A recent, fairly typical software implementation for a
pulsed Nd:YAG laser, which requires one trigger signal for its flash lamp and
another for its Q-switch, is discussed in Ref. 71.

More challenging is the question of how to get the light into the sample with
good efficiency. Different methods have been compared in Ref. 72. In the early
times of CIDNP, the NMR probe was frequently modified as to allow the insertion
of a quartz rod from below, which was either orientated in line with the NMR tube
or off-axis. In the first case, the light entered through the bottom of the tube; in the
second, a prism on top of the quartz rod effected side-on illumination of the region
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between the coils. Today’s probes not only are too expensive for such modifica-
tions but also would lose part of their functionality and specifications, so with
them illumination from the top, through the NMR tube, seems to be mandatory.
The conflicting requirements are

— The absorption by the solution above the coil region should be minimized
because it both reduces the observed CIDNP signal and decreases the stability
of the sample.

- Field distortions caused by any inserts must be kept to a level that can be
compensated by the shim set.

The relatively small photon flux of a cw laser is easily accommodated by an
optical fibre. When this is pushed down the tube to a few millimetres above the
top of the coils, as shown in Figure 7A, both criteria are met satisfactorily as long
as the samples are optically thin. The problem with strongly absorbing samples
was recently solved by etching the fibre in a stepwise manner;’* the very thin end
can then be inserted completely into the coil region (Figure 7B) without unman-
ageable field distortions while the steps greatly improve the homogeneity of the
illumination.

The high peak powers of a pulsed laser are incompatible with fibres. Instead,
as Figure 7C illustrates, a tightly fitting quartz rod acting as a light guide can be
inserted into the tube. Shimming presents no problems if the end of this rod is not
lower than the optical fibre in Figure 7A but some care has to be taken to avoid air
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Figure 7 Illumination methods for photo-CIDNP spectroscopy. The coil area has been shaded.
Inserts from left to right, (A) normal optical fibre; (B) stepwise etched optical fibre; (C) quartz rod;
(D) inserted smaller NMR tube. In (A) and (B), the diameter of the fibre relative to that of the tube
has been exaggerated for better visibility. Further explanation, see text.
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bubbles at the quartz—air interface. The poor man’s version of this is the insertion
of a tightly fitting NMR tube filled with the solvent used, or with D,O; see,
Figure 7D. Up to the top end of the light guide in Figure 7C or D, the light is
best transmitted though the air using high-reflectance mirrors or prisms. When
the last of these optical elements sits on an adjustable mount positioned above the
magnet and on its z-axis, aligning the optical path is very easy if the probe is
temporarily removed. However, any tilting of the magnet deteriorates the align-
ment, so great care has to be exercised during reinsertion of the probe and
insertion of the samples because the air bearings of a modern superconducting
magnet do not return to exactly the same position after mechanical movement.

4.2. Pulse sequences for standard CIDNP measurements

There are two basic variants of photo-CIDNP experiments.

Experiments without time resolution are very valuable for mechanistic studies.
Because their essence is simply prefacing any pulse sequence of interest with an
illumination period (compare Figure 8), they are extremely easy to implement.
They also have a high sensitivity because the number of absorbed photons can be
made very high. Limitations arise in two respects. Relaxation of the observed
diamagnetic products causes deviations of the signals from the true polarizations
for illumination durations longer than about 0.1T;; however, this can be overcome
fairly easily by shortening the illumination and using a proportionally higher
intensity. More of a challenge is the suppression of the Boltzmann signals of
unreacted, hence unpolarized molecules (the ““background”), which can totally
obscure small polarizations, especially in biochemical systems where experiments
are often carried out in mostly undeuterated water or in the presence of high
concentrations of denaturants. Even if presaturation is used to destroy these back-
ground signals before the start of the experiment, recovery during the illumination
period can be considerable in those cases.

Time-resolved experiments are indispensable for kinetic work. Their basic idea
is illustrated by Figure 9. It consists of recording a series of traces with different
delays At between a laser flash and an acquisition pulse; the signal intensities as
functions of At yield the time dependence. Background problems are absent as the
delays are much shorter than T;, so recovery during them is negligible. However,
because the chemical turnover is typically quite low, sensitivity is the central issue
with time-resolved experiments.

Despite the fact that CIDNP spectroscopy has reached 40 years of age,
novel pulse sequences were devised only recently”*”° that greatly improve the
performance of these two classes of photo-CIDNP experiments with respect to
their specific key problems.

4.2.1. New pulse sequences for experiments without time resolution

A long-known solution to the background problem is to record alternating spectra
with and without illumination, and then subtract them. Apart from the degrada-
tion of the sensitivity by a factor of v/2 because CIDNP is only acquired in one-half
of the spectra but the noise in all of them, this is plagued by the usual artefacts of
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Figure 8 Principle of a photo-CIDNP experiment without time resolution. Further explanation,
see text.
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Figure 9 A time-resolved photo-CIDNP experiment. Further explanation, see text. Adapted from
Ref. 75 with permission; copyright (2006) Taylor & Francis Ltd, http://www.tandf.co.uk/journals.

difference spectroscopy, which can be very pronounced because the illumination
causes the temperature in the two measurements to be unequal.

A completely different approach to solve the background problem” is illu-
strated by the one-dimensional COSY sequence displayed in Figure 10, where the
background is assumed to have been destroyed before the start of the experiment
proper. The key to background suppression is provided by the recognition that
only the /2 pulses of the example can convert the background into an observable
whereas the n pulses cannot. Nor does the background play any role during
the rest of the sequence. So, in general the background is only detrimental at
those moments of a pulse sequence when coherence is generated or transferred,
that is, when pulses with flip angles other than an integer multiple of n are
applied. Exploiting this, one can make the background oscillate around zero, by
using a grid of inversion pulses, such that it is zero at the crucial moments.

In general, the nuclei of the background will have (possibly widely) different
T1. However, the elementary building block of the described background-nulling
grid, a n pulse sandwiched between two delays, has a self-compensating property,
as is also shown in Figure 10. If the timing is chosen such that the magnetization of
the background nuclei with the shortest T; exactly crosses zero at the crucial
moment, the zero crossings of all other background nuclei occur almost at the
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Figure 10 Operating principle of a background-nulling grid explained by a one-dimensional COSY
sequence. At the moment of the first pulse, the background passes zero while the CIDNP signal
is non-zero. The crucial points of time when the background would be converted into a signal have
been marked with arrows; at all other times the magnitude of the background is of no conse-
quence. The background oscillations for nuclei with different T; are colour-coded, a longer T;
corresponding to a lighter shade of gray. Further explanation, see text.

same point of time. The reason for this self-compensation is that a more slowly
relaxing nucleus regains a smaller fraction of its equilibrium magnetization dur-
ing the first part of the block, so starts out with a less negative value at the
beginning of the second part. The self-compensation further improves when n
such blocks are used in succession. Also, for even n it is considerably better
than for odd n, which is a fortunate coincidence because an even number of ©
pulses also avoids artefacts such as incomplete refocussing of chemical shifts and
coherence transfer in strongly coupled spin systems or with CIDNP multiplet
effects.”

A great many pulse sequences contain n pulses as an integral part (such as the
1D COSY sequence of the example) or will tolerate the insertion of additional
ones. For those that do not, an independent background reduction method by a
phase cycle was developed,” which is shown in Figure 11. To avoid a cancellation
of CIDNP signals generated during a background-nulling grid, gated illumination
during alternate delays has to be applied. The rf pulse scheme is always kept the
same, but the illumination periods are inserted at different points of the pulse
sequence on successive scans. With the illumination timing displayed for scan 1, 3,
..., CIDNP experiences an even number of inversions, so does not change sign,
but when illumination is done as shown for scan 2, 4, . . ., the number of inversions
is odd, and CIDNP is inverted. In contrast, the background magnetization
remains unchanged by the illumination timing. Co-adding the two transients
with opposite receiver phase will thus retain CIDNP, but strongly suppress the
background. With every multi-pulse experiment used in modern NMR, the
detected signal will change phase when the input is inverted, so the described
phase cycle is generally applicable.
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Figure 11 Background suppression by a phase cycle in a photo-CIDNP experiment with gated
illumination. The actual pulse sequence, for example that of Figure 10 follows directly after the
final delay A,. On the even scans, the receiver phase is inverted. The block in parentheses can be
repeated as desired. Further explanation, see text. Adapted from Ref. 73 with permission; copy-
right (2005) Elsevier Inc.

That approach has three further attractive features. First, it is completely
independent from the previously described background-nulling grid during the
pulse sequence proper, so can be used on its own or can be combined with that
method. Second, no artefacts caused by different temperatures during the two
acquisitions are to be expected because the illumination conditions are very
similar. Third, each scan yields a CIDNP signal, so the sensitivity does not
deteriorate.

Figure 12 illustrates the joint application of both methods to a protein CIDNP
spectrum in 90% undeuterated water; additionally a denaturant and a buffer were
present in high concentration. The water peak was suppressed by a DPFGSE
sequence,”® which can accommodate a background-nulling grid. While it would
have been possible to suppress the denaturant and buffer signals in the same way
by properly shaped pulses in the DPFGSE sequence, this would have worked
by eliminating the respective frequency range from the spectrum and would thus
have rendered unobservable all CIDNP signals in that range. However, with the
described background suppression schemes, CIDNP signals in the spectral region
of background signals (see the tyrosine f protons) can be observed, because
these schemes differentiate z magnetization by virtue of its source, Boltzmann
magnetization or CIDNP.

4.2.2. New pulse sequences for time-resolved experiments

Signal co-addition is the traditional method to increase the signal-to-noise ratio of
any NMR experiment. However, in the context of photo-CIDNP this collides with
the problem of sample decomposition because chemical turnover is a prerequisite
for polarization generation; the achievable improvement is thus always smaller
than the theoretical limit for n acquisitions, i.e. smaller than /1. Since the CIDNP
signal is proportional to the number of reacting molecules and each acquisi-
tion incurs the same noise penalty, the only room for improvement left with a
given chemical system (i.e. fixed amount of polarization per photon) and a given
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Figure 12 Application of the described background suppression schemes to a protein in water.
In both spectra, the water peak was eliminated by a DPFGSE sequence. Proteine, bovine
a-lactalbumine; buffer, sodium citrate; denaturant, 6 M urea; photosensitizer flavin mononucle-
otide. Top trace: spectrum without illumination; the resonances of the buffer are distorted by the
DPFGSE water suppression sequence. Bottom trace: photo-CIDNP spectrum recorded with the
background-nulling grid of Figure 10 and the phase cycle of Figure 11. The very small remaining urea
signal shows the degree of suppression. The buffer signal is completely suppressed, and the
polarized signal of the tyrosine f§ protons is not obscured by it. Further explanation, see text.
Reproduced from Ref. 73 with permission; copyright (2005) Elsevier Inc.

spectrometer (i.e. fixed amount of electronic noise per acquisition) is to minimize
the number of acquisitions while keeping constant the number of photons
absorbed.

Increasing the laser power would be the simplest means to achieve that end
but problems of cost, of damage to the optical components needed to transport the
light to the sample, and above all of two-photon processes that can open up
completely new reaction channels, put a limit to that. A completely different
approach was recently reported,”*”> which relies on carrying out a co-addition
of the CIDNP signals not in the acquisition computer but in the spin system itself,
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where no electronic noise arises. After the desired number of flashes, the co-added
signal is then read out, with the spectrometer noise being acquired only once.
The principle of storing the CIDNP signal in the spin system at a certain point
of time after a laser flash, and superimposing on it the CIDNP signal present at the
same point of time after the next flash, is illustrated in Figure 13. It exploits the fact
that CIDNP is longitudinal magnetization only. By sampling it with an rf pulse at
a given moment, it is converted into coherences. Subsequently, CIDNP develops
further under the influence of the chemical reaction, but there is no coupling
whatsoever between the newly formed CIDNP and the one converted into coher-
ences. Hence, the sampled CIDNP signal can be regarded as being stored in the
transverse plane. After, usually, much less than 500 us CIDNP generation has
come to an end, and the stored signal is transferred to the z-axis, where it is kept
until the laser is ready to fire again (typically, for tens of milliseconds with
affordable lasers). Finally, a sampling pulse applied at the same time after the
new laser flash as before captures both the time-dependent CIDNP signal caused
by this flash and the stored signal of the preceding flash. This procedure can be
repeated as often as desired. The actual pulse sequence is much more complex
than Figure 13 suggests: Chemical shift evolution during transverse storage is

Xy

t
?(tend)

Laser I

At

Figure 13  Storage and accumulation of a time-resolved CIDNP signal in a spin system. The picture
displays the timing of the laser and the spectrometer, and the time dependence of longitudinal
and transverse magnetization. Further explanation, see text. Reproduced from Ref. 75 with
permission; copyright (2006) Taylor & Francis Ltd, http://www.tandf.co.uk/journals.
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suppressed by double spin echoes, background recovery between flashes is pre-
cluded by double inversion sandwiches as in Figure 10, and storage of CIDNP at
unwanted times is barred by gradients; further modifications serve to accommo-
date sampling pulses of flip angles other than 7/2.”*7

Figure 14 demonstrates the sensitivity improvement that is obtained by the
described co-addition in the spin system, and shows that the method is applicable
without distortions to strongly coupled spin systems and to CIDNP multiplet
effects.

The time resolution of such experiments is not limited by the rf pulse width.
Pulses can be staggered from scan to scan by less than their duration, yet by
deconvolution the time dependence can be recovered with a resolution equal to
the stagger interval, but this incurs a reduction of the signal-to-noise ratio. As
compared to conventional NMR, both flip angle and acquisition time must be
optimized in a quite different manner to achieve maximum sensitivity.””
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Figure 14  Signal improvement by multi-flash CIDNP experiments with storage and accumulation
in the spin system. Delay At (see, Figure 13) between laser flash and sampling rf pulse, O us.
Bottom trace: absorptive doublet and emissive AB spin system of 3-fluoro-oL-tyrosine. Top trace:
multiplet effect in f-NADH. The number of flashes accumulated before one acquisition is given
at the upper spectra, “1” denoting the control experiment with the standard sequence of Figure 9.
It is seen that neither multiplet signals nor CIDNP multiplet effects are distorted by the
method. Further explanation, see text. Adapted from Ref. 75 with permission; copyright (2006)
Taylor & Francis Ltd, http://www.tandf.co.uk/journals.
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4.3. Special hardware

It can safely be stated that flow or transfer devices are the most frequent add-ons
to the conventional hardware a routine CIDNP experiment needs, for two reasons.
First, CIDNP relies on chemical turnover, so a depletion of the reactants or a build-
up of unwanted products are commonly encountered problems a flow system can
help avoid. Second, CIDNP in low and variable magnetic fields is very attractive
because valuable information can be obtained; however, spectral resolution
would be totally lost if the low field inducing the polarizations were also used
for acquiring the free induction decay, so a means of transferring the sample
between different magnets, or at least different field regions, is indispensable.

A pneumatically driven syringe that repeatedly injects the solution into the
NMR tube and draws it back into a reservoir located in the bore of the magnet,
thus efficiently mixing depleted and fresh portions of the sample between scans,
was successfully used in protein work.”® A much more sophisticated pneumatic
injector with a dead time as low as a few tens of milliseconds has been described in
Ref. 79; its performance was assessed using digital video measurements, rapid-
acquisition NMR measurements following a pH jump, and NMR imaging.

The first of these injection devices has also found application in variable field
CIDNP. Because CIDNP generation is not very sensitive to field inhomogeneities
(as opposed to CIDNP detection through the NMR spectrum), Hore et al. gener-
ated CIDNP by illuminating the sample in a small cell placed at a variable height
in the magnet bore above the probe, and then injected it into an NMR tube in the
probe for observation.** Compared to CIDNP generation in an external magnet, a
much lower transfer time is achievable because the solution has to travel through
a short distance only.

Another concept for variable-field CIDNP and field-cycling experiments
involves transporting the whole probe with a stepper motor.*"** Transfer times
are obviously much longer, but continuous sample rotation during the transfer is
possible.

Switching the magnetic field during the life of the radical pairs is an experi-
mentally much more demanding extension of CIDNP. A specially built external
magnet and controller are needed; experimental details for single®**” and double
switching® can be found in the literature.

4.4. Special pulse sequences

The CIDNP effect has been employed to boost the sensitivity of Frydman's
“ultrafast” NMR experiments, which record a two-dimensional spectrum in one
scan through spatially encoding the indirect dimension by gradients and reading
out the spectrum with an echo-planar imaging sequence.*® Another unusual
combination of CIDNP with an imaging technique has been employed to study
the spatial distribution of the reaction products during photolysis.**

As has long been known, CIDNP net effects, multiplet effects, and higher
multiplet effects (i.e. 1-spin order, 2-spin order, etc.) can be separated through
their dependence on the flip angle .’ This is normally done by recording spectra
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with pre-calculated values of ¥ and taking appropriate linear combinations. The
same result can be obtained more efficiently by a Fourier analysis of the measured
intensity dependence of each line on 9;*>*° a separation through the refocussing
properties of spin echoes on odd and even spin orders is also possible.*”

5. CHEMICAL INFORMATION OBTAINABLE BY HIGH-FIELD CIDNP

5.1. Absence or occurrence of CIDNP in a reaction

The failure to observe CIDNP effects is sometimes used as evidence for a mecha-
nism that does not involve radicals. While non-radical reactions indeed cannot
give rise to CIDNP, a simple reversal of that argument is dangerous because there
are many reasons that can cause CIDNP to be unobservable in a radical reaction.
Most important are unfavourable magnetic parameters: If the g-value difference
of the radicals is nearly zero, CIDNP will be negligible except in the comparatively
rare case of a multiplet effect; if the hyperfine coupling constants are too small,
both net and multiplet effects will be insignificant. However, suppression of
CIDNP can also occur by cancellation, either if radical pairs are formed from
both singlet and triplet precursors (compare the region around room temperature
of Figure 16) or if singlet and triplet exit channels lead to the same product (see the
bottom trace of Figure 15, or the intermediate concentration regime of Figure 17).
Hence, the absence of CIDNP should be regarded as rather weak evidence unless
control experiments have been performed that rule out these factors.

In contrast, the observation of a CIDNP effect clearly indicates a reaction via
radical pairs. In such a situation, however, the question is often raised—in partic-
ular by reviewers less familiar with CIDNP—whether that pathway via radicals is
the only pathway, or if it is only a minor side reaction that is detected nevertheless
because of the signal amplification by the polarizations while the greater part of
the reaction proceeds via non-radical routes. Much of this worry is due to a
misconception as to the size of the signal enhancements, which were indeed
very large in the early days of CIDNP but are much smaller on modern high-
field instruments (e.g. at 300 MHz, the Boltzmann population differences are five
times larger than at 60 MHz but the polarizations are smaller by a factor of about
/5, s0 the enhancements are lower by an order of magnitude). Yet, the objection is
partly valid because CIDNP would indeed not capture any parallel non-radical
route. That issue can be addressed in the same way as in classical mechanistic
chemistry: When a reaction is believed to involve X as a key intermediate, one
prepares X by an independent route; if X so obtained decays to the same products
and with the same yields as before, the reaction does occur exclusively via X.

For electron-transfer induced reactions, this strategy has been applied to
CIDNP.”*#% An example is provided by Chart 2 and Figure 15. Irradiation
(308 nm) of the donor trans-anthole D in the presence of the acceptor fumarodini-
trile A in a polar solvent leads to isomerization of both olefins and to cycloaddi-
tion. The direct photoreaction proceeds via the excited donor D* because A does
not absorb at the wavelength used and energy transfer to A is not feasible
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Figure 15 CIDNP spectra in the system 9-cyanoanthracene S (1mM), trans-anethole D (20 mM),
and fumarodinitrile A (90 mM) in acetonitrile upon excitation with 388 nm (all four spectra) or
308 nm (spectrum (d)). Spectrum (a), only S and D present; spectrum (b), only D and A present;
spectrum (c), only S and A present; spectrum (d), either all three species present, excitation with
388 nm (the PET-sensitized reaction) or only D and A present but excitation with 308 nm (the
direct reaction). Further explanation, see text and Chart 2. Reproduced from Ref. 59 with
permission; copyright (2006) the PCCP Owner Societies.

thermodynamically. The strong and manifold polarizations (see, top trace

of Figure 15) unambiguously show that CIDNP arises in radical-pairs D*"A*".
However, by itself this does not rule out that isomerization and cycloadduct
formation via exciplexes (D...A)* might occur as a parallel pathway, in particular
as this has frequently been postulated in the literature for similar systems.
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To exclude that, photoinduced electron transfer (PET) sensitization was
employed to prepare the radical-pair D**A*~ by a route that bypasses D* and
thus renders an exciplex impossible. PET sensitization works by generating a first
radical pair through PET involving an auxiliary sensitizer S, and then replacing
(in this case) the radical anion S*~ by a thermal electron transfer to a molecule of A;
the conditions are chosen such that this exchange takes place in the cage, i.e., fast
on the CIDNP timescale. The desired radical ion pair D**A*" is thus obtained
indirectly, as Chart 2 shows. For the system in question, 9-cyanoanthracene is very
well suited as the sensitizer. The excitation wavelength was set to 388 nm to
preclude the direct photoreaction between D and A.

As Figure 15B proves, CIDNP in the original system, D and A, indeed no longer
arises upon 388 nm excitation because neither molecule absorbs. Nor
do polarizations result when the sensitizer S is illuminated in the presence of the
acceptor A only (Figure 15C) because no quenching is possible for thermodynamic
reasons. When only D is added to S, again no polarizations are detected
(Figure 15A) although it can be shown that radical-pairs D**S*~ are formed in
high yield. This absence of CIDNP is due to the very low triplet energy of S, which
makes electron return of singlet and triplet pairs equally likely, and thus leads to a
complete cancellation of their polarizations. Because none of the two-component
systems, for different reasons, produces any CIDNP whatsoever, the strong
polarizations in the three-component system, which occur through the PET-
sensitization mechanism of Chart 2, are very striking. A comparison of the
CIDNP signals and intensities in this PET-sensitized experiment and in the direct
experiment shows that the pathway via radical ion pairs is the only pathway to the
products in that system; a participation of the exciplex route can be excluded.

5.2. Precursor multiplicity

As Platt” put it . . .you can catch phenomena in a logical box or in a mathematical
box. The logical box is coarse but strong. The mathematical box is fine-grained but
flimsy. The mathematical box is a beautiful way of wrapping up a problem but it
will not hold the phenomena unless they have been caught in a logical box to
begin with”. The sign relationship of Equation (8), which connects the polariza-
tion phase with the precursor multiplicity, provides such a logical box and is
probably one of the most valuable assets of photo-CIDNP. Because it influences all
signals of a product in the same way, it is practically proof against artefacts. The
small ambiguity sometimes caused by the involvement of other parameters in
Equation (8), in particular concerning the signs of Ag and the hyperfine coupling
constants, can be removed by a control experiment using a triplet photosensitizer.
If the polarization phases of a product remain the same in that sensitized experi-
ment the precursor multiplicity in the unsensitized photoreaction leading to that
product is also triplet.

One has to bear in mind, however, that the CIDNP effect responds to the
concentration difference between singlet and triplet precursors, so the “logical
box” captures the prevailing multiplicity. If a variation of the experimental con-
ditions affects the balance between these two entry channels to the radical-pair
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mechanism, the “logical box” evolves into a ““mathematical box”” that allows a
separation of the contributions of singlet and triplet precursors.

A spectacular example of that has been reported” for the f-cleavage of
(N-methylanilino)acetone (Chart 3). The radical pair formed upon excitation
at 308 nm yields a variety of products. The analysis concentrates on the regenerated
starting material (cage product via the singlet exit channel) and on 2,5-hexanedione
(escape product via the triplet exit channel). Figure 16 displays the background-
free CIDNP signals of the CH,-groups in both compounds as functions of
the temperature during photolysis. Clearly, one precursor multiplicity—triplet,
as follows from a sensitization experiment—dominates at low temperature and
the other at high temperature. (Because both multiplicities accidentally balance
near room temperature, CIDNP becomes zero under these conditions although
there is no decrease in radical-pair yield; this illustrates the caveat given in
Section 5.1 that the absence of CIDNP does not necessarily indicate a non-radical
mechanism.)

Because the illumination first produces the singlet excited state, which then
undergoes temperature-independent intersystem crossing to the much longer
lived triplet state, the temperature dependence of Figure 16, as a “logical box”’,
is very clear evidence that there is an activation barrier for cleavage of the singlet
state. The ““mathematical box” is rather difficult to handle reliably in that case
because absolute CIDNP intensities are also temperature-dependent through
diffusion, but still allows an estimation of the activation barrier (15-20 k] mol !).”!
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Figure 16 Temperature-dependent photo-CIDNP signals in the photoreaction of (N-methylani-
lino)-acetone. Top trace: escape product; bottom trace: cage product. Further explanation, see text.
Reproduced from Ref. 91 with permission; copyright (1992) Elsevier Sequoia.

5.3. Exit channel

Through Equation (8), the exit channel is related to the CIDNP signals in an
analogous manner as the precursor multiplicity is. However, employing the
polarization phase as a “logical box” to determinate the exit channel is very rarely
necessary in practice because it can usually be predicted with certainty on the
basis of thermodynamic data. In the majority of cases, the triplet exit channel is
tantamount to escape, i.e. formation of free radicals. Exceptions only occur for
pairs of radical ions, for which reverse electron transfer or biradical formation can
be feasible geminate reactions in the triplet state; because these processes are
obviously also possible for the singlet pairs and lead to the same products, though
possibly with a different efficiency, cancellation effects are unavoidable.

In an ingenious experiment, Schaffner and Fischer’? were able to control the
degree of that cancellation, and to separate singlet and triplet reverse electron
transfer of a radical ion pair (Figure 17). Excited N,N-dimethyl-1-naphthylamine
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Figure 17 Photoreaction of N, N-dimethyl-1-naphthylamine (D) with benzonitrile (A) in the
presence of variable amounts of the triplet quencher 1,3-cyclohexadiene (Q). Displayed are the
relevant parts of the reaction mechanism (left) and the schematic concentration dependence of
the CIDNP signals as functions of the quencher concentration (right); these signals are not
experimental data but were calculated from the kinetic parameters of Ref. 93 to show the effect
more clearly. The donor species underlayed with gray in the scheme are not observable by NMR,
but store polarizations. Further explanation, see text.

is quenched by benzonitrile to give the radical cation D** of the amine and the
radical anion A®*~ of the nitrile; the radical pair is formed in the singlet state.
The spin sorting mechanism of CIDNP produces an emissive polarization of the
dimethylamino protons in the singlet pairs and an absorptive one in the triplet
pairs. Reverse electron transfer of the singlet pairs regenerates the starting amine
in its ground state, so the emissive polarization appears in the CIDNP spectrum.
Reverse electron transfer of the triplet pairs to give the amine in the triplet state is
also possible, and even preferred kinetically, but the associated absorptive polari-
zation is hidden for a time on the order of 10 us in the triplet molecule, which is not
observable by NMR. A time-resolved experiment with a short rf pulse applied
immediately after the laser flash thus detects all the emissive polarization from the
singlet exit channel, and practically none of the absorptive one from the triplet exit
channel (see, right-hand side of Figure 17). However, the transfer of this absorp-
tive polarization into the observed diamagnetic molecule can be accelerated by
adding the triplet quencher 1,3-cyclohexadiene, which quenches so efficiently that
the transfer can be made essentially complete by using an easily accessible
concentration.

It might be thought that a total cancellation of CIDNP would occur in that case,
but electron return in the singlet state is fairly slow because it falls into the Marcus
inverted region, so a substantial fraction of the emissive polarization ends up in
escaping radicals, which are not captured by the short-time detection scheme.
Hence, in the limit of complete triplet quenching the absorptive polarizations
dominate, as can be seen on the right-hand side of Figure 17.
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In the example, the phase inversion once more served as a “logical box”, this
time to catch a change of the exit channel. With that as the starting point, a
transformation into a “‘mathematical box” is again possible: In between the
extremes, the CIDNP intensity follows a Stern—-Volmer-type behaviour when the
quencher concentration is varied. From an analysis of the polarizations including
their time dependence, which is complicated by exchange processes between
triplet-state and ground-state molecules as well as between radical cations and
ground-state molecules, the kinetic parameters were determined.”

5.4. Time-resolved experiments

The preceding example was unusual in that the two exit channels from the radical
pair (singlet or triplet) did not correspond to the two exit modes, geminate
reaction or escape; in the majority of cases the singlet channel is synonymous
with a geminate reaction and the triplet channel with escape. Despite this differ-
ence, it was an instance of the not infrequently encountered situation that the
same product is formed via the two exit channels. This would undo the spin
sorting and destroy all polarizations. However, the triplet exit channel by neces-
sity leads to a paramagnetic species, which is not observable by NMR. To manifest
themselves in the NMR spectrum, the polarizations first have to find their way
into a diamagnetic molecule, so a secondary chemical transformation of the
paramagnetic species into a diamagnetic one has to occur.

Depending on the conditions, this chain of events can take much longer than
the life of a radical pair, so by time-resolved CIDNP one can separate the polar-
izations of the singlet geminate reaction, which are quasi-instantaneous on the
timescale of the experiment, from the polarizations of a triplet geminate reaction
or escape from the cage followed by a secondary process. Even if complete
cancellation of CIDNP eventually occurs because the polarization stored in the
paramagnetic species is quantitatively transferred, the time-resolved experiment
will capture the transient polarizations and, through their time dependence, allow
a determination of the rate of the secondary processes. Nuclear spin relaxation in
the paramagnetic species will usually destroy part of the polarizations, so a small
residual signal will remain in an experiment without time resolution.

The described scenario is usually realized in PET, where the geminate reaction
of the radical ion pair regenerates the reactants with polarizations of one phase,
and escape produces free radical ions bearing polarizations of the opposite phase.
Degenerate electron exchange between a radical ion and a neutral molecule effects
no chemical change but equilibrates the spin polarizations of the radicals and the
ground-state molecules (“exchange cancellation”), e.g. for a donor D

DY +D = *D+ D" (33)

where an asterisk symbolizes spin polarization.

Figure 18 shows an example.*” Photoexcited triphenylamine is quenched by
fumarodinitrile to give a pair consisting of the amine radical cation and the olefin
radical anion. A CIDNP spectrum acquired with zero delay between the laser
flash and the sampling rf pulse exhibits quite strong polarizations of both
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Figure 18 Time-resolved CIDNP in the system triphenylamine/fumarodinitrile. Left: example
spectra taken at three different delays between laser flash and rf pulse. H®, H™, HP are the signals
of the aromatic protons of the amine, FN and MN those of the protons of the starting olefin and
the isomerized olefin (which are not observed). Right: time dependence of the CIDNP signals of
FN. Further explanation, see text. Reproduced from Ref. 89 with permission; copyright (2006)
Verlag Helvetica Chimica Acta AG.

reactants, which result from reverse electron transfer of singlet pairs (cage reac-
tion). When the delay is increased, the polarizations become weaker; at long
delays they are practically zero. Analysis of the signal intensities as functions of
the delay yields the exchange rates, which despite the uselessness of a degenerate
reaction to a synthetic chemist are of fundamental importance for the kinetic
description of an electron transfer. More important to an organic chemist is the
observation that no signal of the isomerized olefin maleodinitrile appears, which
means that the radical anion is configurationally stable.

5.5. Identification of intermediates

There is a direct correspondence (often, approximate proportionality) between the
polarization a nucleus picks up in the radical pairs and its hyperfine coupling
constant. The so-called polarization pattern’*—the relative polarization intensities
of the nuclei in a product—may thus be regarded as a frozen EPR spectrum of the
intermediates, although the obtained values of the coupling constants are only
relative ones, i.e. scaled by a constant factor. Hence, the paramagnetic intermedi-
ates can be identified and characterized by photo-CIDNP spectroscopy in a
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similar way as by EPR spectroscopy. But why should one, for that purpose, resort
to photo-CIDNP, which is not only a less common but also an indirect method,
instead of using EPR, which is certainly much more mainstream and allows a
direct observation of the radicals? There are three points in favour of CIDNP
spectroscopy:

First, an EPR spectrum only yields a set of hyperfine coupling constants, but
which of these constants belongs to which nucleus has to be determined by an
assignment that can be quite time-consuming, e.g. requiring isotope substitution;
in contrast, the CIDNP effect always connects each hyperfine coupling constant
unambiguously with a nucleus.” Second, the signs of the hyperfine coupling
constants, which provide valuable information about the radical structure, cannot
be obtained from an EPR spectrum; however, they can be read directly from a
CIDNP spectrum. Third, short-lived radicals frequently escape EPR detection,
whereas the CIDNP effect captures their signature even on a sub-nanosecond
timescale.

The radical cation of cysteine, Cys*", serves as an example of the first and third
point.”® This amino acid contains two potential donor sites, sulphur and nitrogen,
so electron transfer to an excited sensitizer could result in a sulphur-centred or a
nitrogen-centred radical cation. Decarboxylation of Cys*" to give an o-amino alkyl
radical occurs on a timescale slightly faster than 1 ns, so a direct observation by
EPR is not feasible. However, the CIDNP spectrum with 4-carboxybenzophenone
CB as the sensitizer exhibits polarizations of the starting amino acid, which can

only be the product of reverse electron transfer of pairs Cys*"CB*~ but obviously
not in any way the product of the radical pairs formed by the decarboxylation.
Concentrating on the cysteine polarizations thus avoids all complication due to
the rich secondary chemistry.”

Because it is well established that radical cations of monoamines and mono-
sulphides have substantial hyperfine couplings only for the protons at carbon
atoms adjacent to the radical centre,”* nitrogen-centred Cys** can develop polar-
izations only for H,, of the substrate, while sulphur-centred Cys** must cause both
Hyz and H, to be polarized, but not H,. As can be seen in Figure 19, H, is
completely unpolarized while Hg and H, are strongly polarized, so it can be
concluded umambiguously that electron transfer occurs exclusively from
sulphur.

Numerous radical cations eluding EPR detection have been studied in a
similar way (and exploiting also the signs of the hyperfine couplings) over the
years, and in many cases unusual structures have been found. Perhaps one of the
most striking recent examples of this application of CIDNP to characterize para-
magnetic intermediates is the biradical formed from benzoquinone and quadri-
cyclane (see Section 5.6), which is also most unusual because short-chain
biradicals do not normally produce CIDNP of the S-To-type.”” The change in the
polarization pattern brought about by pair substitution can be used in a similar
way to trace radical transformations. An example is provided by Chart 5 and
Figure 21.



Photo-CIDNP Spectroscopy 19

NH,

|
Cys = "O0C—CH—CH,—S—CH3;—CHj
o B Y )

<
|
‘Jﬂ.”. . .J.

T
3.5 3.0 2.5 2.0 15 1.0
ppm

’ )
|

Figure 19 Polarization pattern in the photoreaction of S-ethylcysteine Cys with 4-carboxybenzo-
phenone at pH T11. Bottom trace: spectrum in the dark; top trace: photo-CIDNP spectrum. The
assignment of the resonances refers to the formula given at the top. The o proton is unpolarized,
the ff and y protons are polarized, so the radical cation is seen to be sulphur-centred. Further
explanation, see text.

5.6. Polarizations as labels

That each nucleus picks up its specific CIDNP intensity in the radical pairs has a
much more far-reaching consequence than the described “’self-assignment” of
hyperfine coupling constants: It means that the polarization of a nucleus can be
regarded as a label that is affixed at the paramagnetic stage and then persists,
apart from relaxation. Because the magnetic energies are so tiny, this labelling is
nearly ideal, affecting neither the energetics nor the kinetics of a chemical reaction.

Not only does the observation of such a label in a product mean that that
product had the radical pair as a precursor, but the distribution of the labels
between different products affords relative reaction rates (see, e.g. Figure 17),
and time-resolved CIDNP experiments that probe how fast the labels appear in
the products even yield absolute rates (compare Figure 18).

As an even more valuable asset for mechanistic investigations, any structural
changes during product formation can be unravelled by analysing where in the
product the labels show up. Figure 20 provides a nontrivial example. In the
photoreaction of benzoquinone with quadricyclane, the polarizations arise from
the 1,5-biradical BR;. The singlet exit channel leads to the oxolane P;, the triplet
channel to the oxetane P,. The structure of the quadricyclane-derived moiety in BR,
is identical to that in P; but quite different from that in P, so obviously P, is formed
by a simple combination of the radical centres whereas an extensive skeleton
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Figure 20 Polarizations of protons 1, 7, and 7' as labels in the sensitized photoreaction of
quadricyclane with benzoquinone. The polarizations arise in biradical BR;. Ring closure of BR; yields
the product P, rearrangement the biradicals BR; and BR,; from the latter, the product P, is formed.
The CIDNP spectrum is shown at the bottom. Further explanation, see text.

rearrangement occurs on the route from BR; to P,. It is natural to assume that the
carbon-hydrogen bonds remain intact in that process, so the CIDNP signal of each
proton serves as a label for the carbon atom to which that proton is attached.

All proton hyperfine coupling constants in BR; are large enough to give
detectable polarizations, but some of the CIDNP signals of P; and P, overlap and
others are best used for corroboration only because of their smallness.
Concentrating on the very large ones of H;, H; and Hy, the ratios of which are
about -2 to +3 to +2.5, one finds that the rearrangement takes H;, hence the
carbon bearing the unpaired electron in BR;, to a bridgehead position, and the
methylene group (H7 and H,/) to the bridge; the less strongly polarized protons
(not shown in the spectrum) occupy adjacent positions of the cyclobutane ring in
P,. By tracing the structural changes in such detail, one can immediately identify
them as a cyclopropylmethyl-homoallyl rearrangement.

It is seen that a semi-quantitative knowledge of the hyperfine coupling con-
stants (large, medium, or small; positive or negative) suffices for such an analysis
even in a case as complex as this. Essentially, all CIDNP investigations of reactions
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occurring after the radical-pair stage are based on the principle of using the
polarizations as labels, and it would not be overstating the case that this feature
of CIDNP is the most frequently exploited one in mechanistic work.

6. RECENT APPLICATIONS OF CIDNP TO CHEMICAL AND
BIOCHEMICAL PROBLEMS

6.1. Electron transfer

Electron-transfer induced secondary reactions are included in the respective sec-
tions below. Selected examples have been discussed in Ref. 98.

For pairs of neutral radicals, the singlet exit channel is usually the only viable
geminate pathway. The situation is very different for radical ion pairs, which
frequently undergo geminate reactions such as electron return or biradical forma-
tion in the triplet state, and the importance of the triplet exit channel in electron
transfer reactions has been emphasized in several recent reviews.” %>

Time-resolved CIDNP experiments have been used to measure the rates of the
degenerate electron exchange between the radical cation of 1,6-diphenylhexa-
1,3,5-triene and its parent compound.'® A similar study on the 2,2'-dipyridyl
radical anion compared the exchange in water and in f-cyclodextrin cavities,
and came to the conclusion that the rate of nuclear spin relaxation in the free
radical ions is significantly enhanced in these microreactors.'*

PET is the most convenient way to prepare radical ions and use CIDNP to
obtain information about their structure. The basis of the identification and
structural characterization of intermediates, through the polarization pattern,
has been explained above (Section 5.5). Unusual radical cations have continued
to attract the attention of CIDNP spectroscopists (Chart 4).

Roth et al.'? %1% concentrated on (mostly rigid) cyclopropane systems. One
striking observation has been'? that the radical cations of syn- and anti-tricyclo
[5.1.0.0>*] octanes 1°* exhibit very different polarization patterns. With the syn-
isomer, spin and charge are delocalized through the lateral bonds of the cyclopro-
pane rings, which are lengthened and weakened, while with the anti-isomer the
evidence seems to indicate a structure with spin and charge localized in the inner
bonds. Even more unusual are the radical cations of phenylcyclopropanes 2°%,
which are characterized by the two bonds connected to the benzylic position being
weakened, i.e. resemble a © complex.'”’”

--- +

S e NH2

syn-1°* anti-1** 3+

Chart 4
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At least in liquid solution, the radical cation of methionine 3°" is too short-
lived for EPR detection. Photo-CIDNP experiments allowed the first characteriza-
tion of the spin-density distribution in this elusive species.'” The polarization
pattern provides direct evidence for the two-centre three-electron bond between
sulphur and nitrogen.

Photo-CIDNP experiments have also been used as additional evidence for the
intermediacy of the radical cation of bicyclo[4.2.0]octa-2,4,7-triene upon oxidation
of anti-tricyclooctadiene,'” and for o-bishomoconjugation in the four-centre
three-electron radical cation of a [1.1.1.1] pagodane.''*'!!

6.2. Hydrogen abstraction

Sensitized hydrogen abstractions from tertiary aliphatic amines DH (for two recent
reviews, see Refs. 112 and 113) were the first application of the polarization pattern
to the identification of intermediates.”* This approach revealed the involvement of
amine radical cations DH*", eg. > N*" — CH, — CH; and ¢-amino alkyl radicals
D, e.g. > N — CH® — CHj; in the reactions. Their distinction by 'H-CIDNP net
effects is extremely clear-cut even without knowledge of the precursor multiplic-
ity, the exit channel, and the sign of Ag: The radical cations have significant
hyperfine couplings only for the o protons, so only the o protons acquire polariza-
tions while the f protons remain unpolarized; the neutral radicals exhibit large
hyperfine coupling constants of opposite signs for the o and f protons, so an up/
down or down/up pattern results for those two sorts of protons.

The radical cation and the neutral radical form an acid /base pair. Even if only
the radical-cation polarization pattern is observed, deprotonation is an essential
step because the neutral radical is the direct precursor to the products. Two
parallel deprotonation pathways were identified."'* The proton is removed from
the radical cation either within the cage, i.e. by the sensitizer radical anion, or
outside the cage, the base in this case being surplus amine. The latter assumption
was corroborated by EPR measurements.''” The second pathway involves only
free radicals, so cannot produce new CIDNP but transfers existing CIDNP
(of the radical-ion type) to the neutral radicals and their subsequent products.
However, the first pathway yields a new radical pair, in which polarizations of the
neutral-radical type can be generated in addition to the already existing ones of
the radical-ion type. For triethylamine, the whole mechanism is displayed in
Chart 5. Observation most conveniently focuses on the very characteristic signals
(see, bottom trace of Figure 1) of N,N-diethylvinylamine V.

There is a pronounced dependence of the polarization pattern on the sensi-
tizer''* and the solvent,''® which runs in parallel with the free enthalpy of the
in-cage deprotonation and shows a threshold behaviour. Within a range from
about -90 to about 130 k] mol ' a complete changeover of the polarization pattern
occurs. On the negative side of this transition regime the neutral-radical pattern is
exclusively observed, on the positive side exclusively the radical-cation pattern.
This was rationalized by the kinetic window for CIDNP generation in the radical
ion pair, which is set by the rates of intersystem crossing and escape. If the rate of in-
cage deprotonation falls outside this window on the slow side, the radical ion pairs
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Figure 21 CIDNP investigation of the in-cage deprotonation of the triethylamine radical cation by
the radical anion of 9,10-anthraquinone (solid line) and 2,7-dinitrofluorenone (broken line). The
graph shows the deprotonation rate constant kg, as function of the relative permittivity of the
solvent. The shaded areas denote the approximate boundaries of the kinetic window accessible
by the CIDNP experiments. Further explanation, see text and Chart 5. Reproduced from Ref. 60
with permission; copyright (2003) American Chemical Society.

either undergo reverse electron transfer or escape before the radical cation can be
deprotonated by the radical anion, so no polarizations other than of the radical-ion
type can arise; if that rate is on the fast side on the window, the radical ions are
deprotonated so rapidly that they cannot acquire polarizations before their
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conversion into a pair of neutral radicals, and during the life of those secondary
radical-pairs polarizations of the neutral-radical type are then generated.

A quantitative theory describing these processes was developed and applied
to the photoreactions of triethylamine with the sensitizers 9,10-anthraquinone and
2,7-dinitrofluorenone.”’ Rate constants of the in-cage deprotonation were
extracted from the solvent dependence of the polarization pattern. Figure 21 dis-
plays the results and reveals the influence of the solvent polarity and the sensi-
tizer, through its redox potential. The kinetic window accessible with this method
is seen to span about two orders of magnitude in a chemically very important
range, namely, near diffusion control.

The radical cations of aliphatic sulphides are more acidic than are those of
tertiary aliphatic amine, so in-cage deprotonation is faster with the sulphur
compounds. Hence, the rate of this key process is shifted outside the kinetic
window of CIDNP, and polarizations in sensitized hydrogen abstractions from
sulphides usually only exhibit the pattern of the a-thio alkyl radical; only if the
energy of the radical ion pair is made very low by choosing a sensitizer that is very
easily reducible (benzoquinone) and a very polar solvent (water) can the pattern
of the radical cation be observed.'” Hydrogen abstraction from steroids by sub-
stituted benzoquinones also proceeds through electron transfer to the excited
triplet state of the sensitizer as the first step,''® whereas the CIDNP signals only
respond to the pair of neutral radicals in the photoreactions of 1-acetylindole-2,3-
dione with several hydrogen donors.""

Isotope effects in hydrogen abstractions from cyclohexane were studied by the
concentration dependence of CIDNP for mixtures of protiated and perdeuterated

SO3

OY—%O
e)

(o)

H-abstraction Electron transfer

AOCT

Chart 6
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benzophenones, and explained by energy transfer between the two
isotopologues.'*

The rich photochemistry of the surfactant AOT (see Chart 6) with the sensi-
tizer 2,6-anthraquinone disulphonate has been unravelled'*! by the combined use
of time-resolved EPR and CIDNP experiments, the motive for that investigation
being that AOT is frequently used in industrial applications of photoredoxreac-
tions carried out in microemulsions. The polarization patterns gave clear evidence
for the competition of hydrogen abstraction from the tertiary carbons on one
hand and dissociative electron transfer from the sulphonate group on the other
hand; the elimination of SO from the primarily formed sulphur-centred radical
is fast on the CIDNP timescale, hence the polarizations of that reaction channel
are exclusively generated in the resulting alkyl radical. CIDNP results also indi-
cate hydrogen abstraction by 2,6-anthraquinone disulphonate from another
microreactor, f-cyclodextrin.'*

6.3. Fragmentations

Applications of CIDNP to the study of photoinitiators have recently been
reviewed.' 1

6.3.1. a-Cleavage of carbonyl compounds

Carboxylic esters of a-hydroxymethylbenzoin'* and O-acyl 2-oximinoketones'*®
were investigated by photo-CIDNP. These two classes of polymerization initiators
were found to undergo a-cleavage through the triplet state of the carbonyl and the
carbonyl-analogous functional group, respectively, as the first step. A variety of
other radical pairs was identified in these reactions, most of which have to be
ascribed to the secondary photochemistry of the products rather than to pair
substitution because continuous illumination with a 1000 W high pressure arc
lamp was used.

Mono- and bisacylphosphine oxides 4 and 5 (Chart 7) are efficient photoinitiators
for radical polymerizations. Their photochemistry was studied by 'H-, *C-, and
*IP-CIDNP spectroscopy.'® The primary step is the breaking of the bond between the
carbonyl group and phosphorous in a triplet state; for the bisacylphosphine oxides, a
stepwise cleavage occurs.

An interesting stereo-electronic effect was found for the two isomeric ketones
endo-6 and exo-6 (Chart 7). With the exo-isomer, the carbonyl and alkene moieties
are isolated from each other, the compound undergoes a-cleavage accompanied by
CIDNP effects, and is a good initiator for radical polymerizations. In contrast, the

I
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"'"'%Q&
r—C—FPR, r—C—P—C—Ar &
OH O/
R
4 5 Exo-6 Endo-6

Chart 7
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geometry of endo-6 leads to preferential deactivation by an intramolecular
Paterno-Biichi reaction. This strongly suppresses a-cleavage, so this isomer exhibits
no polarizations and a poor curing efficiency.

The photochemistry of three thioxanthone-initiator dyads with carbonyl func-
tions in the initiator moieties was compared by CIDNP and complementary
techniques.128 Expectedly, the triplet-triplet energy gap determines the readiness
of the molecule to undergo a-cleavage after intramolecular energy transfer. How-
ever, intramolecular electron transfer can also occur as a competing reaction and
leads to dehydrogenation of the initiator part.

In the a-cleavage of dibenzyl ketone, twice as low polarizations of the escape
product (PhCH,), were found in f-cyclodextrin microreactors as compared to
homogeneous phase.'* The authors explained this in the same way as for the 2,2'-
dipyridyl radical anion'®* (see Section 6.1), by a significantly higher relaxation rate
in the inclusion complex.

6.3.2. -Cleavage and related reactions
The classification as tc* photodissociations of such seemingly unrelated reactions
as the f-cleavage of aromatic ketones (see the example of Section 5.2), the photo-
Fries rearrangement, and the photo-Claisen rearrangement is a relatively new
concept in photochemistry.'*® In striking contrast to the a-cleavage of carbonyl
compounds, these photodissociations depend neither on the orbital character nor
on the multiplicity of the excited state. The ability to deduce the reacting state
from the polarization phase makes CIDNP very valuable for addressing the latter
issue. A corroborative photo-CIDNP investigation of the photodissociation of
arylethers and arylthioethers, which was complemented by sensitization, triplet
quenching, and radical scavenging experiments, showed that cleavage of the
carbon—-oxygen and carbon-sulphur bond invariably is the first step of the photo-
reaction and occurs for both multiplicities, with the singlet gaining preference at
elevated temperatures.'!

Another study,'** on the photo-Fries rearrangement of 1-naphthylacetate, gave
a contradiction between the results of laser flash photolysis and measurements of
quantum yields, which revealed cleavage from the singlet state to be dominant,
and photo-CIDNP experiments, which displayed polarizations resulting from
triplet radical pairs; furthermore, the addition of a triplet quencher decreased
the polarizations much more than the quantum yields of product formation.
The authors resolved that puzzle by assuming the involvement of a higher triplet
state that is populated by a two-photon process under the intense illumination of
the CIDNP experiment, and yields intrinsically stronger polarizations than the
singlet precursor. In a later reinvestigation, they explained their findings by
intersystem crossing from the first excited singlet state to a higher excited triplet
state which has a lifetime of a few nanoseconds.'*

6.3.3. Peroxides

CIDNP results have also been taken as evidence for the participation of different
electronic states in the photolysis of acetylpropionyl peroxide,'**'*® while the
polarizations in the photoreaction of 3-tert-butylperoxy-3-methyl-1-butyne were
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explained by a singlet precursor only.'*” From CIDNP data and product yields, the
decarboxylation rates of the intermediate acyloxy radicals were determined.'**

6.3.4. Dissociative electron transfer
Sulfonium cations Ar;S* and iodonium cations Ar,l* are technically relevant
initiators both for radical and cationic polymerizations. CIDNP and other meth-
ods were used to study the solvent dependence of their electron-transfer induced
cleavage."*®'*! In contrast to usual photoredox systems, electron transfer from an
excited sensitizer to these compounds is feasible also in non-polar solvents
because it is not a charge separation but a charge shift. Although, therefore,
their quantum yields of disappearance were found not to depend very strongly
on the solvent, dramatic changes of the CIDNP spectra were observed for the
iodonium compounds.'?**'*! This was explained by pair substitution effects:
These reduced initiators cleave to give phenyl radicals and a diamagnetic species
(see, Chart 8), and the solvent causes a shift of the rate of this fragmentation with
respect to the kinetic window of CIDNP whereas cleavage of the sulfonium salts is
intrinsically faster, so falls outside this window at all polarities.'*®

The most peculiar phenomena occurring in the system Ph,|* /naphthalene are
inversions of all polarizations when (a) the solvent is changed from diethylene-
glycol dimethyl ether to chloroform or (b) experiments in dioxane are performed
at magnetic fields of 5.9 and 11.7T."*° The described pair substitution was found to
rationalize all the polarization effects within the framework of S-Ty-type CIDNP;
invoking S-T_;-type CIDNP as a mechanism of their generation'** is unnecessary.

Although for sulfonium systems CIDNP experiments cannot capture the
radical-pair transformations, they have been instrumental in unravelling the
diverse decay pathways of the phenyl radical contained in the second pair.'*

On®* = PhgS® oOr Phyl*
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Most important for practical purposes is the result that protic acids, which initiate
a cationic polymerization, are efficiently formed by geminate combination of the
phenyl radical with the sensitizer radical cation, i.e. via the singlet exit channel,
whereas escaping phenyl radicals, the initiators of a radical polymerization, are
scavenged very efficiently by surplus sensitizer and less efficiently by the solvent
(which is the monomer in a technical application). This suggests that for cationic
polymerizations onium salts should be sensitized by singlet sensitizers that are
capable of donating a hydrogen atom after oxidation and are employed in high
concentration. In contrast, for a radical polymerization triplet sensitizers should
be used in low concentration.

Other examples of dissociative electron transfers investigated by CIDNP
include one of the two reaction pathways in the reaction of AOT with a quinone'*'
(see Chart 6) and the cleavage of 4-(N,N-dimethylamino)phenyl pinacol in chlo-
roform,'*® which is thought to start with a PET from the substrate to the solvent.

6.4. cis—trans Isomerizations and cycloadditions

Geometric isomerizations that occur direct upon excitation or after intersystem
crossing are transparent to CIDNP because no radical pairs are involved; the same
holds for photocycloadditions of an excited singlet state with a ground-state
molecule. The short-chain triplet biradicals that are formed in Paterno-Biichi
reactions or their analogues are also extremely unlikely to develop CIDNP
because of the large value of the exchange integral, although one clear case of
strong S-To-type CIDNP from a 1,5-biradical in the photocycloadditions of qui-
nones with quadricyclane or norbornadiene is known.”” This leaves pathways via
radical ion pairs as the only pathways from which CIDNP can be expected in
isomerizations and cycloadditions.

Three types of species are potential candidates for the isomerization proper”:

1. Free radical cations or radical anions of the olefins formed by escape
2. Olefin triplets formed by reverse electron transfer
3. Triplet biradicals formed by a geminate reaction

Although the first case puts no demands on the energetics because escape is
always a feasible process, no direct observation by a time-resolved CIDNP experi-
ment seems to have been successful so far; instead, it has repeatedly been reported
that time-resolved photo-CIDNP experiments showed olefin radical cations or
anions to be configurationally stable.*”''®'**!*> The second and third cases are
obviously only possible if the energy of the olefin triplet or the biradical lies below
the energy of the radical ion pair.

Following ideas originally put forward by Roth et a the different types
of CIDNP effects that systems composed of an olefin M and a sensitizer S can
produce in the absence of biradical formation have recently been classified sys-
tematically as a function of the energetics (see, Chart 9), and examples for each
category have been provided.* Only transient polarizations occur for class Ia and
Ib because of exchange cancellation (Figure 18 is an example of class Ia); such
systems can be used to probe by time-resolved CIDNP experiments whether or

146,147
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not the radical ions of the olefin isomerize. Neither permanent nor transient
polarizations result for class Ic because a geminate reaction is possible for the
singlet and the triplet pairs; since this regenerates the olefin in its ground
state through both exit channels, the polarizations cancel on the timescale of
the radical-pair life, so are not detectable even by a time-dependent CIDNP
experiment.

Class Ila produces strong permanent polarizations of opposite phase but equal
magnitude for the cis- and the trans-olefin even if the isomerization of the triplet
state does not give both isomers in equal yields: The isomerized olefin receives a
fraction x of the polarization of the triplet exit channel, the starting olefin receives
both a fraction 1- x through this channel and the complete polarization of the
singlet exit channel (i.e. —1), which partly compensates and leaves a polarization
—x for it. This characteristic feature of the olefin polarizations remains with classes
IIb and Ilc but a part of the polarizations is now lost through the same process as in
class Ic. Systems of class IIb can be used to study the competition between reverse
electron transfer regenerating the olefin or regenerating the sensitizer; class Ilc is
particularly useful for PET sensitization experiments, as no polarizations are
detectable if the sensitizer has a very low-lying triplet state but can be made
visible upon addition of a third component (compare, Figure 15).

Other recent examples of CIDNP studies on olefin isomerizations via reverse
electron transfer populating the triplet, which all fall into class Ila, concerned
all-trans retinal with stilbene as donor or a quinone as an acceptor,'*® and o, 8
unsaturated ketones with triphenylamine or triphenylphosphine as donors'***>
or pyrene as acceptor.'”!

As a rule, isomerizations via the triplet state are bidirectional, i.e. lead to
similar amounts of the cis and the trans olefin regardless of what the configuration
of the starting olefin was, because the reduction of the bond order to 1 in the triplet
causes the substituents to adopt a perpendicular orientation to minimize steric
strain. This is in sharp contrast to isomerization via formation of a triplet biradical
followed by intersystem crossing and scission of the singlet biradical, which
occurs in competition with cycloadduct formation. In this case, steric interactions
in the biradical will normally favour a configuration that yields the trans olefin.
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By photo-CIDNP experiments, the interplay of isomerization and cycloaddi-
tion in the system trans-anethole/fumarodinitrile has been unravelled.'** In this
system, both isomerization pathways are operative, but can be separated by
CIDNP. The results show that the efficiency of biradical formation is about
twice as high as that of reverse electron transfer of triplet pairs, which was
explained by the low driving force of the latter reaction, and that there is no
strong preference for ring closure of the singlet biradicals as opposed to scission.
CIDNP experiments with variation of the fumarodinitrile concentration and the
light intensity unexpectedly revealed the presence of a parallel isomerization
pathway via a second radical pair, which was identified as stemming from a
photoionization of the anethole. This example illustrates the power of CIDNP to
obtain both mechanistic and quantitative information on a complex reaction.

Isomerization via biradicals was also inferred from the CIDNP effects in the
photoreaction of f-ionone with chloranil or other electron-deficient quinones,'>
whereas other CIDNP studies concentrated on cycloadduct formation, between
1,1-diarylethenes and chloranil'® and between arylacetylenes and quinones.'**

6.5. Other reactions

6.5.1. Substitution reactions

’N-CIDNP was used to investigate photoinduced nitrations of aromatic compounds
ArH with tetranitromethane.'®>'*® The polarizations invariably arise from radical
pairs ArH*"NO3, but the experiments reveal different pathways of formation of
these pairs. With a substrate such as 1,2-dimethoxybenzene, the precursor multiplic-
ity is triplet and the pairs are produced by a dissociative electron transfer from the
aromatic compound to tetranitromethane, which then cleaves into an NO; radical
and C(NO,);. In contrast, the very similar substrate anisole (methoxybenzene)
exhibits polarizations indicating a singlet precursor, and the radical pair is thought
to be formed by decomposition of a preceding unstable diamagnetic intermediate,
most probably a nitro-trinitromethyl adduct."*

6.5.2. Addition reactions
To study the addition of 2-hydroxy-2-propyl radicals to alkenes, Batchelor and
Fischer™ employed a ketone as the source of these radicals, which then develop
multiplet polarizations from F-pairs; the normal reaction product is isopropanol.
The addition of an alkene scavenges some part of the radicals and thus decreases
the isopropanol polarizations. Time-resolved CIDNP experiments yield the addi-
tion rate. The advantage of analysing multiplet CIDNP instead of net CIDNP is
that relaxation effects are avoided. The method was reported to be applicable for
scavenging rate constants between 10°M s ' and 10°M 's™".

Older work on reversible radical additions to aromatic systems has been
reviewed in Ref. 158.

CIDNP was used as additional evidence in investigations of the photo-
oxygenation of acenaphthenone sensitized by dicyanoanthracene."””'®* The
authors proposed that a radical ion pair is formed as the first step, then undergoes
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a keto-enol tautomerization, and finally recombines with O,° produced by
electron transfer from the sensitizer radical anion.

6.5.3. Photoionizations

The CIDNP phases and polarization pattern in the photoionization of the
5-sulfosalicylic acid dianion in aqueous solution indicate a singlet precursor and
are consistent with a radical pair consisting of the hydrated electron and the
monoanion (i.e. radical anion) of the substrate.'®*

Photoionization also occurs in the already mentioned photoreactions between
trans-anthole and fumarodinitrile."** In this case, the electron is immediately
scavenged by the solvent to give a monomeric or dimeric anion of acetonitrile,
which constitutes the second radical of the pair. The precursor multiplicity is
again singlet, and CIDNP experiments with varying laser intensity show the
ionization to be a two-photon process.

6.5.4. Radical-radical reactions
Scavenging of a spin-polarized escaping radical by a stable radical has received
some attention.

A “persistent radical effect” is found if the cleavage of a molecule yields two
radicals of which only one undergoes self-termination (i.e. recombination with a
like radical) while the other does not and only decays by cross-termination
(i.e. recombination with the other radical). As a consequence of this behaviour,
there is a self-regulating effect on the reaction rates, and unusual kinetics result.

In the photoinduced cleavage of N-alkoxyamines, where the transient and the
persistent radical are an alkyl and an aminoxyl radical, Fischer et al. used time-
resolved CIDNP to clarify the mechanism of cross-termination and to determine the
rate constant of the recombination.'®® They concluded that disproportionation plays
no role in this system, and that no unknown side reactions occur. Later, Ananchenko
and Fischer compared the recombinations of the transient tert-butyl and 2-hydroxy-
2-propyl radicals with the stable radical TEMPO.'® They were able to show that
the former radical reacts by a simple coupling while the latter reacts by an electron
transfer followed by a proton transfer. Disproportionation was also found to be
absent in reactions of ester-substituted alkyl radicals with nitroxides.'***>

6.6. Biradicals

Flexible biradicals have been discussed in Section 3.5 because the pertaining
investigations were predominantly concerned with the CIDNP effect per se.

The semi-flexible 1,5-biradical BR; (see Figure 20), which is the key intermediate
in Paterno-Biichi photocycloadditions of benzoquinone with norbornadiene or
quadricyclane, is very unusual as it exhibits strong and exclusive S-Toy-type
CIDNP. Although this might partly be due to a reduction of the exchange interac-
tion because of the perpendicular orientation of the orbitals bearing the unpaired
spins, the main reason is the existence of an escape reaction:”’ The rearrangement of
BR; to the 1,4-biradical BR; via the intermediate BR; is spin-independent, and BR,,
being a Paterno—Biichi biradical, undergoes extremely fast intersystem crossing by
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spin—orbit coupling followed by collapse of the singlet biradical to give an oxetane;
hence, BR; acts as a multiplicity-independent chemical sink. The ratio of the nuclear
spin polarizations in the oxolane P; (singlet exit channel) and in the oxetane P,
(multiplicity-independent exit channel) strongly depends on temperature, which
was interpreted by the competition of the rearrangement with nuclear spin relaxa-
tion in BR;. By a kinetic treatment, a closed-form expression for the polarization
ratio was obtained, and the activation energy of the cyclopropylmethyl-homoallyl
rearrangement was determined.'®®

Fischer et al.'®'® investigated rigid biradicals resulting from photoinduced
intramolecular charge separation'’” in dyads D-spacer,~A (see, Chart 10). The
reaction scheme is extremely similar to the intermolecular analogue shown in
Figure 17. Excitation of the donor moiety (dimethoxynaphthalene) followed
by quenching by the acceptor moiety (dicyanoethylene) produces a singlet
biradical**D—spacer,—A*". Reverse electron transfer is feasible for both multipli-
cities of the biradical, the singlet exit channel regenerating the ground-state dyad
D—spacer,—A direct, and the triplet exit channel indirect by first producing a locally
excited triplet state D-spacer,— A which then deactivates to the ground state.
Nevertheless, in high fields S-T-type transient polarizations are observable
because the polarizations of the triplet exit channel are hidden in D-spacer,~>A
for a time on the order of 10ps, so a time-resolved CIDNP experiment can be used
to probe the instantaneous polarizations of the singlet exit channel and their
gradual disappearance by cancellation. The fact that the reactions are intramolec-
ular even facilitates the kinetic analysis,'®” as no free radical ions can be formed.
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Field-dependent CIDNP experiments in low magnetic fields'®®'* reveal that

CIDNP is of the comparatively rare S-T ;-type. The curves exhibit the bell-shaped
behaviour typical for intersystem crossing at a level intersection, which has long
been known for biradicals with a polymethylene chain. However, the rigidity of
the dyads removes a complication present in flexible biradicals, namely, that the
CIDNP experiment weighs certain conformations and distances between the
radical termini more heavily than others.'”' Hence, in the dyad experiments
the value By at which the extremum of the field-dependence occurs corresponds
directly to the condition g8By=2|J|. An exponential dependence of ] on the spacer
length n was found with a damping factor of about 0. 75A~1, which is comparable
to that in other biradical systems.

CIDNP was also used as additional evidence for the characterization of the
photoprocesses in a steroid-linked norbornadiene-carbazol dyad.'”>

6.7. Inorganic and metal organic substrates

Most efforts in this relatively narrow area have focussed on the reactions of the
heavier carbene analogues Me,Si and Me,Ge, which are conveniently obtained
by photolysis of sila- and germanorbornadienes 7 (Chart 11). Typical reactions of
them producing CIDNP effects are chlorine abstractions from a suitable substrate
such as CCl, to give a radical pair,'”>"”* or attack to surplus molecules 7.'7>7'7*
The polarizations in the latter case are thought to arise from a 1,6-biradical of
structure 8, which can also be prepared by cleavage of the reaction product
7,8-digermabicyclo[2.2.2]octadiene 9."”” Most studies conclude that the precursor
multiplicity is triplet'”>"'”? although a singlet precursor to the radical pairs was
also reported.'”

CIDNP was observed in the halophosphination of phenylacetylenes and
diphenylethylenes;'®" other studies of phosphorous-containing compounds
were concerned with the polarization mechanism rather than with the chemistry
(see Section 3.5).

Norrish-I cleavage of 2-methylpropanoyltripropylstannane Pr;SnC(O)iPr
affords the expected spin-polarized products.'™ A much more complex

N N N\~
~ ~
I I\

Chart 1
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secondary chemistry occurs in the reactions of N-bromohexamethyldisilazane
(Me3Si),NBr with substrates of the type RsMCH,CH=CH, (M=Si or Sn). The
primary step is fragmentation of the N-Br-bond, the polarizations are thought
to originate in F-pairs, and product formation by chain reactions has been dis-
cussed.'®'® In contrast, the photoreaction of dodecamethyl-cyclohexasilane
(Me,Si)e with 9,10-phenanthraquinone was shown to proceed by a simple electron
transfer to give radical ion pairs in a triplet state.'®*

6.8. Amino acids

There has been a strong but very selective interest in CIDNP on amino acids,
strong because of the importance for the application of CIDNP to proteins (see
Section 6.9), and very selective because only three amino acids (tryptophan 10,
tyrosine 11, and histidine 12, compare Chart 12; for their CIDNP spectra, see
Ref.185) are routinely useable for that purpose while two others, cysteine 13 and
methionine 14, have received attention because of their putative role for long-
range electron transfer across cell membranes or oxidative damage of cell
components.

The complex photochemistry of cysteine derivatives sensitized by 4-carboxy-
benzophenone 15 has been unravelled by CIDNP.” The initially formed sulphur-
centred (see, Figure 19) radical decarboxylates rapidly to give an a-amino alkyl
radical, which in turn cleaves into a thiyl radical R-S* and a vinylamine in
competition with being oxidized to an imine by surplus sensitizer; all these
resulting species are unstable themselves and undergo further reactions. The
rates of the radical fragmentations and the radical oxidation were obtained from
the CIDNP experiments.

Methionine adds another degree of complexity because the radical cation,
which is formed by the same pathway as in the cysteine case, namely, by exclusive
electron transfer from sulphur, can stabilize by the formation of a cyclic structure
with a two-centre three-electron bond between sulphur and nitrogen. CIDNP has
provided unequivocal evidence for this species and allowed to probe its spin
distribution, through the polarization pattern.'” Only an unprotonated amino
group can function as a donor and effect the cyclic stabilization, so there is a
pronounced dependence of the polarization pattern on the pH.”*'%® This pH-
dependence was explained by a reversible pair substitution of the open-chain
and cyclic radical cations,”® but later reinterpreted as arising from a fast (on the
CIDNP timescale) equilibrium between the different forms in conjunction with
degenerate electron exchange.'®

The chemistry underlying the polarization processes of tryptophan, tyrosine,
and histidine (electron transfer for the first two amino acids, hydrogen transfer
for the third) has long been known.'®” For the frequently used sensitizer 2, 2'-
dipyridyl 16, the kinetics of the quenching by tryptophan,'®® tyrosine,'® and
histidine'” have recently been studied in detail by time-resolved CIDNP experi-
ments; the effects of added surfactants on the polarizations of tyrosine with flavins
17 or other sensitizers have been investigated.'”! Several low-field CIDNP inves-
tigations of the field-dependence have been carried out, with a view to optimizing
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the conditions for protein CIDNP,**'*? to determining the magnetic parameters of
the amino-acid derived radicals®® and to refining the calculational
procedures.®*'%

6.9. Proteins

The determination of surface accessibilities in a protein is by now a well-estab-
lished application of photo-CIDNP. Its operating principle is that a sensitizer in
the bulk solution is photoexcited, forms a radical pair with an amino acid that is
exposed to the solution, and so causes CIDNP to arise; amino acids not accessible
to the dye remain unpolarized. To avoid disruptions of the structure the photore-
action(s) must be cyclic. As this leads to exchange cancellation, one either observes
the polarizations that remain because of relaxation in the free radicals or samples
the geminate polarizations in a time-resolved CIDNP experiment. The latter
appears preferable for quantitative conclusions as it also removes other arte-
facts,'*'”® but cannot be applied to the pulse-labelling and related experiments
described below. Commonly employed dyes are 2, 2’-dipyridyl 16 or flavins 17.
As already mentioned in the preceding section, only tryptophan 10, tyrosine 11,
and histidine 12 are polarizable. However, the reduction of the information
content in a crowded protein spectrum by this selectivity is a much desired
blessing rather than a drawback.

There are three caveats when one forms structural hypotheses on the basis of the
observed CIDNP signals. First, the polarization intensity of a residue is not simply a
constant that is specific for that particular amino acid but is subject to a Stern-
Volmer competition of all accessible residues for the excited dye molecules,'” so
CIDNP of an accessible amino acid can be suppressed by other accessible amino
acids that are more reactive; that problem is most pronounced for histidine.
Second, in one study surface accessibility as detected by CIDNP was found to
depend not only on the location of the amino acid but also to some extent on the
nature of the dye;'** no systematic investigation of this effect with a range of known
protein structures has yet been attempted. Third, the radical cation of a tryptophan
or tyrosine residue could undergo electron transfer with a nearby tyrosine or
tryptophan that is located in the interior of the protein. If this pair substitution
causes polarizations of the inner residue to develop, misinterpretations as to the
protein structure might obviously result. This problem has attracted considerable
attention.'”'?”?"! For lysozyme, such an intramolecular electron transfer appears
to be more important in the denatured state than in the native state.'”

Solution structures from CIDNP experiments were compared with crystallo-
graphically determined structural parameters,”>**> and CIDNP, in conjunction
with other methods, was used to characterize several unmodified*** 2%’ and
chemically modified*”*'* peptides and proteins in their native states. Structural
changes during carbohydrate binding*>**° or binding of other ligands**'***
were investigated by CIDNDP.

With protein CIDNP now being a universally accepted technique, the interest
in its application is shifting more and more towards the denatured state of
proteins and towards folding processes. A recent review is provided by Ref.185.
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For real-time studies, the protein is subjected to a sudden perturbation that
causes refolding, and CIDNP spectra are acquired in rapid succession to monitor
the ensuing changes; a very short period of background suppression and laser
irradiation (a few milliseconds in total) precedes each acquisition. The time
resolution is thus determined by the acquisition time (typically, on the order of
a hundred milliseconds). An ingenious combination of two lasers has been
employed where a uv laser first releases Ca>" ions from a photolabile chelator,
thus inducing refolding, and a visible laser then generates CIDNP in the repetitive
acquisition scheme.””* Despite the great promise of this in situ approach, at
present faster perturbations of the protein state can be achieved with the more
common stopped-flow ir'gector devices, which have frequently been used for real-
time folding studies.”®**>**

Several direct CIDNP investigations on denatured proteins have been per-
formed,**>*1222822 but there is the general problem of broad peaks and poor
spectral dispersion caused by conformational exchange. To circumvent this, a
method that uses the polarizations as labels to detect the accessibility in the
denatured state indirectly, through observation of the refolded state, has been
devised.™ For this “pulse labelling”, the denatured protein is illuminated to
develop polarizations, and then a refolding solution is injected rapidly (or, alter-
natively, the illumination is performed in the injector, which is placed directly
above the NMR tube in the bore of the magnet, and the polarized protein then
injected into a refolding solution in the NMR tube). Only amino acids that were
exposed to the solvent in the denatured state now appear polarized in the spec-
trum of the native state; their assignment is comparatively easy because that
spectrum is much better resolved than that of the denatured state. Several appli-
cations of this technique have been reported.”***%!

As an extension, this method was coupled with cross-relaxation (NOE transfer of
magnetization) to gain much deeper insight into the structure of the denatured state
of an ultrafast folding synthetic miniprotein, TC5b.*** The experiment is illustrated
by Figure 22. The side chain Trp6 is solvent-exposed in the denatured state and
acquires CIDNP. Cross-relaxation transfers these polarizations to nearby unpolar-
ized amino acids with an efficiency that depends on the inverse sixth power of the
distance. Subsequent injection into a buffer causes complete refolding within the
injection time, 50ms, i.e. on a timescale faster than T;. The signal intensities of
the other, normally unpolarizable amino acids in the well-resolved spectrum of the
native TC5b are the observables, and allow a quantification of the distances to Trp6 in
the denatured state. The method is expected to be generally applicable, provided that
a polarizable side chain is present in the denatured state and that refolding of the
protein is faster than spin-lattice relaxation of the polarizations.

6.10. Other biologically relevant molecules

Giese et al. investigated the a-cleavage of ketone 18 (Chart 13) as a model of
4'-DNA radical strand cleavage.””® The observed polarization pattern can only
accommodate a radical cation 20, so the initially formed radical 19 must eliminate
—(EtO),PO; fast on the CIDNP timescale. This is evidence that anaerobic scission



138 Martin Goez

/

Y,

r
Hyper-
‘-\" ﬂ)olarlzatlon ¢ :\’ 3

-

708 Y

NMR ﬂ ﬂ’l'\ Cross-
spectrum i 1] polarization

51/

Figure 22 Schematic description of a structure determination of a denatured protein by combining
pulse labelling with NOE. In the denatured state U, hyperpolarization (CIDNP) is generated in a
tryptophan residue by the reaction with a sensitizer PS, transferred to nearby amino acids by
cross-relaxation (NOE), and then transferred to the native protein N by fast refolding, where it is
observed. Further explanation, see text. Reproduced from Ref. 232 with permission; copyright
(2007) Nature publishing group.
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of 4-DNA radicals proceeds by an Syl-type mechanism. Quenching of triplet
tryptophan by several nucleotides was found not to involve radical pairs, the only
exception being uridine-5-monophosphate.”** As a model of chemical DNA repair,
electron transfer from tryptophan and t 3yrosine to the radical of guanosin monophos-
phate 21 (Chart 13) was studied.”** Because CIDNP is a much more specific
detection method than is optical spectroscopy, the rate constants for the differently
protonated radical species derived from 21 could be separated. CIDNP was further
used to probe whether the anti-tumour drug UCH9 binds to the major or minor
groove of DNA.**®

Other efforts centred on cobalt complexes modelling coenzyme B,
photooxidations of NADH analogues 22 (Chart 13),****'"*** with emphasis on the
calcium antagonist nifedipine (R; = 2-nitrophenyl, R, = R; =Me, Ry = H),>*2% and
photoredox reactions of the natural alkaloid lappaconitin, a sodium channel
blocker, or its synthetic analogue anthranilic acid,246_248 as well as the complexation
of these compounds with glycyrrhicic acid,****** which increases their therapeu-
tic activity while reducing the toxicity.

239,240
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6.11. CIDNP on photosynthetic reaction centres

This field was opened up in 1994 when Zysmilich and McDermott reported
strong nuclear spin polarizations in solid-state '°N spectra from photosynthetic
reaction centres in which the forward electron transfer from the primary
charge-separated state to the accepting quinone had been blocked.”” It has been
rapidly expanding since 1996 when they published two further accounts of their
results elucidating the phenomena in more detail,”"*? and when a group at
Leiden University took up that line of research.** 2%

These reactions are cyclic electron transfers, with the same reaction scheme as
in Figure 17 except that no escape (no separation of the radical ions by diffusion) is
possible; D corresponds to the special pair and A to a pheophytin. In all cases,
CIDNP is of the S-T type but there are three competing mechanisms of CIDNP
generation, the relative amounts of which strongly depend on the chemical and
magnetic parameters of the system:

1. The differential relaxation mechanism?>"°

This is basically the mechanism described for the dyads of Section 6.6. Spin
sorting occurs in the usual way but would be undone by the fact that singlet
and triplet exit channels lead to the same product. If, however, the triplet is
long lived (e.g. some 100ps in reaction centres of Rhodobacter sphaeroides P26), a
part of its nuclear spin polarizations is destroyed by relaxation, so the cancella-
tion is not perfect, and CIDNP of the singlet exit channel dominates.
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2. The three-spin mixing mechanism?®” >

This has no equivalent in CIDNP in solution. With this mechanism, electron-
spin polarization is first generated, and then converted into a net nuclear spin
polarization by the anisotropy of the hyperfine interaction.
3. The differential decay mechanism®”

This again has no parallel in liquid-phase CIDNP. It is based on a coherent
process in correlated radical pairs, without the involvement of electron-spin
polarizations but again with the anisotropy of the hyperfine interaction playing
a major role; different lifetimes of the singlet and triplet pairs break the sym-
metry of the spin evolution.

An in-depth comparison of the last two mechanisms has been given, and sign
rules similar to Kaptein’s rules have been formulated for them.*”*

A more detailed discussion of this still young branch of CIDNP is outside the
scope of this review but its great potential and promise for the study of photosyn-
thetic reaction centres at the atomic and molecular level are obvious.

7. CONCLUSIONS

Although photo-CIDNP spectroscopy has come of age by now, new applications still
arise. As has emerged, the CIDNP effect connects diffusion, chemical reactivity,
and spin evolution in a unique way; it also combines the analytical potential of
NMR spectroscopy with a sensitivity to species as short-lived as a nanosecond or
even less. Hence, photo-CIDNP spectroscopy provides very diverse and deep
insight into both chemical and physical processes, and yields information that is
often inaccessible by other techniques. A method as powerful and versatile as this
certainly deserves to be more widely known, and more frequently applied.
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1. INTRODUCTION

The history of the detection of nitrogen-containing substances with the NQR
method, originating in 1960s and in details described in a number of publica-
tions,' ™ gives a convincing substantiation to the fact that the NQR of nitrogen is
considered by the majority of experts as first of all a very convenient and relatively
inexpensive tool for explosive detection. The detection of explosives and, since
recently, narcotic substances, will remain, apparently, a priority task in this area of
spectroscopy for a long time.

Despite the large number of modern techniques developed in the NOR of
nitrogen, such as imaging,* two-frequency spectroscopy,”” two-dimensional
methods,® quantum computing,” double NQR-NMR''* and cross-relaxation
spectroscopy,'*'* direct multi-pulse methods for some decades maintain the
central position in this section of NQR. The latter relates to the fact that a whole
range of unresolved technical problems does not permit considering highly sensi-
tive indirect methods like double NQR-NMR and cross-relaxation spectroscopy
as serious competitors to direct methods for most practical applications, especially
in the frequency range above 1 MHz. But in spite of the concernment of direct
methods there is no review article devoted to this subject published so far.
Therefore, the main attention in this chapter is focused on direct multi-pulse
methods of the detection of nitrogenous compounds as priority methods in this
field of NQR spectroscopy.

The chapter consists of four sections, which are devoted to theoretical and
practical issues of the detection of nitrogen-containing substances. Section 2 deals
with theoretical aspects of the two most popular multi-pulse sequences: multi-
pulse spin-locking—MW-4 and “‘strong off-resonant comb”’—SORC. In spite of
the fact that the development of these sequences has enabled a dramatic increase
in the sensitivity of NQR methods, until recently a number of theoretical and
experimental peculiarities of these sequences have not been studied adequately.
The primary issue concerns the sequence SORC, and also behaviour of both
sequences in case of close times of spin-lattice and dipolar relaxations, which is
especially important for the detection of such a popular explosive as hexogen
(RDX). There are also demonstrated some experimental techniques for the detec-
tion of some other explosives (PETN and trinitrotoluene (TNT)).

In Section 3 the Zeeman polarization-enhanced method is discussed. The
method demonstrates its efficiency when spin-lattice relaxation time of the
NOR spin-system is long enough to ensure the feasibility of the adiabatic demag-
netization process.

Section 4 is devoted to multi-pulse methods of removing magneto-acoustic
and piezo-electric ringing (MAPER), generated by numerous objects containing
metallic, ferrite, ferro- and piezo-electric components, when detecting explosives
with NQR landmine detectors and luggage scanners.

Section 5 deals with the theoretical and experimental analysis of the effect of
time-dependent transient nutations in the effective field of multiple-pulse
sequences (TNEFMS) in NQR 14N, which was first established in 1991,'” and the
nature of which is still not clearly understood. Experimental results indicate that
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the TNEFMS effect, manifested in the generation of the inductance and echo on
the NOR envelope, is of a very general nature and is observed in the field of a
great number of multi-pulse sequences. It was theoretically proven that the
inductance and echo are generated by the perturbing factors that disrupt the
regularity of the multi-pulse sequence and create the spin-locking effect.'® Such
factors can be created by introducing additional pulses or by changing pulse
parameters of a sequence, e.g. phase switching. The practical applications of this
effect are yet unclear and require additional research.

2. SHORT-REPETITION TIME SEQUENCES IN NQR OF NITROGEN

The application of various multi-pulse methods in NQR requires a clear theoretical
understanding of physical processes first of all behind the simplest ““basic”
multi-pulse sequences which include such a popular sequence as multi-pulse spin
locking—MW-4,'” and a sequence of identically spaced coherent radio frequency
(RF) pulses with intervals between them less than the time constant of free
induction decay (FID) T; —strong off-resonance comb—SORC."®

Though fundamental articles on the theoretical study of this type of sequences
(first of all SLS) were published comparatively long ago,'*! detailed experimen-
tal research works on the correspondence of theoretical results to experimental
data have not been numerous.”**

In the theoretical part of the chapter we follow paper'® to obtain analytical
expressions for the magnetisation of quadrupole nuclei in quasi-stationary and
stationary states that take into account the frequency offset of the carrier fre-
quency in relation to the resonant frequency of the irradiated transition during
the effect of the pulses.

The following scheme is used.

In accordance with the works'**"*> we assume that for analysing the effect of
RF pulses on the quadrupolar spin system, it is sufficient to consider only three
types of interactions: quadrupolar interaction, homonuclear dipole-dipole inter-
action and the nuclear—spin interaction with the magnetic component of the RF
field. Before the initiation of the multi-pulse sequence the quadrupolar system is
described by two Hamiltonians: quadrupolar Hg and the part of the homonuclear
dipole-dipole Hamiltonian H; secular in relation to the quadrupole Hamiltonian,
the sum of which can be regarded as the effective Hamiltonian of the spin system
independent of the time factor.

If the carrier frequency of the RF pulses is close to one of the resonance
transitions of the irradiated sample, the effect of the multi-pulse sequence
leads to the establishment of a new time independent effective Hamiltonian Heg,
now also containing the interaction of nuclear-spins with the RF field (that the
effective Hamiltonian is time independent should be understood that it is inde-
pendent of the number of the pulse interval but not independent of the time inside
the definite pulse interval). A part of the dipole Hamiltonian Hq no longer
commutes with the new effective Hamiltonian, which after the T, time results in
heat mixing of the quadrupole reservoir and the reservoir of the components of
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dipole-dipole interactions non-secular in relation to Heg. As a result of this
process, quasi-stationary state is established. Its evolution at times <Ti. is
practically completely determined by the Hamiltonian Heg.

The independence of H on the time interval of the sequence under the
condition that this interval lies between T, and T, can be used for determining
proper He. This approach was first used in multi-pulse nuclear magnetic reso-
nance in paper,26 and later, in NQR, for the analysis of quasi-stationary state
in multi-pulse spin locking in the nuclear system with the spin of 5/2% at exact
resonance. We extended this approach to the arbitrary offset of the pulse carrier
frequency in relation to the resonance transition.

When analysing the stationary state we use the approach elaborated in
articles.”®'®

2.1. Quasi-stationary state

Let us consider a monocrystalline sample that contains chemically identical spin-1
nuclei. In our physical model it will be assumed that the quadrupole principal
axes for each of the spins have the same orientation. The quadrupole Hamiltonian
in the quadrupole principal axes frame is given as
1

Ho = 5003 — B+ (i3 - 1), 1)
where mg = 3¢29Q/4, ¢’qQ is the nuclear quadrupole coupling constant, 7 is the
asymmetry parameter of the electric-field gradient (EFG) tensor. In terms of the
fictitious spin-1/2 operators Hq has the form*

2 2 /
Ho =z oq(lxs = Iys = nl23) = 300(lza — nlz3) = 0plps + 0yl (2)
with
1 1 2 / 1
Wy = 5‘”@(77 + 3)awy = ng(n -3),w, = —ngm W, = g(wq — ). 3)

The Hamiltonian Hg is written in frequency units (n = 1), p,q,7 = x,y,z or cyclic
permutation; three parameters wy, @y and w, are connected with the three reso-
nance frequencies of the quadrupolar nucleus w,,w_ and wo by equations
Wy = Wy, Wy = —w_, w, = —wy. Further on parameters w,, w,,w, will be treated
as equivalent to resonant frequencies w.,w_, wy. We consider one of these three
transitions with arbitrary frequency w,.

If we neglect spin-lattice interactions the equation for a density matrix p may
be expressed as follows

do _

T —i[Hq + Hy(t) + Hq + Hs + His, p], (4)

where Hy is the Hamiltonian of homonuclear dipolar interactions (HDI) of the
like spin-1 nuclei; Hjs is the Hamiltonian of heteronuclear dipolar interactions of
the spin-1 nuclei with the other sort nuclei S; Hg is the Hamiltonian which
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describes the motion of the S-nuclei; Hy¢(¢) is the Hamiltonian of the interaction of
a spin with the RF field. Let the carrier frequency of the RF pulses be
» = wp — Aw; Aw is the resonance offset.

The RF Hamiltonian is obtained from:

Hy¢(t) = =2y -Hy(sin 9 -cos @y Iy +sin vy, -sin gy I, 1 4 cos ULz 1)cos (ot + ¢)
= —cos(wt + ¢) Z Ay,

m=x.y,z
(5)

where a, = yH; -sin 9 -cos ¢, a, = yH; -sin I -sin ¢y, a, = yHy -cos ., 7 is the
gyromagnetic ratio, H; is the amplitude of the RF field, ¢ is its initial phase, Y1 and
¢, are the polar and azimuthal angles of the field vector in the principal axes
frame, w-carrier frequency of the RF pulses.

Now consider a transformation into the interaction representation with the
Hamiltonian

1 1
Hy=w I3+ 3 (g — 0y — Aw)l, 4 = wyly3 + 3 (0 — 0+ Aw)lyy. (6)

The secular part of the RF Hamiltonian in the Hy representation takes the form
Hy(t) = —m1[cosg-1,1 +sing-Ip2], w1 =ap. (7)

As it was pointed out in paper'® the frequencies determined by Hq and Hs are
different and so the secular part of the Hamiltonian with respect to Hy equals zero.
As a consequence, the Hamiltonians His and Hs are excluded out of our
consideration.

The dipolar Hamiltonian can be written as follows29

Hy=Y Y Qli,n,, (8)

i#] Pg=xy,2

where Qp 1= QI is the tensor of the HDI of two like i and j spins in the
quadrupole pr1nc1pa1 axes frame. The diagonal elements of this tensor are defined

by*
QF =P = =~1-3 coszlﬁij)’ ©)

np,] is the angle between the vector r;; and p-axis; r;; is the internuclear distance
between i and 9] nuclei.

Following® one finds that secular parts of Hg, which are determined with
respect to Hy and Hg, are the same.

To calculate Hq in the representation of Hy we must consider a bilinear opera-
tor I' | I/ | for two arbitrary spins i and j in this representation. Taking into account
that [p1,1p4] =0 we get:
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L4(t) -1{171(1‘) = [exp(iHOt)I;Jexp(—iHOt)] -[exp(iHot)I;lexp(—iHot)]
= exp(ith;,Q)I;ﬁlexp(—iwtli,:,)exp(iwth]q'ﬁ)Ié’lexp(—iwqtlgﬁ).
= [1;)1cos ot — I;yzsin wt]- [I;‘lcos wgt — I{Lzsin wyt]
The time independent part of the operator T;"J{]_’l equals

1 . L
5 (Ll + 1,00, )0,

Therefore,
Ha=3" > Q(hal, + 1200 (10)
i#] p=xy.2

In the Hp representation the evolution of the density matrix
p(p(t) = exp(iHot)p(t)exp(—iHot)) is described by the equation
dp

dr - _i[AwIpﬁ + Hrf + Hd?ﬁ] (11)
during the effect of the RF pulses, and it is described by
dp N
d—‘; = —i[Awl,3 + Hq, ] (12)

between the pulses.
Take into account that during the action of the RF pulse
|Awl, 5 + Hy|| < ||I:Id||,~where ||Awl, 3 + Hy| and UHdH are the norms of the
Hamiltonians Awl,3 4+ H,¢ and Hg, we can neglect Hyq in the Equation (11) and
write
dp

= —i[Awl, 5 + Hy, p. (13)

Here and further on all calculations and results will be done in Hj representation,
so that the tilde notation will be dropped.

The SRTS sequence consists of a preparatory pulse and an arbitrary long train
of the phase-coherent RF pulses of the same flip angle applied with a constant
short-repetition time. As was noted above, the ““short time” in this case should be
interpreted as the pulse spacing T within the sequence that meets the condition
T << T, ~|[Hq||"". The state that is established in the spin system after the time,
~T),, is traditionally defined as the “’steady-state free precession” (SSFP),* and
includes two other states (or sub-states): quasi-stationary, that exists at times
Ty <t <Tqe (The—effective relaxation time) and stationary, that is established
after the time ~ 3Ty after the start of the sequence.'”' The SSFP is a very
particular state which requires a specific mechanism for its description. This
mechanism was devised in articles®”* on the basis of the effective field concept
and canonical transformations. Later approaches on the basis of the average-
Hamiltonian theory were developed.*
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The quasi-stationary state, established at times ~T5, is characterised by two
spin temperatures. One temperature corresponds to a common thermodynamic
reservoir, which appears due to the thermal mixing of the quadrupole reservoir
and the reservoir of components of the dipole-dipole interactions, non-secular in
relation to the effective Hamiltonian. The second temperature corresponds to the
reservoir of the secular part of the dipole—dipole interactions. At conditions to be
determined further, both spin temperatures can coincide.

Note that we consider the case when the width of all pulses t,, < 7.

Let us examine the effect of the preparatory RF pulse t, on the quadrupolar
spin system.

The initial density matrix at the moment when t =0, i.e. before the pulse
excitation, in the high-temperature approximation can be written as

]. ! ]. !
p(0) = 3 {E — ap[aply3 + wpIpA}} =3 {E — apwpnol, — ocowpIpA}, (14)

where oy is the reverse spin temperature, corresponding to the equilibrium state
of the spin system; 1y = (191, 1oz, 1g3) is the unit vector with components for the
initial density matrix equalling n¢; = 0,19, = 0,103 = 1.

The Equation (13) for the spin system density matrix during the effect of the RF
pulse can be rewritten as follows:

dp(t .
i% = [Aowly3 + Hy, p(t)] = [Awl,3 — ortywo(lp1c08¢ + I, 2sing), p(t)] (15)
= _[we 'Ipa p(f)].
Here I, is the vector in the I, -operator space.
0]
We = We-k(P);  we = VAP +w1; k(P) = (ki ko, ks); K = glcos o;
’ (16)

w1 .
ky =—sin¢; kz=-——.
We We

Its solution at the moment when t = t,,9 determines the density matrix of the spin
system immediately after the preparatory pulse:

Po = R(two)'p(o)'R(tWO)_la (17)
where
R(two) = exp(—i -(Awl,3 + Hyf)-two) = exp(ipy -k -Ip)); @y = wetwo. (18)

When we consider the effect that the difference of the phases of the carrier
frequency of the preparatory pulse and the following pulses produces on the
NOR signal, for the convenience of our calculations let us assume that ¢ = /2
for the preparatory pulse and ¢ = 0 for the other pulses.

The evolution of the system set by Equation (17) is determined by the rotation
of the angular momentum operator, in accordance with expression*
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I' = exp(i9kI) Iexp(—ivkl)
= k(k-I) + (I — k(k-I))cos ¥ + (k x Isin ¢ (19)
= k(k-I)(1 — cos ¥) + Icos ¥ + (k x I)sin ¥,

where ¥ is an arbitrary rotation angle of the angular momentum 7 = (I, I, I3) is an
arbitrary rotation angle of the angular momentum about the direction predeter-
mined by the unit vector k.

Assuming that ¥ = ¢, considering Equations (17) and (14), and also taking
into account that ny = (0,0, 1), we obtain:

. . 1 , :
po = p(two) = exp(+ipok(9)1,)p(0)exp(—ipok(9) 4y) =5 {E — sowpmol), — dom,lp4}

1 . .
=3 [E — otowp{lp,l(kgk](l — cospy) — kasingy) + I, 2 (kska (1 — cosypy) + kisingy)

+ Ip,3(k§ + (1 — k%)COS(pO)} — “Ow;;lpA]

(20)
or
1 ,
Po=73 [E — agopl Iy — 09w, ] 4], (21)
where
Aw -
I=(h,L,l3);l =— @ 2601 [1 — cospylcosd — ﬂsingaosiruf);
Wy We
22)
Aw -oq ) W . o?  o? (
I =— o2 [1 — cospylsin ¢ + gesm ppcos ¢; I3 = e + 208 0.

e e e

After the time interval 7, the preparatory pulse is followed by the other sequence
pulses with the pulse spacing of 27. The interaction of the nuclear-spin with these
pulses, if we neglect their duration, can be presented as

Hyf = _f(t)lpv (23)

where f(t) is the pulsed function

F(b) = wek(0) f: 3(t + 2m-t — t). (24)

m=0
Now two Equations (12) and (13) can be replaced with one

do(t)
dt

i

= [~ ., i 8(t + 2m-t — t) + Hyg, p(t)]. (25)
m=0
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Following31 we define an effective field weg, which substitutes the effect of the RF
pulses and the resonance offset in the middle of the time interval between the two
adjacent pulses of the sequence, by

exp(—iwes 1,27) = exp(—iAwtl, 3)exp (iw,twl,)

Awt Awt w,t w,t
exp(—iAwrl,3) = | cos—— —i2l,3sin —— | | cos—— + i2kI,sin ——
’ 2 2
(26)
cos Awt i2I, 3sin Awt
2 )
Define a unit vector
@eit = N(T)efr; N(T) = (11,12,13); Weff = |@eft|.
Then from Equation (26) we get
Wt Aw Wt
08 (WeffT) = COS ——— oS AT — —sin ———sin Awr;
2 We
sin Welw
Q) 1 Wetw . Aw | .t
M=t 2 =0y = —— cos —2 sin Awt + —sin —~ cos Awrt
e SIN WeffT SN WeffT 2 W,
(27)

Let us keep in mind that in the absence of HDI Hyq the Hamiltonian wegl, can be
considered as an effective Hamiltonian He¢ of the spin system subjected to the
irradiation of the sequence consisting of identical RF pulses where each of the
pulses is determined by Equation (16) with the initial phase ¢ = 0.

Here, neglecting as before the Hamiltonian Hy during the impact of the pulses,
we however are trying to consider the influence of dipolar interactions on the spin
system in the pulse spacing. For this purpose we define the effective Hamiltonian
Hegs with the expression:

exp(—iHeg27) = exp( —i(Awl,3 + Hd)r) exp <iw6k(0)1ptw) exp( —i(Awl,3 + Hd)r)
= exp(—itHg)exp(iwegtwl,)exp(—itHy). (28)

In the latter expression we used the equation [Awl, 3, Hq] = 0.
At the time > T after the beginning of the pulse sequence the processes in the
spin system are sufficiently slow to be considered as quasi-equilibrium. Such state

of the spin system may be described by the density matrix pg, which meets the
condition of equilibrium:

exp(—i2tHeg) PgsteXP (i2tHeg) = Past- (29)
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We assume that the usual condition ||Hg||t < 1is experimentally realisable in our
case and find one of the solutions for Equation (29) to the first order approxima-
tion with respect to the parameter ¢ = ||Hg||7. Solution in the linear approximation
is equivalent to neglecting a slow irreversible decay of magnetisation. At this
approach the first solution pg, for may be obtained as a linear combination of
six operators: Hj (m = 0, £1,42) and w,I,2t. Here HY are the parts of Hq which
are defined by equations®:

Hy= > HY, [nl, H}] = mHy, m = 0,41, 2. (30)
m
Hence,
2
Pgs1 = Z CmHgl + 21 'a)efflp (31)
m=-2

is assumed to be equal to 1. Using the expansion

exp(L) a exp (L) =a 11[1 a) + zl[ﬁ, [La)]+..., (32)

where L and a and are arbitrary operators.
Inserting Equation (31) in (29) and for three times in accordance with Equation (28)
using (32), in linear approximation ¢ of we receive

Cn = My -TCOt%, (33)

where ¢ = 2weT.
The first and the second solutions of Equation (29) are obvious:

Pgstt = E,

Pgst2 = erg :

The third solution can be represented as:
me
Pastz = nlpp + 21 Z ( ) cot THZZ. (34)
m%O

According to condition Trpg, = 1 the total solution is received from:
1
pqst = {E — Olgst qustS ﬁqst pqstZ} (35)

where o, and f,; are the inverse temperatures Note that dgst = Pgst for
Wetf < Wioe and fB gst =0 for wef > Wioe (wloc = Tr(Hd) /Tr( p3) ). Therefore, we
can rewrite Equatlon (35) as:
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1
pqst = 3 {E - “qstHeff}v (36)
where
1 P
Hest = 57 Pasts T 5 Pasts (37)

P =1 for west < wioe and P= 0 for wegr > Wigc.
Note that He = Hq for ¢ =0 and Heg = ¢-nl, for Hq = 0. To obtain the
inverse temperature o4 we use the expressions

Tr(pqstHeff) = Tr(ﬂOHeff) :

mlh + nsl;

2
Tr (Hg’ (0)Hy™ (‘r)) PTr (Hg (‘r))
Tr(l,3)° + Tr(l,5)°

Ugst = Oﬁoa)p% (38)

2 , 2
fmt 2 (7 cot )
m#0
The traces Tr(H}H;™)for a two-spin system are given in paper.” The resulting
magnetization has two components 90°-shifted in phase
Mstx = 2Tt(paelpi) = —ocqst%nk, k=1,2. (39)

If the influence of dipolar interactions can be neglected, then in the case of the
MW-4 sequence

qut(MW 4) = —OCpr(I’lﬂl + 1’1313)1’11. (40)

For the SORC sequence /1 = 0, I3 = 1 and relation
qut(SORC) = —0500);;1’131’[1 (41)
is true.
The maximum amplitude of the free induction decay signal Mgp, generated by
a single pulse, is achieved immediately after the end of the pulse and can be
determined from Equation (22)

Mrp = 2Tr(polp1) = —wow,, ifp = /2,
or

MFID = 2Tr(p01,,,2) = —UoWp, lf(f) =0. (42)

If we assume that the phase of the preparatory pulse ¢ = n/2 and the resonance
offset conforms to the Aw << w; condition, then from Equations (22), (40) and (41)
we obtain
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Mt (MWA4
Mast(MW4) = —nsing, + 131108 @,
MEp

29 2 . .
sin“£cos“Awt 1 . 2A
z . sing-sin(2Awr) cosy: (43)

- s1 +-
1 — cos?5cos?Awrt 07 41— cos?Z cos?Awt

Mgst(SORC) 1 sing-sin (2Aw1)
- = n3n1 —
Mrpp

. 44
41 — cos? 5 cos’Amt (44)

As was shown in articles,***” the preparatory pulse effect is ““forgotten” by the

spin system after times of about several T,. and, consequently, the spin-locking
effect vanishes at the same time. If in Equation (43) we set ¢, = 0, the result will be
that “forgetting”” the preparatory pulse leads to the disappearance of the differ-
ences between MW-4 and SORC.

It follows from Equation (43) that the maximum amplitude of the signal
created by sequence MW-4 equals the maximum amplitude of the free induction
decay signal Mgp and is achieved at

3
@Ozgorg,qﬁ:ig,Awr:nk,k:O,il,j:Z,.... (45)

In case of SORC the maximum possible amplitude of the signal is determined by
the maximum product of n3n; and equals half of the Mgp value. To achieve the
maximum value of the value of ngn; the pulses flip angle ¢ and parameter Awrt
must equal

3n

2,Awr:n/2+nk, k=0,41,42,.... (46)

_TCOI'
¥=3

2.2. Stationary state

When considering the states of the spin system when irradiating it with a multi-
pulse sequence at times >T; we proceed from the assumption that there are two
mechanisms that ensure the existence of the stationary signal. The first mecha-
nism is connected with the interaction between the quadrupole and the dipole-
dipole reservoirs, hence when the resonance conditions are not met, part of
the energy is transferred from the quadrupole to the dipole-dipole reservoir,
preventing the saturation of the spin system and the attenuation of the signal.

The second mechanism as we see it can only occur in the case of strong spin—
lattice relaxation, as in RDX, for example. In this case the exchange of energy
between the quadrupole system and the spin-lattice can also lead to the establish-
ment of the stationary state.
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The first mechanism has been thoroughly analysed in articles'”*' more than

two decades ago, but the second mechanism was analysed relatively recently.]6

Following paper'® we shall give here the brief description of the second
mechanism.

If the existence of the stationary signal at time >T; is not determined by the
interactions between quadrupole and dipole-dipole reservoirs but by the spin-
lattice relaxation, we can neglect processes in which the spins absorb the quanta of
the dipole-dipole interaction modulated by the RF field and can omit
corresponding terms in the total Hamiltonian of the spin system. Such reduced
total Hamiltonian coincides with the effective Hamiltonian Hes in Equation (37).

We consider the case when P = 0 in Equation (37) and limit analysis to the case
T, when T; and are close.

The density matrix of the quasi-stationary state in the representation of the
interaction Hy looks as follows:

5 1
P =73 {E — otstHegs — Bstw;;lp,‘l}’ (47)

ot and By = 0 are reverse spin temperatures of the parts of the spin system that
respectively are and are not excited by the RF pulses.

In Equation (47) we resume using the tilde notation when determining opera-
tors in the representation of the interaction.

As the time of establishing the spin temperature (~T>) coincides with the time
of the spin-lattice relaxation Tj, than f practically does not deviate from its
equilibrium value and remains a constant value equal to o. Consequently, a
part of the density matrix fgwpyl,4 is the integral of the motion and can be
excluded from our consideration.

Taking into account the Hamiltonian of the spin-lattice interactions Hg; at
times ~T; can be treated with the usual perturbation theory using the master
equation.”

A complete operator set that permits to adequately describe the behaviour of
the spin system has to contain 4I(I + 1) independent operators, which constitutes
eight operators for spin I = 1. A set of operators of the fictitious spin-1/2 I,
(p =x,y,2z;i =1,2,3) contains 12 operators, eight of which are independent and
consequently form a complete basis set of the spin-1 system.

The fictitious spin-1/2 have to be determined in the basis set of eigenstates of
operator Hq. This choice permits the simplest way of linking the components of
the magnetization of the nuclear-spin systems with the mean values of the
operators of the fictitious spin-1/2. 39

The total Hamiltonian of the spin system in our case in the representation of Hy
is H= Heg + Hg. Considering Hg, as a perturbation, we can use the master
equation for the density matrix™®:

t

370 = = [ s Han e = 1).0(0) — p(O)Jdt (48)

0
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In accordance with article®® when using the complete basis of operators,
Equation (48) can be transformed into a kinetic equation:

@ =-[t|w@-ww. (49)

where matrix [}] determines the relaxation of any time indepentent observable

Q like I, I, I, in the representation of Hy; Q:exp(iHot)Qexp(—iHot);

(@ =Tr(Q - 5(H); (Qo = Tr(Q - py); po = P(0).

In particular, at Q = I,; the following is true:

d - 1 ~
a(lp,z) = ;;W(UW = (o) (50)

1/T(y,)(q) are the components of the matrix [1].

Let us proceed to the rotating frame set by the transformation

Q" = exp(—iH.gt)Qexp (iHt). (51)
In this frame the density matrix equals
p" = exp(—iHgt) pexp (iHegt) (52)
and, consequently
d . Ld ol _ d -~
a<Q> Tr{Q ap } __lTr{[QaHeff]vp}—i_&Q
(53)

= — iTr{[Q,Heff},f)} — |:%] (<Q> - <Q > O>)

As follows from,” in case of spin I= 1 the density matrix p can be presented in
form
.1 ~ - B
p= gE +2 Z Z(Iw)[q,fa (Ij) = Tr(ly;-p). (54)
a
Substituting (54) into (53) with Q = I,,;, one can get
d . . ~ 1 -
3T = =122 0piatlap) + D> (o) = lgdo)- (55)
¢ el T leia
Here
D(pi)(ag) = 2Tr{{lp,i, Hett], Iy} (56)

When calculating @, )4;) it is necessary to take into account that
Tr{[l,;,Hy), I;;} = 0.
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Then, if for the stationary state we assume that 4(I,;)* = 0 and also take into
account that (I, ), = O atj # 3 and that at relaxation times under consideration it is
possible to neglect all members for which p # g, we shall receive a simple system
consisting of three equations:

. . )
0 = wt(malTys) — ms(fpa)) + 21
Tyo
) o,
0 = wesr(n3(Ilp1) — m(lp3)) + m7 (57)
To
. . I,3) — (I
0 = et (n1(Ip2) — n2(lp1)) + M-
T
the solution for which will look as follows:
- 1 wetta Tio — w2 Thmns
L,1) = o <
<P,1> 6 0 pl +w§ff{n§T%2 (n2 —|—n2)T12T11}
. 1 et T1omy + 2 THnans
I, —o . 58
Upa) = T67 + 3 {m3Th, + (nf + ”2)T12T11} (58)
T = 1 1+ g THn3
3 0w :
P 6 "1 + weff{ngT%Z (1’1% + ”2)T12T11}

T2 is a spin-lattice relaxation time for I, ; and I, »; T11 is a spin-lattice relaxation
time for I, 3.

It follows from (27) that for the multi-pulse spin-locking sequence 1, = 0, so
we shall obtain

<j ) = 1 oo effT12”1”3
P 6 r 1+ a)eff{ne)T%Z + H1T12T11}
(0,0) = 1 - wegT'1211 %
" 6 T+ 2 {32 + ”1T12T11} (59)
~ 1 1 T2
(I,a) = + weff W3

— o
6 4 1+ weff{ngT%z + nZleTH}

The expressions for the in-phase and the quadrature magnetisation components
are:

1 T nins
M. = 2(I eff 12
! < P 1> 3 OC()(DP 1+ a)eff{néT%Z + 7’[1 T12T11} 60
My = 2(I,5) 1 eff 121 (60)
2 P2 3 %0® P 1 + C()eff{l’lgjﬁz + 711T12T11}
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It should be noted that when substituting T1» — T2, T11 — T1, w1 — yHy and

wetfN3 — Aw( y is the gyromagnetic ratio of the nucleus, H; is the amplitude of the

RF field, Aw is the resonance offset of the carrier frequency), Equations (60)

coincide completely with the expressions for the magnetisation obtained on the

basis of the equations by Bloch*’ for a continuous RF irradiation of a substance.
Note that at T12 ~ T11 = Tl

2 T2
1 WL Tining 1 w11
Mlz——otoa)p—gﬁ > 2 2:__0(00)1773]5‘ Ik (61)
3 1+ Ty 3 1+ 3Ty

2.3. Experiments with multi-pulse sequences

To determine the optimal correlation between pulse intervals in the MW-4
sequence and relaxation parameters of a substance, the dependence of the effec-
tive relaxation time T». on the pulse interval 2t was studied in powder NaNO; at
the v, = 4.640 MHz resonance transition at 22 °C.*! Flip angles of the pulses were
0.66 7 (90° pulse in powder) and 0.33 n. Figure 1 shows the diagrams of the
dependences of T, on 2.

As one can observe from the dependence at 2t < 2 ms the T, time achieves its
maximum value which is close to the time of spin-lattice relaxation T1= 90 ms.**
At the transition frequency v, the inverse parameter of the line width T; equals
2 ms*? and therefore the condition of achieving the maximum value of T, and
consequently the maximum intensity of the NQR signal can be written as 2t < Tj.

The dependences of signal intensity for sequences MW-4 and SORC on the
resonance offset Aw/2n presented in Figure 2 confirm theoretical calculations that
the maximum signal obtained with the MW-4 sequence is almost twice greater
than the maximum signal achieved with the SORC sequence. The dependences
also demonstrate the advantage of MW-4 over SORC under the conditions of exact
resonance.

The advantage of the MW-4 sequence in intensity is preserved at times ~ T5e
that allows to reduce considerably the detection time of the substances with the
spin-lattice relaxation time T; exceeding several seconds (TNT, PETN, HMX,
black powder, etc.).

Besides selecting the conditions for receiving the maximum signal amplitude
with the minimum sample saturation, another important factor for successful
detection with multi-pulse sequences is the irradiation power. Using high
power when detecting such easily saturated samples as, for example, TNT can
lead to the complete saturation of the sample even before the transition of the
spin-system into the steady-state regime, i.e. during the time ~2-3 T,. Therefore
when establishing the power of the irradiating pulses it is necessary to consider
the saturation factor [1 + (yH /21)2T1T§]_1.43 Obviously the value of y*HT1T;
should not exceed 1 manifold.
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Figure 1 The dependences of the effective relaxation time T,. on the pulse interval 27 at 22 °C
obtained with the sequence MW-4 (i), — (t — ¢, — 1), at = o = 0.667 (curve 1) and
© = /2 = 0.337(curve 2).
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Figure 2 Diagrams of powdered NaNO, NQR quasi-stationary signal intensity as a function of
the resonance offset at line v, = 4.640 MHz. Curves 1 and 2 are plotted for the signal obtained
with sequences (i), — (t — ¢, — 1), and (t — ¢, — 1), correspondingly. Sequence parameters
are © = 232 us; all pulse widths are 80 us (¢ = p, = 0.66 7); the number of averages is 100. To
avoid transient processes the averages were begun after first 10 cycles of the sequence.

Having touched upon the basic principles of multi-pulse detection, we will
examine in more detail the issue of TNT detection.

Thus in Figure 3 we presented the TNT v_ spectral line at 741.2 kHz, obtained
in a 1-1 coil from a 200 g sample after 0.5 s when irradiating with the MW-4
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Figure 3 The spectral line at 741.2 kHz in TNT obtained at the temperature of 23 °C using multi-
pulse spin-locking (o), — (t — ¢, — 1), at n = 2000, T = 120 ps, all pulse widths are 80 us.

sequence with the following parameters: T = 120 us; two = tw = 80 pus; peak power
of the transmitter was 100 W.

The measurements of the magnetisation behaviour in the centre of the pulse
interval were taken as follows. At exact resonance one of the signal components
(e.g., quadrature) was set for the minimum. At a small resonance offset we
adjusted the choice of the point in the pulse interval where the signal was
registered. The position of the point remained permanent for both the stationary
and the quasi-stationary signal measurements.

When measuring the quasi-stationary signal in NaNO, and the stationary
signal in RDX, during the first 10 cycles the signal was not registered, and after
that during the following 100 cycles the averaging of the signal was performed.

When measuring the stationary signal in the same substance the first 400 cycles
were left out and then during the following 100 the averaging was performed.

The results of measurements with the sequences (¢;), — (t — ¢, — 1), and
(t — ¢, — 1), in NaNO, for the signals in the quasi-stationary state are presented
in Figure 4.

In Figure 5 the dependence of the stationary signal in RDX on the offset for the
sequence (T — ¢, — 1), at resonance transition v_ = 3.41 MHz is presented.

In Figure 6 theoretical dependencies on the offset stationary magnetisation in
sequence (1 — ¢, — 1), obtained on the basis of Equations (61), are demonstrated.

In the case of long relaxation times T (NaNO,) the theory presented in article®
quite adequately covers the experimental results.

Equations (39) and (60) for quasi-stationary and stationary magnetisation offer
quite a simple description of the NQR system in multi-pulse experiments.
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spacing as a function of the resonance offset. Curves 1and 2 are plotted correspondingly for

the in-phase and quadrature components of the quasi-stationary signal obtained with sequences
(A) (¢0), — (t — ¢, — 1), and(t — o, — 1),,. Sequence parameters are T = 490 ys; all pulse widths
are 62 us; the number of averages is 10. Averages were begun after first 10 cycles of the sequence.

Intensity, arb. units

Figure 5 Diagrams of powdered RDX NQR signal intensity as a function of the resonance
offset obtained with the sequence at (t — ¢, — 1), resonance line v_ = 3.41 MHz. Sequence
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0

—4
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Resonance offset, kHz

parameters are T = 168 us; all pulse widths are 62 us; the number of averages is 100. Averages
were begun after first 10 cycles of the sequence.
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Figure 6 Theoretical dependence on the offset for quasi-stationary stationary magnetisation
in sequence (1t — ¢, — 1), obtained on the basis of expressions (61). Sequence parameters used
for calculations are the same as in Figure 5.

Equation (39) is applicable for analysing the magnetisation behaviour of sub-
stances, for the detection of which the stationary state is practically not used, such
as PETN, TNT and black powder. To analyse the magnetisation of substances with
very short relaxation times, such as RDX, where quasi-stationary state is very
short, Equations (60) and (61) can be used with satisfactory results.

3. POLARIZATION ENHANCEMENT OF NQR SIGNALS

The issue of methods for enhancing weak NQR signals in nitrogen-14 when
detecting explosive substances is one of the central issues in applied NQR spec-
troscopy. It has been approached in a number of publications, e.g. Refs. 3, 10-12,
14, 44-48. The experiments described in papers***® in polarization of quadrupolar
nuclei through the thermal contact with the proton Zeeman system which was
preliminarily polarized in an inhomogeneous magnetic field are the simplest to
implement and therefore look the most promising for detecting explosive sub-
stances with low NQR frequencies such as PETN and TNT. In paper™ the polari-
zation method was used for the detection of plastics with 70% contents of PETN C
(CH;0ONOy)4. The experiments were taking place at room temperature, and the
signal was detected by a multi-pulse sequence MW-4.

The scheme of the experiment on polarization enhancement of NQR signals for
PETN detection is shown in Figure 7. A PETN sample was placed for a fixed
period of time between two identical ring magnets after which it was manually
transferred inside the solenoidal coil of the detector of an NQR spectrometer
where the signal from "N nuclei was detected using a multi-pulse spin-locking
sequence MW-4 ¢, — (1 — ¢, — 1),,.

The peak power achieved in every pulse of the MW-4 sequence when detecting
an NQR signal from a PETN sample was low and did not exceed 20 W. The
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Figure 7 Scheme of the experiment on polarization enhancement of NQR signals for PETN
detection. The experiment is conducted in three stages: polarization of the proton system of
the sample in a permanent magnetic field B, (Zeeman proton system and quadrupole nitrogen
nuclei system are isolated from each other); bringing the quadrupole and the Zeeman system
in thermal contact when the 'H NMR and "N NQR energy level splittings cross (at this stage
polarization is transferred from the protons to the nitrogen nuclei); NQR signal detection
with a multi-pulse sequence in a zero magnetic field (the Zeeman and the quadrupole systems
of the sample are again thermally isolated from each other).

duration of all pulses in the MW-4 sequence including the preparatory pulse was
200 ps; the delay between the back edge of the RF pulse and the beginning of
detection was 150 us; the acquisition time was 512 us. The number of pulses in the
sequence coinciding with the number of averagings equalled n = 4000. The sample
of the sheet plastic PETN was circle shaped with the thickness of 1 cm, the mass of
the sample was 160 g. The parameters of each magnet used in the experiment:
external and internal diameters equal 5 and 2 c¢m, respectively, thickness equals
1.2 cm. The magnitude of the magnetic field on the surface of the magnets was
~170 mT. The averaged magnetic field for the sample volume was By ~ 80 mT.
All measurements were taken at the temperature of 20 °C.

Let us consider the experiment from the point of view of physics.

During the polarization of protons in the permanent magnets field By
(Figure 7) the spin temperature of the proton system approaches lattice tempera-
ture Ty. After the Tr, temperature is reached, the entropy of the proton system

equals™
1 /Bo\?
S = const — % (T_L> , (62)

where k is the Boltzmann constant.

Then the sample is removed from the field of the magnets. To preserve the
proton polarization, the demagnetization process is carried out adiabatically
(dB/dt < yyBioc, Where yy is the gyromagnetic ratio for protons, Bjo is the mean
local dipole field at the sites of protons). The value of the permanent magnetic
field inside the sample slowly decreases finally reaching the value of B ~ 2nvn/yy.
The entropy of the Zeeman proton reservoir at this moment is determined by
expression
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2
S = const _2lk (%) , (63)

where T* is the new spin temperature of the proton system. T* can be found from
the condition of preserving entropy in the adiabatic process and equals

. B 2nvN VN
! By fr uBo " vu(Bo) o (64
v (By) is the frequency of the Larmor precession of protons in the By, field; vy is
the resonance frequency the quadrupole nuclei of nitrogen.

It is obvious that the temperature of the subsystem of the sample consisting of
nitrogen nuclei equals the lattice temperature Tr and for the case of vy > vy it is
true that Tr, > T*. Thus when the proton and quadrupolar systems get in thermal
contact, the spin temperature of the proton system is much lower than the
temperature of nitrogen system. After the splittings between the energy levels of
both systems cross, a common spin temperature T is established due to the energy
exchange through dipole-dipole interactions. It can be calculated based on the
condition of conservation of energy:

(Hyy + (H)n = (Hns (65)

where (H)}; and (H),, are the energies of the Zeeman and quadrupole hermody-
namic reservoirs, respectively, at the moment the energy levels were crossed
vi(B) = vN; (H)g . is the energy of the common reservoir of protons and quad-
rupole nuclei after the common spin temperature was attained; and B is the value
of the magnetic induction when the energy levels were crossed.

Note that the energy of the reservoir of dipole-dipole interactions was ignored.
The values of energies (H) satisfy the relations

v2 V2 1
(H)n~ T_TNN’ (H)y~ T—}:N& (H)n~ T [NN‘%I + NHV%I]' (66)

Here, Ny and Ny are the amounts of protons and nitrogen nuclei in the sample.
Substituting Equation (66) into Equation (65) and taking into account that
when the splittings v,(B) = vy cross, we get

R, (u(B)’

N+ P NGy = N+ NuaCom (B (67)

T

Keeping in mind that when the splittings cross v,(B) = vn, we get

1 1 1

whence it follows that
1/T _ NN + VH(B())NH N VH(B()> Ny

F pr— = ~ .
1/Ty vN(NN + Nh) v Nn+ Nu
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The value of F is proportional to the ratio of the population difference of the
quadrupolar system energy levels before and after the splittings cross and conse-
quently determines the gain in the amplitude of the NQR signal received as a
result of transfer of polarization from the Zeeman to the quadrupolar
subsystem.*®

On the basis of the chemical formula of the PETN molecule C(CH,ONO,)y,
we obtain

_Nu 2
NN+NH_3.

Thus, the gain is

_2wi(By) _234MHz 70)

F == ~
3w 30.89 MHz

After the sample is removed from the magnetic field, the equation vy = vN is no
longer true, which leads to thermodynamic isolation between the Zeeman and the
quadrupolar reservoirs. If the spin-lattice relaxation time of the quadrupole
nuclei is sufficiently long (for the nitrogen nuclei of PETN spin relaxation time
is 32 s at 20 °C*"), then the polarization received by the nitrogen subsystem keeps
long enough to be detected in the NQR signal amplitude by standard pulse
methods.

Results of measurements are shown in Figures 8 and 9.

In Figure 8 one can see the graphic dependence of enhancement factor F on the
time of proton polarization in the magnetic field By, measured as a ratio of NOR
signals obtained before and after polarization.

In Figure 9 one can the dependence of the enhancement factor F on the
resonance offset. Curve 1 was received without the sample polarization. Each
point of the curve obtained after a 2-min polarization of the sample in the
magnetic field By. Signal detection was performed using the same MW-4 sequence
described above.

Enhancement factor

1.0 L L L
2
Resonance offset, kHz

Figure 8 Dependence of enhancement factor F on the time of protons polarization in magnetic
field By =~ 80 mT, measured for NQR signals received before and after polarization. NQR signal
detection was performed with multi-pulse spin locking sequence ¢, — (1 — ¢, — 1), with the
following parameters: n = 4000, duration of all pulses = 200 us, pulse spacing = 874 s, peak
irradiation power ~20 W.
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Figure 9 Enhancement factor F of the NQR signal obtained using the polarization
enhancement technique, as a function of the resonance offset of the detecting sequence’s
carrier frequency. The parameters of the pulse sequence are given in Figure 8.

The results of measurements demonstrate that using Zeeman polarization
enhancement of the NQR signal, considerable gain in the detection sensitivity
can be achieved even though the magnets used have a comparatively weak
magnetic field.

The obtained result is in reasonable accord with that expected based on
Equation (70).

The experiments show at least twofold enhancement of the NOR signal from a
PETN sample after the sample was subjected to a preliminary 2-min polarization
in a strongly inhomogeneous field with the magnitude of ~80 mT averaged
according to the sample volume. The experiments also demonstrate the efficiency
of the method at room temperature which is very important for some applications.
This method is unlikely to be suitable for NQR scanners intended for detecting
explosives in hold stow or carry-on luggage in airports,”'* as there are strict time
limitations for scanning each article, however, it could be used by small NOR
scanners in postal, bank, embassy, office security, and so on.

4. MULTI-PULSE SEQUENCES UNDER CONDITIONS OF
MAGNETO-ACOUSTIC AND PIEZO-ELECTRIC RINGING

One of the central problems that emerge while developing NQR devices for
the detection of explosives in airport luggage is the issue of cancelling
MAPER, generated by numerous objects containing metallic, ferrite, ferro- and
piezo-electric components.

The MAPER problem in NQR spectroscopy became particularly urgent when
the first NQR landmine detectors and luggage scanners started to be created*>*>>*
that was reflected mainly in patents®°' and, to a smaller extent, in journal and
conference publications.®**?
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In this article we follow paper® and deal only with multi-pulse sequences as
the most powerful instrument for a critical increase in the signal-to-noise ratio
while registering weak NQR "*N signals produced by explosives. The sequences
presented here according to Gerothanassis classification® refer to echo sequences
and to sequences based on the linear properties of the distortions.

The methods suggested in paper>” are based on using multi-pulse sequence of
the following type:

(Po)p—(T—px—2t—p, =2t —p_ —2t—p_, — 1), (71)

(subscripts indicate the phase of the carrier (RF) frequency), and also a multi-
pulse analogue of the two-pulse Hahn sequence, where the first pulse is replaced
by a short steady-state sequence.

We also suggest a new method of orthogonal effective fields (MOEEF) for a fast
saturation of the quadrupole spin system, which can be used for subtracting the
MAPER component from the signal.

The techniques discussed in this paper can be used not only for solving the
problem of magneto-acoustic or piezo-electric ringing, but also for cancelling the
residual ringing in the coil, the secondary ringing caused by the Q-switch system
or any other spurious signals.

4.1. Sequence (Po)p — (T —x — 21—, — 2T —Qp_, — 2T — p_, — 1)y
For revealing the main peculiarities of the effect of the multi-pulse sequence (71) a
simplified theoretical treatment was suggested®” that does not include dipolar and
spin—lattice interactions. Then the equation for a density matrix p of the spin-1
system may be expressed as follows:

.d

i = [Ho + Hit(t), p), (72)
where Hy¢(t)is the Hamiltonian of the interaction of a spin with the RF field.

The carrier frequency of the RF pulses is ® = w, — Aw; Aw is the resonance

offset.
The RF Hamiltonian for sequence (71) is

Hy(t) = =21, 1{g0(t)-cos (wt + ¢) + F1(t)cos wt — F5(t)sin wt}, (73)

where pulse functions Fi(t) and F(t)equal

:30[ ié(t— 1+ 8k)t iét— 5+ 8k) ){}]7 (74a)
k=0 k=0

f:a t— (3+8k)T) + iau—(ﬂsmf)], (74b)
k=0 k=0

and we also assume that the resonance offset meets the condition Ao < w;.
In the interaction representation with the Hamiltonian Hy determined by
Equation (6) is described by the expression
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4

1dt=[Awg3+jihm, (75)

where the secular part of the RF Hamiltonian H,¢in the Hy representation takes the
form

Hy = —y0(t)[cos¢-Ip1 + sing-I,5] — F1(t)-I1 — Fa(t)-I, 5. (76)

Here and further on all calculations and results will be done in the Hy repre-
sentation, so that the tilde notation will be dropped.
The density matrix of the equilibrium state equals

p(0) = 3 [E — so(@plys + h ). (77)

The initial density matrix formed by the preparatory pulse ¢, is determined by
the expression

po = exp(ipg(Ip,1 cos ¢ + Iy 2 sin ¢))p(0) exp(—ipy(Ip,1 cos ¢ + Iy 2 sin @)

1 (78)
= g [E — O(()(L)plo-lp — O(oa)rplpA],
where I, = (I,1,1p2,1,3); E is the unit matrix;
l() = (101, loz, 103); 101 = —sin %Yo sin ¢; 102 = sin ©oCOSs ¢; 103 = COS ¥ (79)

The equation for the density matrix of the spin system acted upon by pulse
sequence (71), looks as follows:

.dp . -
ldff; = [A(A)Ip,g; — cpoé(t)[cos (,Z&-Ip,l 4+ sin qf)-lp’z] — Fl(t)-lp’l — Fz(t)-lp_rz, p]. (80)
After a canonical transformation of Equation (80)
5(F) = R " b
p(t)-exp( 1[4 . 4}1,,_3),0 exp(l[4 . 4}1,,13), (81)
we obtain
.dp” b b . T
i (ﬁ = {(Aw — E)IP’S — ©oo(t) {COS (d) + Z) Ip1 +sin (qb + Z) -Ip,z] — F(t)-Ip1, p”} ,
(82)
where
F(t) = > 8(t—(1+2k)1). (83)
k=0

Equation (82) describes the spin system acted upon by multi-pulse spin-
locking MW-4"?" with the pulses carrier frequency shifted off resonance by

Aw —42 and the preparatory pulse phase shifted off the initial value by g:
T

4
o=+
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As shown in Section 2.1 (Equations (26) and (27)), the propagator describing
the evolution of the spin-system during one (t — ¢, — 1) cycle of the MW-4
sequence

U = exp(—iAwtl,3)exp(¢ly1)exp(—iAwtl,3), (84)

can be presented in the form (Aw < w1)
U = exp(—i2t-@ieglp), (85)

while

Oopp = N Oyt = (117, Ty, N3); Opg = [@ege].

/ 14
C0s (Wy5T) = COs 5 cos Awr; (86a)
. o
, sin £ / , cos £sin Awt
sin w4t Sin @ 4T

The w,; = 1w, vector determines the effective field which substitutes the
effect of the RF pulses and the resonance offset of the MW-4 sequence.

After making substitution Aw — Aw — £ in Equation (86) and a number of
trivial simplifications we obtain an expression for effective field wes of sequence

(71) in the coordinate system determined by transformation (81):

Oeff = NWeff; N = (11, N2, N3); Deff = |@ef|-

oS (weffT) = COS %COS (Awr - Z), (87a)
ny = ﬁ Ny = 0; nsz = COS%?iII (A(U‘E _ %) (87b)
SN (WefT) SN (WegT)
After transformation (81) the initial density matrix p, changes to
" 1 ’
=3 [E — agwpl-Ty — oo, Ip 4], (88)

. . T . T
1= (l,h,13); 1 = —sinp, sin (qS +Z);lz = singp,cos (qﬁ + Z);lg, =cospy. (89)

Density matrix p,, of the quasi-stationary state (p' = P:/]st when % =0),

formed at times ~T, ?Tz being the time of the spin-spin relaxation) equals

" 1 !
pqst = 5 [E — qust Heff — 0o wpIPA]’ (90)

Hett = oesrly. (91)
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The inverse spin temperature o4 is found on the basis of the law of conserva-
tion of energy

Tr(poHest) = Tr(pseHerr) (92)
and equals:
111’11 + 131’13
Olgst = OlpQy ——————. 93
BT e 3)

Quasi-stationary state magnetisation in the coordinate system set by Equation (81)
is determined by expression:

Maet = 2Tr(pggelp1) = —o0wy(him + lanz)ny. (94)

To experimentally get into the coordinate system determined by expression
(81), it is sufficient to set the receiver phase after each pulse to be the same as the
phase of the pulse.

When the preparatory pulse ¢, = 7/2

sin?¥Zsin (¢ + %)
—cos?4cos?(Awt —F)

Mst = —(Xoa)plli’l% = QoWp 1 (95>

It follows from (95) that the optimum phase of the preparatory pulse at
wg =m/21is ¢ =n/4 or —3n/4.

To summarise this short theoretical consideration, it should be said that
sequence (71) (¢g)y — (1 — ¢y —2t— ¢, =2t —¢_, — 2t —p_, — 1), with carrier
frequency of RF pulses o coincides in all its characteristics with sequence
(00) g4z — (t = x — 7)y, that has carrier frequency of RF pulses w + .

To proceed, the terms “SSFP type sequence” and “echo sequence” should be
clarified. The SSFP type sequence or simply ““SSFP sequence” designates any
sequence which under certain conditions depending on the pulse flip angle,
pulse intervals and resonance offset create a phenomenon called the “’steady-
state free precession”” and linked with two effects: (1) weak saturation of the
spin system and (2) phase and intensity anomalies.”® As was shown in Ref. 23
for a sequence of identical pulses (t — ¢ — 1), the SSFP phenomenon is observed
when 27 < T;. Under the condition 2t < T; all formal characteristics of the SSFP
phenomenon (weak saturation of the spin system, and phase and intensity
anomalies) remain even in such sequences creating spin-locking effect as MW-4
(wo)y — (1= ¢r — 1)y MW-2 (g), — (1 =, — 2t —¢_, — 1), and the just dis-
cussed sequence (gao)g —(t—px—2t—¢, -2t —p_,—2t—¢_, —1),, which for
the sake of convenience of further discussion will be included in the group of the
SSFP type sequences.

The three sequences above can be regarded as echo sequences on condition of
T1 > 2t > T; which ensures the formation of echo signals. It will be demonstrated
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further on with sequence (gpo)% —(t—p—2t—p, 21—, —2t—p_, —1),
that at 2t > T; intensity variations, which are a characteristic of SSFP, become
negligible.

The term ““short SSFP sequence” (SSS) will be also used to designate sequences
with duration not exceeding the spin—spin relaxation time T,. Sequences with
duration less than T, do not result in any appreciable changes of the initial spin
temperature, and therefore its constituent pulses can in this case be regarded as a
group of individual pulses with its effect determined by the effect of each pulse in
accordance with its sequence order in the group, as one can see in paper.” When
condition 27 < T; is also complied with, than all transients created by each pulse
are added into one continuous signal.

Sequence (71) can be used to cancel spurious signals both when 2t < T; and
27 > T3, however in each case it has certain specificity.

For cases when 2t < T; the best results are achieved when using sequence (71)
as a combination of the following type:

(po)m — T — (r — 2t[H4] — 0y = 2t[+y] — 0 — 2t[-x] =, — 2t[-y]), — T—
4

(Po)3n =7 = (ox = Zt[=x] — ooy = 2ty — oy = 2ef4a] — 9y = 2t[=y]), - (96)
4

where T is a time interval between two sequences which can be arbitrary; receiver
phases are shown in square brackets. It is obvious that such arrangement of pulse
phases and receiver phases results in complete cancelling of the MAPER signals if
their duration does not exceed 21. The effective frequencies for the first and

T T
second sequences of combination (90) are w + o and o — i
T T

difference between the effective frequencies equals 7/27. The width of the reso-
nance line which has the Lorentzian shape in angular frequency units equals 2/T;

respectively. The

n_ 2

and complies with the inequation 5 > T In accordance with this inequation the
T4

effective frequency of only one of the two sequences (96) can coincide with the

resonance line. Using two effective frequencies while applying combination (30)
permits to diminish the problem of intensity variations, particularly significant
when the temperature of the sample is unknown and the resonance frequency has
a large temperature coefficient.

The sequence (71) is effective for cancelling the MAPER signals only when the
duration of these signals does not exceed pulse interval 27. If the duration of the
MAPER signals exceeds the T time than 27 > T; and the condition of inequation

2
2> Tr will not hold. In this case at some resonance offsets the second sequence of
Tod2

(96) can subtract the NQR signal received after irradiation with the first sequence.
A combination of sequences (71) for the condition 2t > T3 is demonstrated below.

Now we demonstrate the use of sequence (71) in a case when pulse intervals 2t
are comparatively long 2t > Tj that is necessary for forming echo signal.” In this
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Figure 10 Spin-echo signals from "N in a powdered sample of sodium nitrite after the impact of
sequence (cpo) (t—¢p—2t— 9, — 2t —p_, — 21— p_, — 1), at resonance frequency

vy = 4.642 MHiz. Sequence parameters are 7 = 1200 yus; duration of all pulses is 80 us; n = 28; delay
between the end of RF pulse and beginning of detection is 120 us. The number of averages is 200.

case if the preparatory signal phase is ¢ = z sequence (71) is similar to the spin-

locking spin-echo multi-pulse sequence.'” Figure 10 shows signals from sequence
(71) at room temperature in powder NaNO, at resonance transition
vy =4.642 MHz and the following parameters: duration of all sequence pulses
is 80 us (py = ¢ = 0.66m), 7= 1.2 ms, total number of averages—200, mass of the
sample—80 g.

Using echo sequences for cancelling MAPER has several important advan-
tages. As was shown in Ref. 65 choosing pulse interval ~3T; leads to minimal
distortions connected with intensity anomalies which is very important under the
conditions when neither the exact sample temperature nor the exact resonance
frequency of quadrupole nuclei is known. Another important advantage is a
possibility to increase the delay between the trailing edge of sequence pulses
and the acquisition time. It was demonstrated in Ref. 57 that many magneto-
acoustic signals appearing at resonant transition frequencies v, and v_ of such
explosive substances as RDX and HMX have a short decay time constant as
compared with T; and, consequently, an increase in the delay time can prove an
effective means of cancelling such signals.

Sequence (71) with the preparatory pulse phase ¢ = —— " does not create a spin-
locking effect (Figure 11). Therefore using a combination’of two sequences
(@0)% - (T —Px — 2t — QDy -2t — Pox — 2t — Sp—y - T)n (97)
and
(900)7§_ (T_Sﬁx_ZT—SOy—ZT_Sofx—ZT_@fy—T)n (98)

permits to remember both useful and spurious signals during the first sequence
and then the spurious signal only during the second sequence. The pure NQR
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Figure 11  Spin-echo signals in a powdered sample of sodium nitrite after the impact of sequence
(cpo)f% —(t—¢p—2t—¢p, — 2t —p_, — 21— p_, — 1), at resonance frequency
v; = 4.642 MHz. Sequence parameters are the same as in Figure 10.
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Figure 12 Signals received in a powdered sample of sodium nitrite (frequency v, = 4.642 MHz)
in the presence of a nickel-plated washer after the impact of sequence

(goo)% —(t—p—2t—p, —2t—p_, — 2t —p_, — 1), with 7 =12 ms; duration of all pulses

is 80 ps; n = 100; delay between the end of RF pulse and beginning of detection is 0.6 ms.

The sample mass is 30 g.

signal is received by subtracting the signals received after the second sequence
from the signals received after the first one.

In Figure 12 one can see signals from sequence (97) at n = 100 from 30 g of
NaNO; (frequency v, = 4.642 MHz) in the presence of a nickel-plated washer.
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In Figure 13 one can see the subtraction result when the signal received after
the effect of sequence (98) is subtracted from the signal presented in Figure 12 also
at n = 100.

In Figure 14 the dependence of the NQR signal on the offset is presented. It was
recorded after the effect of a combination of sequences (97) and (98) on the NaNO,
sample, with the receiver phase in the first sequence coinciding with the previous
pulse phase and in the second sequence being opposite to it.

Let us consider the advantages and disadvantages of using sequence (71) to
cancel spurious signals. Its advantage for the case when 2t < Tj is the fact that it
reduces the problem of intensity anomalies which is important for many practical
purposes. We must also keep in mind that in the last discussed combination of
sequence (71) one of the two sequences is used only for cancelling spurious signals
and not for obtaining the NQR signal, and thus the overall NOR signal per unit
time is reduced.

4.2. Multi-pulse analogue of the Hahn sequence

The fact that the duration of transient signals after SSFP type sequences can exceed
T; (T; is a time constant of the free induction decay) can be used to eliminate
spurious signals. The SSS can replace conventional pulses in the multiple-pulse
sequences with intervals between pulses longer than T; while detecting explo-
sives at frequencies higher than 3 MHz (RDX, HMX, tetryl), where the duration of

ol rrere e P T o P
H H i i
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Figure 13 Result of subtracting the signal received after the impact of sequence
(@0)7% —(t—¢y—2t—p, =2t —p_, — 2t — p_, — 1), from the signal presented in Figure 12.
Sequence parameters are the same as in Figure 12.
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Figure 14 Dependence of the NQR signal on the offset received after irradiating a powdered
sample of NaNO, with a combination of sequences
(800)%7(T7¢X7217¢y7217807X72‘[7@7}/71)” and

(@0)7% —(t—p—2t—¢, -2t —p_, — 2t — p_, — 1), with the phase of the receiver in the
first sequence coinciding with the phase of the preceding pulse and opposite to it in the second
sequence. Sequence parameters are T = 1.2 ms; duration of all pulses = 80 us; n = 200; delay
between the end of RF pulse and beginning of detection is 120 us. The sample mass is 80 g.

MAPER normally does not exceed 1.5-2 ms. In this case the delay between the SSS
and the acquisition time can be considerably increased. As seen in Ref. 57 an
increase in the delay is an effective measure against spurious signals.

The further improvement of the effectiveness of the spurious signal suppres-
sion can be achieved with a multi-pulse analogue of the two-pulse Hahn
sequence, where the first pulse is replaced by SSS.

In the example discussed in the experimental part of the chapter we use the
following spin-locking type sequence as SSS (n/2), — (t — ¢, — 1),,. The use of this
sequence can find theoretical substantiation in paper,” where the initial stage of
multi-pulse spin locking preceding the establishment of quasi-stationary state was
studied for the times< T5. It was demonstrated in the paper that during the multi-
pulse spin-locking a re-focusing of the spin-system magnetisation occurs even at
the initial stage of the sequence effect. Such refocusing leads to the increase of the
time of the transient decay.

Using SSS in combination with a 180° pulse separated from the SSS by an
interval > T; reates a long echo signal that permits to increase the delay without
losing the intensity of the registered signal.

To illustrate this, Figure 15 shows echo signals received from a powder sample
of NaNO, at resonance frequency v_ = 3.605 MHz at room temperature after
applying three sequences:
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1)
(@o)y — 11 — (1), — delay — acquisition[+x] (99)
—T — (¢g)_y — 1 — (1), — delay — acquisition[—x],
@)
(t—0y—1), — 1 — (¢1), — delay — acquisition[+x] (100)
T —(t—0_y— 1), — 1 — (1), — delay — acquisition[—x],
®)
(o), — (1 =V« — 1)y — u — (1), — delay — acquisition[+x] 101
=T = (¢o)_y — (t =¥-x — 1)y — 1 — (1), — delay — acquisition[—x], (101)

which have the following parameters: T = 600 ms; © = 140 us; 1; = 2 ms;
g = 0.66m (90° pulse in powder), ¢; = 1.43n (180° pulse in powder), 0 = 0.227,
¥ = 0.13n which corresponds to pulse durations of 80, 172, 26 and 16 us, respec-
tively; delay is 400 us.

As multiple signal accumulation from the combination of the SSS and the 180°
pulse is only possible after time intervals > T, the accumulated NQR signal
sufficient for a positive detection in an acceptable time period is possible only
for RDX. Therefore all measurements referring to this method and described in
the experimental part of this paper were done for this substance.

10 T T T T T T T T

Intensity, arb. units

0 1 1 1 | 1=~ L ]

1 2 3 4 5 6 7 8 9
Time, ms

Figure 15 Echo signals from "N in a powdered sample of sodium nitrite (NaNO,) at resonance
frequency v_ = 3.605 MHz after the impact of sequences (¢,), — 7 — (¢), — delay—
acquisition[+x] — T — (¢g)_, — 7 — (¢1), —delay — acquisition[—x] (line 1); (t— 0 —1)4 — 1
—(¢y), — delay — acquisition[+x] — T — (t — 0_x — 1), — 7 — (¢y), — delay — acquisition[—x]
(line 2); (¢o)y — (t — 9% — 1), — 1 —(¢), — delay — acquisition[+x]—

T—(po)_y — (v —=¥-—x — 1), — 1 — (), — delay — acquisition[—x] (line 3). Sequence parameters
are ¢, = 0.667 (pulse duration is 80 us), p; = 1.437 (172 us), 0 = 0.227 (26 us), ¥ = 0.13n

(16 us), T = 600 ms; t= 140 us; 7; = 2 ms; delay is 400 us. The number of averages is 20. The sample
mass is 80 g.
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When trying to cancel spurious signals while detecting NOR signals from
substances that have short spin-lattice relaxation times T it is advisable to use a
sequence consisting of a SSS and an individual pulse, preferably a 180° one (as,
e.g. in sequences (100) and (101)), separated from the last SSS pulse by the time
> T;. The sequence is applied repeatedly keeping the number of repetitions even
and having intervals between the repetitions equal to or exceeding T;. At the
beginning of each sequence there is a preparatory 90° pulse and its phase varies by
180° in each consecutive repetition. Such sequence structure permitted detecting
NQR signal with the suppression of MAPER by at least 45 dB.

Let us examine one of possible versions of the suggested sequence, when SSS is
a sequence of the MW-4 type ()., — (T — ¢, — 1),

In the presented example n=4; 1 =120 pus; ¢y = 0.66n, ¢ = 0.22n which
corresponds to pulse durations of 80 and 26 us. The experiments were carried
out for a powdered sample of RDX at resonance frequency v, = 5.192 MHz. The
time interval between the last pulse of the SSS and the 180° “’registering’” pulse is
2.5 ms, which is greater than the value of T;.** The detection of NQR signal occurs
after the delay time that equals 1 ms. The acquisition time is 4096 us. The time
period from the end of one sequence to the beginning of the other equals 25 ms,
which is approximately three times longer than the time of spin-lattice relaxation
T1.*> The mass of the detected RDX is 30 g and the coil volume is 1 1. A nickel-
plated washer with a diameter of 30 mm was used as a source of magneto-acoustic
ringing. The result of the action of the sequence consisting of 200 such sets is
presented in Figure 16. Whatever delays from 0.6 to 1.4 s were used between the
180° pulse and the acquisition time, the cancelling of MAPER was complete. To
compare, in Figure 17 one can see the spectrum of the signal obtained after using
sequence (t — ¢, — 1), with the pulse duration of 50 ys, n = 200 and © = 1.2 ms.
Magneto-acoustic signal created by such sequence is greater than the NQR signal
received after the same sequence.

4.3. Method of orthogonal effective fields

The MOEF achieves a fast saturation of the spin system and is convenient for
subtracting spurious signals when detecting explosives with long times of spin—
lattice relaxation Tp. MOEF can be used in combination with a block method
suggested in Ref. 58, the essence of which is to use two identical sequences one
after the other with a certain interval during which the spin system becomes
saturated and then compare the signals received after each sequence.

Suppose both blocks consist of the SSFP type sequences. At the time > T, after
the beginning of the first pulse sequence the process in the spin system can be
considered as a quasi-stationary one. Such state of the spin system may be
described by the density matrix p:

1 1
pqst = § [E — Ogst Heff] = 5 [E — Ogst weffnlp]a (102)
aqst 1S the inverse spin temperature of the spin system in the quasi-stationary state.

A specific value of ag is not important for the further description. The ag'w, 1, 4
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Figure16 NQRsignal received from 30 g of RDX (frequency v, = 5.192 MHz) in the presence of a
nickel-plated washer after the impact of a multi-pulse analogue of Hahn sequence

(¢o)y — (t — ¢, — 1), — delay — iy, with T =120 ps, delay = 2.5 ms, duration of pulses ¢ is 25 ys,
duration of pulse ¢ is 25 us, duration of pulse ¢, is 80 us, and duration of pulse is 172 us, delay
between the end of pulse (; and beginning of detection is 1 ms; number of averages is 200.
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Figure 17 NQR signal received from 30 g of RDX (frequency v, = 5.192 MHz) in the presence of a
nickel-plated washer, after the impact of (t — ¢, — 1),,. Sequence parameters are © = 1.2 ms,
duration of all pulses is 50 us, n = 200, delay between the end of pulse and beginning of detection
is T ms.
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member of the spin system that does not influence the behaviour of the spin
system at times <T is left out of the consideration.

Now if the sequence suddenly changes and the new effective field adopts the
value of w with the direction n = (”1> ny,13), then the Hamiltonian of the spin
system looks as follows H,; = weght I,. However the density matrix of the spin
system will preserve the former Value Pgst (time ~T) is required for its change),
described with Equation (102). The energy of the system in this case equals
Tr(pqstHeff) After the time ~T, the density matrix of the system will look as
follows:

! 1 ! / 1 !
Pet = 5 [E - anewHeff] = 5 [E Lpew @, eff” 1 ] (103)

Further, as the energy of the spin system for times <« T; stays the same, we
receive

Tr(qutH;ff) = Tr(ﬂ:]stHeff)’ (104)
which results in
O = ocqst%mn’. (105)
Deff

If vectors n and n' are orthogonal, then their scalar product equals zero. Conse-
quently, the reverse spin temperature o, also equals zero as well as the density
matrix p,,, and the NQR signal, which in the general case has two M; compo-
nents, determined by expressions:

My = 2Tt (ppolpi) ~ (n-n ),k = 1,2. (106)

Let us assume that the spin system is subjected to the effect of two sequences in
turn: first PAPS (t — ¢, — 2t —y_, — 1), and then SORC (1t — ¢, — 1),
The effective field wef = nwess of the sequence (t —y, — 2t —y_, — 1), is as

follows.®
sin (wegT) = cos ysin (Awr); (107a)
sin ¥ cos L cos (Awr)
m=0im=——2ipg=-—=2 7 (107b)
COS (WeffT) COS (WeffT)

Vector n' for SORC is determined by expressions (86). Then n-n' = n3-1; and the
task of cancelling the NQR signal is limited to minimizing of the product of n3-115.
In the case when the flip angle in SORC ¢ = =, for any flip angles ) in PAPS
ns-ny = 0, consequently the NQR signal is completely cancelled.

The experimental dependence of the NOR signal intensity on the time after a
single change from PAPS (¢ =0.44n) to SORC (¥ = 0.667n) is presented in
Figure 18.



186 V. Mikhaltsevitch

10 T T T T

Intensity, arb. units

0 5 10 15 20 25
Time, ms

Figure 18 NQR signals in powdered NaNO, (frequency v, = 4.642 MHz) after the impact of two
sequences activated one after the other: seven PAPS cycles (1 — , — 2t —/_, — 1) and 28 SORC
(t — ¢, — 1) cycles; 200 accumulations; T = 400 ps; pulse duration is 54 us in PAPS and 80 us in
SORC. The sample mass is 80 g.

After the second change of the sequence, i.e. after the return to the initial
sequence, the relation of the final signal M, to the initial signal M; is proportional
already to (n-n')>. This circumstance permits using SSFP sequences with flip
angles much smaller than 180° to completely eliminate the NQR signal. The
experimental illustration for such double change of the sequences is shown in
Figure 19.

Combining the MOEF with the method of blocks® permits achieving 40 dB of
cancelling magneto-acoustic ringing at the PETN resonance frequency of 890 kHz
(not shown).

The methods of cancelling the MAPER presented above encompass the whole
range of spin-lattice relaxation times T; and are applicable for most explosive
substances.

Although we mostly spoke about the MOEF under the steady-state conditions
at 2t < T3, it should be noted that it can be used effectively for cancelling spurious
signals also at 2t > Tj.

5. EFFECT “TNEFMS” IN MULTI-PULSE N NQR

Since 1991 there appeared a whole number of communications on experimental
observations of non-stationary phenomena in the effective field of multi-pulse
sequences in nitrogen-14 NQR,*”°*”? which the authors of work™ called
TNEFMS—transient nutation in the effective field of multiple-pulse sequences.
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Figure 19 NQR signals in powdered NaNO, after the impact of two sequences activated one
after the other: seven PAPS cycles (t — i, — 2t — _, — 1), 14 SORC cycles (1 — ¢, — 7) and then
seven PAPS cycles again. All parameters are the same as in Figure 18.

The experiments described in the above articles had been carried out on a single
crystal of NaNO, at frequency v, = 4.93135 MHz and at a temperature of 77 K with
sequences

(@O)x - (T - Spy -2t — @—y - T)n

(108)
—[(r—py =2t =@, — 1)y, — (T =0y =2t — 0_, — VN

and
(@O)x - (T — Py~ 2t - Py — T)n - [(301)7y - (T — ¥y - 2t - Py — T)Zn]Nv (109)

when the exact resonance conditions are metand ¢, = /2 or 0, ¢ = 7. In all cases,
the signal was detected at the end of each two-pulse cycle.

The observed effects manifest themselves in the appearance of induction and
echo in the envelope of the NOQR signals, with the number of echoes coinciding
with the number N of supercycles in the sequence.

Osokin in article”! made an attempt to formulate a theory for the above
phenomenon. However, the attempt to explain the oscillating dependencies of
signals by various deviations of neighbouring interacting spins from the median
resonance frequency of the sample does not look convincing to us, and the
resulting expressions for the magnetization of the spin system cannot describe
the actual behaviour of the spin system.

In papers’"”> we reported experimental evidence for the general character of
the effects established in articles.””°*7” We obtained multiple echo signals in a
number of powdered substances with substantially different relaxational con-
stants and EFG asymmetry parameters rn at room temperature (20 °C), in
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Figure 20 Induction and echo signals obtained upon the irradiation of powdered substances at
20 °C by sequence (@O)X - (T - pr -2t — Lp—y - T)n - [((p'l)—y - (T - (py -2t — Lp—y - T)Zn]N
(n=3, vy = ¢ = 0.66m, v; = 1327, T = 128 us) with the preparatory pulse phase alternating
every repetition. (A) Sodium nitrite NaNO,, line v, = 4.642 MHz, and the number of supercycles
N = 5. (B) Octogene C4HgNgOg, line v = 5.302 MHz, and N = 5.

particular, at the v, = 4.604 MHz line in sodium nitrite NaNO, (Figure 20A) and at
v, =5.302 MHz in octogene C4HgNgOs (Figure 20B).”? Signals were detected using
pulse sequences of the form (108) or (109) after averaging 200 pulses with the flip
angles ¢, ¢ and ¢y, varying in a broad range of their values. Examples of the NQR
envelope as functions of the flip angle ¢, and resonance offset are shown in
Figure 21 for the sequence (109) with ¢, = 1.327 (doubled 90° pulse in powder)
at the v, transition in NaNO..
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Figure 21 NQR-signal amplitudes in powdered NaNO, at v, = 4.642 MHz for sequence

(‘pO)x - (T - pr -2t — (p—y - T)n - [((p])—y - (T - pr -2t — @—y - T)Zn]N n=3N=5
©; = 2o = 1.327), as functions of the flip angle (A) and resonance offset (B).

To separate signal components corresponding only to the preparatory pulse,
the phases of the prepulse and of the detector reference voltage were reversed at
each repetition of the multi-pulse sequence. In this scheme, all free-induction and
echo-signal components generated by sequence pulses other than the preparatory
pulse are subtracted, while the echo signals related to the preparatory pulse are
summed.
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Following the article”' we briefly consider the TNEFMS effect theoretically by
the example of a nitrogen-containing single-crystal sample with n # 0 subjected to
the simplified sequence (109)

(900)x - (T - 50]/ -2t - 907y - T)nl - ((pl)—y - (T - §07y -2t — Spy - ‘C)nz (110)

with flip angles of pulses ¢y = 7/2, p = 7.

The theoretical analysis’> is based on a two-particle model.

Let sequence (110) irradiate the resonance transition w,/2n. The quadrupole
Hamiltonian Hq of the two-spin system in terms of two-particle operators’>”>
looks as follows”

HQ ~ a)plp,g = (UP(ZKq + L3+ M3) (111)

The secular part of the dipolar Hamiltonian with respect to Hg according to the
article” can be expressed the following form
Ha=2 Y Qlaler + Ikalk2) ~ QK3 + (25 — @) (Ms — Ls), (112)
k=p.q.,r
where Q, are the tensor components of the Hamiltonian of HDI; and the two-
particle operators K], M3 and L; are related to three independent operator sub-
spaces K, M and L. The operator commutation rules in the L-, and M-operator
subspaces are the same and fully coincide with the analogous rules for the
standard case of spin I= 1/27%7>. All relations for the operators K} are identical
with those for the operator of effective spin 1/2 I, ; with the same indices. Taking
into account the relations”

Ly =2K{ + My +Li(1=1,2,3, )1 =p,Jo =q,/5 =71), (113)

one obtains for the initial density matrix after the action of preparatory pulse ¢,
po~ Lo =2K] + Lo + M>. (114)

According to the Waugh theory, the average Hamiltonian approximating the
action of one cycle (1 — ¢, =2t —¢p_, — 1) is”

H., = % (H4 + Hy) ~ Q,(K} cos*p — KJ sinp cos ¢)
+ (25— 2)(Ms — Ls)cos *(p/2) — (M — Ly)sin (p/2)cos (¢/2)),

(115)

where Hy = exp(—i¢l,» Hq exp(ipl,»).
The action of sequence (110) on the spin system is described by the density
matrix of the form (¢, = 4r1)

p((n1 + n2)te) = exp(—ingt-Hay) exp(ilp201) exp(—init-Hay)pg

116
x exp(init-Hay) exp(—ilp2p;) exp(ingt-Hay). (116)
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Setting ¢ = 7, one obtains the following expression for the envelope of NQR
signals
M ~ Tr(p(mtc), SE +iSh) = cos (n112ptc)cos (n2Qptc)

(117)
— €08 (2¢7) sin (n1Qpt.) sin (n2Qpt.).

For ¢; =n Equation (117) coincides with the expression for the signal
envelopes observed upon the action of sequence (108) with ¢ = 7.

Note also that, for the MW-2 sequence and its modification with ¢ = = the
contribution from the Hamiltonian of inhomogeneous broadening to the signal is
virtually absent, much as this happens in NMR.”*

Let us consider two particular cases for Equation (117). For ¢; == the
magnetization of the spin system is

M = M ~ agwpcos ((n1 + n2)Qy4t) sin ;. (118)

and, for ¢; = /2
M = M ~ agay cos ((n1 — n2)Q,4t) singp. (119)

The action of sequence (109) on the powdered NaNO, is shown in Figure 22A
forn=6and ¢ = 2¢; = 1.32x, and, in Figure 22B, for ¢ = 2¢; = 1.32n. One can see
from these figures that the echo signals in the second case are more than 1.5 times
more intense. Since the principal HDI tensor axes in the powder are arbitrarily
oriented about the axis of the RF coil, a portion of spins, for which the condition
Q, = n/nit. or exp(Q,2nit.) =1 is met with a relatively high accuracy, is also
present if 1/t. < ||Hq4l||. These spins produce the signal in the first case. In the
second case, the HDl is reversed in each sequence supercycle, so that the condition
Q, = m/nit. is not necessary, and the signal is produced by a considerably larger
number of spins. The second case can be considered as a certain analogue of magic
echo in solid-state NMR.”” In both examples, the effective decay time T for the
echo-signal envelope is approximately the same and equal to T». = 45 ms. Note,
for comparison, that the sgin—lattice relaxation time for the v, line in a NaNO,
powder is 90 ms at 20 °C.*

6. CONCLUSION

In as much as the problem of reduction of various interactions is not so relevant to
NQR as it is to NMR, the multi-pulse sequences with complex cycles, which are so
popular in NMR, did not find a wide utility in NQR spectroscopy. Therefore, the
issues discussed in this chapter related to theoretical and applied aspects of the
elementary multi-pulse sequences MW-4 and SORC are, perhaps, the most impor-
tant and essential in the direct methods of "*N NQR. Further improvement of the
direct methods will be conditioned, above all, by introduction of the latest
achievements of electronic technology into experiment.
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Figure 22 Induction and echo signals in powdered NaNO, at 20 °C, as obtained upon irradiation

by sequence (o), — (T — ¢, — 21—, — ), — [(¢1)_, — (1 — 0, — 21 — o, — Ty, With
n =26, p; = 2p, = 1321 and (A) ¢, = 1.327 and (B) ¢, = 0.66m7.
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observing solid-state NMR spectra for these nuclei, particularly chlorine-35/37.
Several chlorine chemical shift tensors have been measured recently, along with
their orientation relative to the electric field gradient tensor. The increased
availability of ultrahigh-field solid-state NMR spectrometers (B, > 18.8 T) is the
dominant factor responsible for the increased number of studies and increased
amount of available information. For example, insights have been gained into the
hydrogen bonding environment at the chlorine atoms in various organic hydro-
chloride salts by interpreting trends in the chlorine quadrupolar coupling and
chemical shift tensors. The sensitivity of the **”*’Cl NMR parameters to poly-
morphism and pseudo-polymorphism has also been demonstrated. Important
advances in quantum chemistry which are having an impact on the computation
of quadrupolar and magnetic shielding tensors for these nuclei are also briefly
discussed. Data available from gas-phase molecular beam and microwave spec-
troscopy experiments are presented. Finally, prospects for future studies of
3737¢|, 7788y, and 7| by solid-state NMR spectroscopy are presented.

Key Words: Chlorine-35, Chorine-37, Bromine-79, Bromine-81, lodine-127,
Quadrupolar nuclei, Zeeman-perturbed NQR, Solid-state NMR, Electric field
gradient, Magnetic shielding tensor, Chemical shift tensor, Quantum chemical
calculations, Ab initio calculations.
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ST Satellite transitions

STMAS Satellite transition magic-angle spinning

Vi1, Vo, Vaz Principal components of the electric field gradient tensor
Q Span of the magnetic shielding (or chemical shift) tensor

1. INTRODUCTION

Chlorine, bromine, and iodine are important elements in a wide variety of materi-
als, catalysts, and biochemically important molecules. For example, inorganic
catalysts,'” biochemically vital chloride ion channels,”® and industrially impor-
tant X-ray storage phosphors and scintillation devices’ ' all involve chloride,
bromide, or iodide ions as ubiquitous components. Chlorine-35/37, bromine-79/81,
and iodine-127 are quadrupolar nuclei (I > 1/2) and all possess a moderate to
large nuclear electric quadrupole moment (Q). The nuclear spin properties of
these nuclides are summarized in Table 1. All the nuclides have moderate to
high natural abundances, ranging from 24.23% for *’Cl to 100% for '*/I. Only
chlorine-35/37 may be classified as low-y (i.e. y < 7(*°N)); however, the resonance
frequencies are not particularly low in the conventional magnetic fields used for
NMR (e.g. for By = 11.75 T, v(*°Cl) = 49.07 MHz and v(*’Cl) = 40.85 MHz). The
main challenges associated with recording solid-state NMR (SSNMR) spectra of
these quadrupolar halogens in commercially available magnetic field strengths
stem from the interaction between Q and the surrounding electric field gradient
(EFG) tensor. In compounds where the nucleus of interest sits at a site of low
symmetry, quadrupolar broadening will typically dominate the NMR spectrum
of a powdered sample. In these cases only the central transition (CT, m = 1/2 <
—1/2) is likely to be observable, although even this may span spectral regions on
the order of MHz (depending on the nuclide, the local environment, and the value
of By). Nevertheless, a CT perturbed by second-order quadrupolar effects pro-
vides a substantial amount of relevant information on the environment of the
nucleus. Anisotropy of the nuclear magnetic shielding tensor, which can be of

TABLE 1 Selected NMR properties of the half-integer quadrupolar halogen nuclei

v / 107 AVCT
“X (radT7's™") Z (%) NA (%) | Q (mb)*®  (relative)® Standard®

BCl 2624198 9.797909 7578 3/2 -81.65(80) 1.340 0.1 M NaCl
Cl 2184368 8.155725 2422 3/2 —64.35(64) 1.000

Br  6.725616  25.053980 50.69 3/2  313(3) 7.702 0.01 M NaBr
81Br  7.249776  27.006518 4931 3/2  262(3) 5.006

1271 5380573  20.007 486 100.0 5/2 —696(12) 11.445  0.01 M KI
MAp - - 0 9/2 - - -

“ The value of 7 is assumed to equal 0. The value of Aver(?’Cl) has been arbitrarily normalized.
b As suggested by Harris et al.** (in D,0).
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comparable magnitude to the second-order quadrupolar interaction in some
systems, can manifest itself as observable chemical shift anisotropy (CSA) in
the SSNMR spectra of quadrupolar nuclei. To measure such anisotropy, it is
advantageous to have By as large as possible. A large value for By will reduce
the second-order quadrupolar broadening of the CT and enhance the observable
effects of CSA.

In 2006, a review of chlorine-35/37, bromine-79/81, and iodine-127 SSNMR
data was published, which covered the literature up to July 2005."" In the
present contribution, we provide a fresh and more thorough perspective on
this field, with an emphasis on the new developments in **’*Cl SSNMR and
expanded discussions on the historical importance of 7°/#'Br and '*1 SSNMR
experiments. Effort has been made to cover the literature in its entirety, from the
earliest days of NMR spectroscopy until August 2008. In the previous review,
three general recommendations were made for further study and it is important
to discuss the progress which has been made in these areas. These areas were, in
general terms: (i) to more fully substantiate and understand the relationship
between halogen NMR parameters and the local hydrogen bonding environ-
ment in organic hydrochlorides; (ii) to pursue the measurement of halogen
chemical shift tensors with the goal of using this information to provide more
insight into the local molecular and electronic structure; (iii) to take advantage of
modern quantum chemical methods to calculate and interpret halogen NMR
interaction tensors. Since 2005, significant progress has been made in each of the
areas (vide infra).

Although the focus of this chapter will be on SSNMR spectroscopy of diamag-
netic powdered samples, liquid-state NMR'*"? and NQR'* data may also provide
complementary information; hence, selected results from both will also be dis-
cussed, where appropriate.

2. THEORETICAL BACKGROUND

The Hamiltonian operator (H) used to describe the SSNMR spectrum of a
quadrupolar nucleus within a diamagnetic material is typically constructed by
considering the electric quadrupole (Hg) and nuclear magnetic shielding (H,)
interactions as perturbations to the Zeeman Hamiltonian (Hz). Although addi-
tional interactions are present (both direct dipolar and indirect spin-spin (J)
coupling, for example), they are in many practical cases negligible for chlorine,
bromine, and iodine, and we will therefore focus on the quadrupolar and shield-
ing effects in the following discussion. The sections below provide a brief sum-
mary of the quadrupolar and shielding interactions, as well as their effects upon
the observable SSNMR spectra of powdered diamagnetic samples. References
will be made to single-crystal experiments in selected cases. For more complete
theoretical treatments, the reader is referred elsewhere.!*2°
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2.1. The nuclear electric quadrupole interaction

The nuclear electric quadrupole interaction (QI) results from the coupling
between Q and the EFG at the nuclear site. The EFG is a symmetric tensor quantity
of zero trace and may be described by five independent parameters. When in its
principal axis system (PAS), the off-diagonal matrix elements equal zero, and two
parameters can fully describe the diagonal elements. The diagonal elements of a
tensor in its PAS (V11, Vs, and V33 in this case) are called the principal compo-
nents. In practice, the SSNMR spectrum is usually described by the nuclear
quadrupolar coupling constant, Co, and quadrupolar asymmetry parameter, 7q,
which are related to the principal components of the EFG tensor as follows:

eV3Q
Co="22, )
Vi —Vn
nQ - V33 ’ (2)

where |V33| > |V| > |V11], h is Planck’s constant and e is the elementary charge.
When describing the orientation of the EFG PAS with respect to a secondary axis
system (e.g., a second PAS, or a molecular or goniometer frame), three additional
values are required to describe the angular relationship between the two frames
(see Section 2.5).

Unless very high nuclear site symmetry (e.g. octahedral or tetrahedral) is present,
the SSNMR line shape of a powdered sample will be broadened by the QI. Due to the
moderate to large Q values associated with the quadrupolar halogens, first-order
perturbation theory generally fails to describe the observed SSNMR lineshapes for
most powdered samples and will not correctly predict the orientation dependence of
the resonance signals in single crystals. However, there exist numerous situations
where second-order perturbation theory provides an adequate representation of the
observed SSNMR signal. When the QI is large enough such that second-order
perturbation theory is required, the satellite transitions (ST) of a half-integer quad-
rupolar nucleus in a powdered solid are often broadened to such an extent that they
are unobservable. The CT is not broadened to first order and is therefore observable
in many situations. According to second-order perturbation theory, the breadth of
the second-order CT line shape for a stationary powdered sample is dependent upon
four parameters (Cq, Vo, I, and nQ)ls:

scq 12 (7R +2200+25) (11 +1) =) )
20021 - 1) 144v, ’

AVCT = |:

where vy is the Larmor frequency. Increasing B, will therefore reduce the quad-
rupolar broadening of the CT in Hz for a given EFG tensor. It is also seen that
nuclides with higher nuclear spin quantum numbers will yield narrower spectra
for a given value of Cqy as compared with nuclides of lower spin in the same
environment. For the various halogen nuclei in a powder, relative ratios of the CT
linewidth for a given EFG tensor are provided in Table 1.
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2.2. The high-field approximation

Many half-integer quadrupolar nuclei possess properties and are in environments
such that the inclusion of first- and second-order quadrupolar perturbations to the
Zeeman eigenstates allows for the accurate modelling of the observed spectra at
standard applied magnetic fields (i.e. By ranging from 7 to 12 T). For the quad-
rupolar halogen nuclei, it is often the case that the quadrupolar frequency, vo,”
becomes comparable (i.e. the same order of magnitude) to the Larmor frequency
and it is therefore unclear if the high-field approximation is valid. Recently, an
exact formulation of the combined Zeeman and quadrupolar interactions for
arbitrary I and B, was presented”'; other exact solutions are also available.”* 2
Using the computational software developed by Prof. Bain (McMaster),”” we have
carried out several simulations which highlight the differences between the sec-
ond-order and exact approaches. For the sake of discussion, the calculations
assume that the sample under study is an ideal single crystal and that g = 0.
The value of 0 represents the angle between By and V3. As can be seen (see
Figure 1 caption), for some applications the approximation is unquestionably
valid (Figure 1A, representing a typical >’Na nuclear environment). Other situa-
tions (Figures 1B and C) are less clear. For these cases, the differences between the
second-order and exact approaches are now three orders of magnitude larger than
in Figure 1A. However, it could be argued that the second-order approximation is
still valid since the error resulting from the approximation remains under typical
measurement errors. For example, the maximum absolute difference between the
approximate and exact theories in Figure 1B is about 60 ppm (when 6 = 54° and
126°). However, when simulating the powder pattern that corresponds to an axially
symmetric EFG (neglecting CSA), only the edge discontinuities are of critical
importance. At these points, the difference between the second-order and exact
approaches would be 0 ppm for the high-frequency edge and about 32 ppm for the
low-frequency edge. Thus, in this situation, for a powder pattern having a total
breadth of about 7740 ppm, the error as a percentage is about 0.4%, which is
within typical experimental error.”® The result is much the same when consider-
ing the case in Figure 1C (~1% error). The situation presented in Figure 1D high-
lights a potential scenario involving '*/T where the difference between the two
approaches is slightly closer to expected measurement errors (~1.3%).

Thus, when making quantitative comparisons between the second-order per-
turbation and exact approaches for a single crystal containing half-integer quad-
rupolar nuclei, it is seen that the difference in the expected transition frequencies
for the CT at several crystal orientations is minor (< 1%), up to the point at which
vo and vy become comparable (about a factor of 1/2 for spin-3/2 and 1/5 for
spin-5/2). It is also clear that the CT of a powdered sample is somewhat less
affected by the truncation. It seems therefore that a common rule-of-thumb
regarding the extent to which the second-order approximation (and hence the
high-field approximation) is valid (i.e. when vg < 0.1vg) may in many practical
cases be slightly conservative.

* For a given nuclear spin, I, vg = 3Cq/1 + (7]6/3)/(2[(2] -1))
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Figure 1 Comparison between the second-order perturbation (dashed line) and exact (squares)
approaches for the calculation of a CT resonance frequency (left vertical axis), as Va3 is rotated

about an axis perpendicular to B,. The angle between V33 and B is represented by 0. The diamonds
correspond to the difference (right vertical axis) between the two values for a particular orien-

tation. The cases are as follows: (A) Cq = 3 MHz, vo = 132.2 MHz; (B) Cq = 15 MHz, vo = 49.1 MHz;
(C) Cq = 65 MHz, v = 135.1 MHz; (D) Cq = 150 MHz, v, = 100.8 MHz and are intended to model
somewhat typical QI parameters for: (A) 2Na; (B) **Cl; (C) ionic &'Br; and (D) ionic "?’I. In all cases, B,
=11.7T, nq = 0 and CSA is neglected. Please note the right vertical scale change between (A) and

(B)—(D).

2.3. Chemical shifts and absolute shielding

The magnetic shielding (o) at a nucleus may constructively add to or destructively
subtract from the applied magnetic field. Lamb® and Ramsey’* have previ-
ously described the physical models for atomic and molecular systems, respec-
tively. Although magnetic shielding is a fundamental atomic or molecular
property, it is not measured directly when one conducts an NMR experiment.
Rather, it is the chemical shift (§), which results from the difference between the
magnetic shielding of an unknown sample and a reference sample which is
routinely measured. A recent recommenda’cion,34 endorsed by IUPAC, defines
chemical shift in ppm, in terms of resonance frequencies rather than shielding
constants:

V — Vref

o/ppm =—, (4)

Vref
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with v and v, representing the resonance frequency of the sample and
the reference, respectively. Another convention, still in common use, defines
the chemical shift in terms of magnetic shielding:

Oref =0

6
o/ppm 1o x 10°, (5)
with ¢ and o,f representing the magnetic shielding of the sample and the refer-
ence, respectively. As detailed later, shielding is a second-rank tensor quantity,
but the preceding equation may also be used to determine each element of a
chemical shift tensor (J;), if the isotropic magnetic shielding constant (v;s,) of the
sample and reference are known.

The same IUPAC report recommended that a unified chemical shift scale (Z)
be established for all nuclides.** The primary reference frequency used for the E
scale is the 'H resonance of a maximally 1% (v/v) tetramethylsilane (TMS) in
CDCl; solution (vravs). The unified “shift’” (it is recommended that = values be
expressed as percentages) is defined as the ratio between a secondary reference
frequency and vpyg in the same By:

v

[11

VIMS ©)

Solution state standards for each of the quadrupolar halogen nuclei were also
recommended (Table 1). As mentioned previously,'' one should carefully note
both the concentration and solvent when preparing solution state standards, as
the measured shift values have been shown to depend significantly upon these
two variables (see also Section 4.5). Typical solvent isotope effects®° (expressed
as the result of 6(X, H,O)—46(X, D;0), X = Cl, Br, I) are ca. 5 ppm for chlorine, 8-10
ppm for bromine, and 13 ppm for Na'?’I, and are one (in the case of Cs) to three
(Li/Na) orders of magnitude greater than the corresponding solvent isotope shifts
for the alkali metals in the alkali metal halides.

Temperature and pressure dependencies are expected to be minimal under
typical lab conditions and will not be discussed further. As part of this review, we
later discuss convenient standards for SSNMR experiments on the quadrupolar
halogen nuclei (Section 4.5). Chlorine-35/37 are the only quadrupolar halogen
nuclides for which a precise absolute shielding scale is available. Using a com-
bined experimental and theoretical approach, a chloride ion in an infinitely dilute
aqueous solution was determined to have an isotropic magnetic shielding con-
stant (ojs,) of 974(4) ppm.37 This represents an improvement over previously
suggested absolute shielding scales for chlorine.*®*

The absolute shielding scales for bromine and iodine are far less precisely deter-
mined and are not referenced with respect to the corresponding bare nuclei. For
example, using a semi-quantitative theoretical model*’ along with experimental
data,*""** Tkenberry and Das used Hartree-Fock methods to calculate the shift of
the bromide anion with respect to the free anion and obtained ~194 ppm.** On the
basis of experimental solution state measurements, Itoh and Yamagata arrived at
—600 ppm for I™ in dilute solution with respect to the free anion.** These calculations
were expected to be rather crude estimates, even in the opinion of the original
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authors®™ and therefore it is apparent that reliable absolute shielding scales for
bromine and iodine remain to be established. The bromine shielding tensor of
CH;Br(g) has been determined experimentally from spin-rotation data** and calcu-
lated using coupled Hartree—Fock theory.*” This molecule could possibly serve as a
candidate molecule for establishing the bromine absolute shielding scale (alterna-
tively, gaseous HBr could also be used). Gaseous HI may be used to establish the
absolute shielding scale iodine. For both gaseous HBr and HI, relativistic shielding
parameters were recently calculated using the normalized elimination of the small
component (NESC) theory under the second-order regular approximation (SORA),**
both are commercially available and their spin-rotation parameters are precisely
known. One of the issues to be addressed, however, is how relativistic effects
influence the straightforward non-relativistic relationship**“° between the shielding
and the spin-rotation constants.”’ A survey of available spin-rotation constants for
halogen nuclides in diatomic molecules is presented in Section 4.6.

2.4. Magnetic shielding/chemical shift anisotropy

While isotropic chemical shifts are routinely measured, magnetic shielding is a
tensor quantity. Hence, additional information may be obtained by characterizing
the full tensor. Unlike the EFG tensor, the shielding tensor is, in general, asym-
metric and has a non-zero trace; unless a certain degree of nuclear site symmetry is
present,”>>® the magnetic shielding interaction requires nine independent para-
meters to be fully described. Fortunately, the anti-symmetric portion may almost
always be ignored, leaving the isotropic and symmetric contributions. In its PAS,
three independent values are required to specify the magnitude of the interaction.
Anet and O’Leary provide further discussion on the symmetry properties of the
magnetic shielding tensor.”*

Unlike the EFG tensor, there is currently no universally accepted way to go about
describing the magnitude of an observed chemical shift tensor or a magnetic shield-
ing tensor.”>”® Recent [IUPAC recommendations suggest the Haeberlen convention
be adhered to when discussing shielding tensors, while chemical shift tensors may be
expressed using either the Haeberlen or Herzfeld-Berger/Maryland convention. As
noted in the IUPAC recommendations, the Haeberlen convention can suffer from an
“oddity [which] makes for difficulties in comparing tensor components or anisotro-
pies for a series of related molecules and has sometimes led to misunderstandings.”
For these reasons, we prefer to use the principal components and/or the “Herzfeld—
Berger””’/*Maryland’’*® conventions where possible.

2.4.1. Haeberlen convention

The Haeberlen-Mehring-Spiess convention defines three parameters in terms of
the three shielding tensor principal components, oxx, oyy, and ozz. The three
parameters are the isotropic shielding value (oiso), the shielding anisotropy (Ao),
and the shielding asymmetry (7). Their definitions are provided below:

oxx +0oyy +0zz
Oiso = ( 3 )a (7)
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AO‘ = 0zz7 — 7(6)0( _2|_ O-YY) 5 (8)

~ 3(oyy —oxx) ©)
n= 2Ac ’
where |07z — Giso| > |0xx — Giso| > |0Yy — 0iso|- Shielding anisotropy is positive if
07z > 0iso and negative if o7z < 750, and the asymmetry takes on a positive value
between 0 and 1.

2.4.2. “Herzfeld—Berger’/“Maryland” convention

This convention labels the three principal components of the shielding tensor as
011, 022, and a33, with 611 < 022 < g33. The isotropic shielding constant is therefore
(1/3)(611 + 022 + 033). The span (Q), and the skew (k) are used to describe the
breadth and asymmetry, respectively, of the shielding tensor:

Q:ﬁ'g,g—Gu7 (10)

3(diso — 022)
=% e 11
o= 200 (11)
The skew may range between —1 and +1, while Q may take on any positive
value. When discussing chemical shift tensors, the definitions in terms of the
principal components d1; > Jx > Ji33 are as follows, where the approximate
equality is introduced due to the denominator in Equation (5).
(611 + 022 + J33)

iso =" 5 12
: 2 (12)

Q ~ 411 — 033, (13)

o — 3(022 — diso) .

- (14)

Aslong as 1 — gyt is close to unity, (13) is valid. Even in the case of 1271 where
the chemical shift range is on the order of 10* ppm, the approximations are still
reasonable; for example, a very large span of 50 000 ppm (heretofore unknown for
12T) would introduce an error of approximately 5%.

2.5. Tensor interplay

2.5.1. Static conditions: Contributions from quadrupolar and shielding tensors

In practice, the SSNMR spectra of the quadrupolar halogen nuclei in non-cubic
environments are expected to be dominated by the QI This is due to the moder-
ately large Q associated with each nuclide, coupled with typically modest
CSA contributions (typical CSAs are observed to be on the order of 10'-10°
ppm). However, recent work in particular (vide infra) has shown that there are in
fact many examples, particularly for chlorine-35/37, where contributions from CSA
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V33
A

Figure 2 Euler angles relating the principal axis systems of the EFG and CS tensors, according to
the “z—y—-z" convention.

to the NMR spectrum of a stationary powdered sample can have a significant
impact on spectral interpretation. When contributions from the anisotropic quad-
rupolar and shielding interactions are present, up to eight independent para-
meters are required to describe the line shape of the central transition: d11, 022,
033, Co, o, @, B, 7. The angles o, f, and y describe the rotations that are required to
bring the EFG tensor into coincidence with the CS tensor, that is so that V33 and
033, Voo and 05, and V37 and 644, respectively, are collinear. In the Arfken conven-
tion,”® the angles may be visualized as in Figure 2. Beginning with coincident
PASs for the EFG and CS tensors, the CS tensor is rotated by an angle « about the
direction of d33. Next, the CS tensor is rotated about the new (intermediate)
direction of 65, by an angle f, and finally the CS tensor is rotated about the new
direction of é33 by and angle y. All rotations are counterclockwise. The angular
relationship between the PASs of the EFG and CS tensors has a strong impact on
the appearance of the NMR spectrum, provided that the magnitudes of the
interactions are not too disparate. Examples of the types of lineshapes which
can be expected for the CT under the influence of both quadrupolar and CS
interactions are presented in Figure 3.

2.5.2. MAS conditions: Residual dipolar coupling

Quadrupolar halogen nuclei are most frequently characterized by SSNMR
through the direct observation of their CT, either under stationary or MAS con-
ditions. A well-known alternative method for obtaining insight into the EFG at a
quadrupolar nucleus is to observe the MAS NMR spectrum of a spin-1/2 nucleus
which is spin-coupled to the quadrupolar nucleus.” Since MAS does not
entirely average to zero the dipolar coupling between a spin-1/2 and a quadrupolar
nucleus, a “residual”” dipolar coupling remains. Reports of residual dipolar coupling
involving **/%¥Cl, 7/®'Br, or '¥I may be found in the literature.®*® The residual
coupling is quantified by a parameter, d:



206 Cory M. Widdifield et al.

Sadue
Clrey
FEOEE

16 8 0 -8 -16 16 8 0 -8 -16 16 8 0 -8
kHz kHz kHz

-16

Figure 3 Select simulated spectra of the CT for a spin-3/2 nucleus (Cq = 3.2 MHz) in a
powdered sample. (A) Coincident EFG and CS tensor PASs (o = § = y = 0°), with k = + 1. The span
of the CS tensor ranges from zero (bottom) to 40 ppm (top) in 10 ppm increments. (B) Same as
(A), but p = 90°. (C) With k = 0.5, 2 = y = 0° and Q = 40 ppm, f is varied from 0° (bottom)

to 40° (top) in steps of 10°.

_ 3CQReff
20\)5

d= [(3 cos 2By — 1) + 1 sin (284) cos (20q)]. (15)

The spectrum of the spin-1/2 nucleus will depend on d and on | |, to first
order. Here, a4 and fi4 are the polar angles describing the orientation of the
internuclear vector in the EFG PAS. As the observed spectrum depends on Reg,
internuclear distance information can also be obtained under favourable condi-
tions. For example, shown in Figure 4 are the '°C CPMAS spectra of the carbonyl
carbon of 2—Chloro-2—(phenylsulfonyl)—l—phen;zlpropanone, obtained at 2.35 and
4.7 T.°! Residual dipolar coupling between *C and **/?’Cl causes the carbonyl
resonance to split into a complicated multiplet. Due to the inverse dependence of
the coupling parameter d on the Larmor frequency of the quadrupolar nucleus
(vs), the splittings are more pronounced at 2.35 T. Spectral simulations result in a
13C-%Cl dipolar coupling constant of 135 Hz, a **Cl quadrupolar coupling
constant of —73 £ 2 MHz and fi3 = 35°. Analysis of the 13C CP/MAS NMR
spectra of this compound and of a related chloroketosulfone also provided the
first direct measurement of 1](35/ ¥7C1, ¥*C)igo, — 20 + 5 Hz. Importantly, analysis
of the NMR spectra of spin-1/2 nuclei coupled to quadrupolar nuclei has the
potential to provide the signs of parameters such as Cq and Jis,. The sign of Cq is
not available from the analysis of a simple one-dimensional NMR spectrum of the
quadrupole.
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Figure 4 Experimental (upper traces) and simulated >C CPMAS NMR spectra of the carbonyl
carbon of 2-chloro-2-(phenylsulfonyl)-1-phenylpropanone, showing evidence for residual dipolar
coupling between "C and ***’Cl. From Ref. 61. Reproduced by permission of the American
Chemical Society.

3. EXPERIMENTAL AND COMPUTATIONAL METHODS

3.1. Single-crystal methods

Analysis of NMR spectra from the stepped rotation of a single-crystal sample is
the most rigorous manner in which to characterize the tensor interactions asso-
ciated with a particular nucleus. Particularly, the orientation of the PAS of an
interaction tensor with respect to the molecular framework can be precisely
determined. The methods of analysis of single-crystal NMR data have been
reported elsewhere.®*® While once more common, single-crystal analyses of
quadrupolar halogens in diamagnetic samples are no longer as frequently
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reported; none have been reported in the past couple of decades, to our knowl-
edge. For this reason we will not discuss single-crystal methods any further. We
note that many single-crystal studies of chlorine, bromine, and iodine in magnetic
materials have been reported in the 1950s to 1980s, particularly in the solid-state
physics literature. Many Zeeman-perturbed NQR studies also use single-crystal
analyses (vide infra). In the literature discussion which follows (Section 4), refer-
ence to single-crystal methods and results will be made where needed.

3.2. Powdered sample methods

Most modern SSNMR experiments on the quadrupolar halogen nuclei are carried
out on powdered samples. We present briefly here an overview of the most
commonly applicable methods to be used on stationary and MAS powdered
samples.

If the broadening of the CT is small enough under a given By, a MAS NMR
spectrum will, under favourable conditions, provide the values of diso, Cq, and 7o
through line shape simulations. Recent advances such as ultrafast MAS probes
make it feasible to acquire MAS spectra for quadrupolar nuclei in an increasing
number of compounds. Currently, the fastest-spinning commercially available
MAS probes use 1.3 mm o.d. rotors, which offer stable MAS rotation frequencies
of up to ca. 70 kHz. Over the past few years, several methods have been intro-
duced to enhance the CT NMR signal of quadrupolar nuclei by transferring
intensity from the ST through saturation or inversion.”” These methods include
rotor-assisted population transfer (RAPT),*® double-frequency sweeps (DFS),*
and hyperbolic secant pulses.” Thus far, these methods have not been applied
extensively to chlorine, bromine, or iodine. However, a great potential for using
these techniques exists, particularly in the case of chlorine because these nuclei
have the least inherent sensitivity and the narrowest spectral lines for a given EFG.

The satellite transition spectroscopy (SATRAS) approach,” ** whereby the
spectra of the satellite transitions are observed under MAS conditions and
simulated to extract the relevant NMR information, is most generally applicable
when the quadrupolar interaction is small. Shown in Figure 5 is an example of the
spectra obtained by Trill et al. for a series of halide sodalites.”* This method will
also benefit from continued increases in available MAS rates.

The quadrupolar Carr-Purcell-Meiboom-Gill (QCPMG) pulse sequence’ has
begun to be applied to chlorine, iodine (vide infra) and bromine.”® This method
relies on a train of n pulses and a reasonably large T,/T,* ratio to generate a time-
domain system response which looks much like a series of spikes. Using the
symmetry inherent to the Fourier-transformation, the frequency-domain spec-
trum of the transformed time-domain response creates a powder pattern that is
split (under MAS or stationary conditions) into a manifold of so-called “’spike-
lets”. Not only is the experimental sensitivity enhanced by the multiple acquisi-
tion periods per relaxation delay, but signals are also more easily detected, since
the total signal intensity is concentrated into the spikelets. Siegel et al. have
demonstrated the QCPMG I NMR experiment using KIO,.”® We have found
that this is an excellent sample on which to set up '*’I QCPMG experiments.
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Figure 5 SATRAS NMR spectra of pure halide sodalites. From: Ref. 94. Reproduced by permission
of the American Chemical Society.

The general strategy used to characterize both the EFG and CS tensors of
quadrupolar halogen nuclei is to first acquire a MAS NMR spectrum (if possible)
and by line shape analysis extract the values of d;so, Co, and 7. A spectrum of the
stationary sample is then acquired. Ignoring the typically modest temperature
increase due to the frictional heating of the sample while it is rotating, the values
of Jdiso, Co, and nq are constant between experiments and hence may be fixed
during the simulation of the spectrum of the stationary sample. This reduces the
number of remaining Earameters that are to be fit to five: Q, k, «, f, and y. In many
instances for **/%Cl, 7*/%'Br, and '¥1, it is not possible to spin the sample fast
enough to separate the rotational sidebands from the centreband and hence time-
dependent numerical simulations involving up to eight adjustable parameters



210 Cory M. Widdifield et al.

would need to be carried out. The solution arrived at by this process is not
necessarily unique; hence, it is of limited use. In situations of this nature, there
is no (current) experimental method that can reduce the number of adjustable
parameters and hence the spectrum of the stationary sample will depend on all
eight unknown parameters. Fortunately for chlorine and bromine, there are two
readily observable isotopes. By taking advantage of the known ratio of the quad-
rupole moments for each pair of isotopes (***’Cl or 7*/8'Br) and by assuming that
isotope effects on the CS tensor are negligible, the spectra of both isotopes of the
same element can be fit simultaneously. Further restraints on the eight unknowns
are provided by acquiring spectra of both isotopes at more than one value of B,,.

We note that Grandinetti and co-workers have recently reported a multiple-
quantum two-dimensional method (correlation of anisotropies separated through
echo refocusing, COASTER) for obtaining relative EFG and CS tensor orientations,
which could prove to be useful for studies particularly of chlorine-35/37.”

In cases where the quadrupolar interaction is so large that the CT is broadened
to the extent that it cannot be acquired without line shape distortion (due to a non-
uniform excitation profile), the variable-offset frequency approach may be
applied. We have found this procedure to be of substantial benefit for the acquisi-
tion of high-quality 7/#'Br SSNMR spectra.?® The method can be applied using an
echo or QCPMG pulse sequence, and simply entails stepping the rf transmitter
across the breadth of the CT spectrum and summing the individual sub-spectra to
obtain the final undistorted spectrum. For example, Schurko and co-workers have
applied the stepped-frequency QCPMG method to study the *’Al resonances in
three- and five-coordinate aluminium complexes, and discussed the optimal
procedure for combining the “sub-spectra’” such that distortions are minimized.”®
One could also potentially adjust the applied magnetic field while keeping the
transmitter frequency fixed, as demonstrated by Smith and co-workers for alumi-
num-27.” O'Dell and Schurko'® recently reported a QCPMG method which uses
adiabatic pulses for faster acquisition of broad spectral patterns; this method will
be useful for future studies of chlorine, bromine, and iodine.

Multiple-quantum magic-angle-spinning (MQMAS)'! and satellite-transition
magic-angle-spinning (STMAS)'"> have developed over the past decade into
useful and widely applied tools for obtaining high-resolution ““isotropic” spectra
of half-integer spin quadrupolar nuclei. To our knowledge, only one report of
MQMAS applied to a quadrupolar halogen is available. Trill et al. reported **Cl
MQMAS results for a chloride-containing mixed sodalite; however, no spectrum
was published.” We are not aware of any applications of STMAS to chlorine,
bromine, or iodine. Since these nuclei are often subject to large quadrupolar
interactions, it is not surprisir1§7y that the high-resolution MAS methods have not
been extensively applied to **/%’Cl, ?/#'Br, or 1. First of all, the quadrupolar
interaction must be small enough to enable a MAS NMR spectrum to be recorded.
This is typically only the case for some chlorine compounds. Furthermore, even
when MAS is possible, the quadrupole interactions remain large enough such that
it is difficult to efficiently excite the proper coherences for the MQMAS or STMAS
experiments to provide useful results. We have observed this first hand
for barium chloride dihydrate, where only one of the two crystallographically
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non-equivalent chloride sites was easily observable in the *>Cl STMAS NMR
spectrum obtained at 11.75 T (unpublished). In general, methods such as
MQMAS and STMAS are not expected to become commonly used tools for the
quadrupolar halogens; however, there may be specific classes of compounds
which will benefit from these techniques, particularly when such experiments
are carried out in the highest possible applied magnetic fields.

Persons and Harbison reported the “slow turning reveals enormous aniso-
tropic quadrupolar interactions” (STREAQI) method in 2007, and applied it to
several ”’Br containing samples.'”® This interesting 2D technique offers the possi-
bility of characterizing sites with very large quadrupolar interactions (tens of
MHZz) using very slow (e.g. 300 Hz) sample rotation. One limitation of their
reported analysis is that it currently does not account for chemical shift anisot-
ropy. Nevertheless, the method holds promise for studying a range of samples
containing Cl, Br, or L.

3.3. Calculations of NMR parameters

As mentioned, the quadrupolar and magnetic shielding interactions are fre-
quently the most important contributors to the total SSNMR spectrum of the
quadrupolar halogens. Some calculations of indirect nuclear spin-spin coupling
tensors involving chlorine, bromine, and iodine have been performed, particu-
larly for gaseous diatomic molecules.'**'® However, we focus here on the para-
meters of current importance to the analysis of solid powdered samples (i.e. the
EFG and ¢ tensors).

There are two aspects related to Cl, Br, and I which necessitate special attention
when calculating their NMR parameters. First, many compounds of interest
which can be studied by SSNMR feature these nuclei in predominantly ionic
environments. As a result, it can often be challenging to obtain results from
calculations which agree with experiment since an isolated molecular model
does not describe the long range environment very well. For example, it was
shown that the isolated molecular approach, as well as a self-consistent charge-
field perturbation (SC-CFP) model'” implemented using Gaussian software did
not produce chlorine quadrupolar coupling constants and shielding tensors in
good agreement with experiment for a series of alkaline earth chlorides and their
hydrates.'”” The values of C tended to slowly converge towards the experimental
values as the size of the model considered in the calculation increased; however,
the absolute value remained far from experiment.

The gauge-including projector-augmented wave (GIPAW) approach has found
much success recently in the calculation of NMR parameters in solids. This
approach allows the whole crystal lattice to be described in the calculation, which
can be very important for the calculation of EFG tensors, since contributions to this
vary inversely with respect to the cube of the distance between the nucleus of
interest and other charges in the lattice. Clearly this becomes particularly important
when the crystal under consideration is highly ionic versus being composed of
neutral molecules. The implementation of the GIPAW approach for the calculation
of NMR parameters in the CASTEP'®*'? software package has been used to
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calculate chlorine NMR parameters in solids,''? as has the Paratec code.''! Other
available plane-wave software includes, for example: VASP, Wien2k, CPMD, and
abinit. Zwanziger and Torrent have recently implemented the calculation of EFGs
in metals, semiconductors, and insulators using a projector-augmented wave
approach in the abinit software package.''® The I Cq and 7 of Cdl, were
calculated (Cq = 91.656 MHz; g = 0.0) and, through comparison with the available
data'"* from NQR spectroscopy (Cq ~ 97.6 MHz; 11 = 0.0), they assessed some of
the limitations of the PAW method. It is noted that the PAW method provides
excellentagreement with experiment despite the fact that the method treats the core
electron distribution as a rigid sphere—this may be somewhat surprising given that
Sternheimer effects''” may be expected to play an important role in determining
iodine EFGs. The calculated value was improved (93.502 MHz) relative to experi-
ment after including 4d"° electrons in the valence space of an improved PAW.
The second potentially problematic issue when considering NMR calculations,
particularly on bromine and iodine nuclides, is that of relativistic effects. It is
known from quantum chemical calculations that these effects are often important
for achieving correct results for NMR parameters in small halogen-containing
molecules, including J-couplings,'”>''® EFGs,'"”"'"” and shielding constants.'**'*!
The details of relativistic calculations of NMR parameters will not be discussed
here; we refer the reader to the literature in this area.'”*”'** Given the increasing
activity in SSNMR of the quadrupolar halogens, one must nevertheless be aware
of the potential impact of relativity on the NMR parameters of both the halogens
and lighter nuclides which interact with the halogens. For example, in their study
of "I-'"H and 'I-'*C coupling constants and 'H/">C chemical shifts in iodo
compounds, Kaupp et al. pointed out in 1998 that “the importance of spin—orbit
effects on NMR chemical shifts is still widely underestimated by the practical

chemists and NMR spectroscopists”.'*?

4. SURVEY OF AVAILABLE EXPERIMENTAL DATA

Previous reviews of solution state chlorine, bromine, and iodine NMR were
published by Lindman or Lindman and Forsén'® in 1976, 1978, and 1983, by
Forsén and Drakenberg in 1983,' and by Akitt in 1987.'* The only previous
review of solid-state halogen NMR appeared in 2006."" This section will begin
with a detailed discussion of the SSNMR observations for the alkali metal halides.
Subsequently, the SSNMR literature will be reviewed for all other relevant sys-
tems with separate sections being dedicated towards each element. All data are
summarized in Tables 2-21, and selected results are discussed.

4.1. Alkali metal chlorides, bromides and iodides (MCl, MBr, M)

A significant amount of SSNMR data has been acquired for the alkali metal halide
systems, MX (M = Li, Na, K, Rb, Cs; X = Cl, Br, I). As the data for these systems are
generally complementary in nature, this section combines the **/*’Cl, 7*/8'Br, and
127 SSNMR observations for all the MX compounds.



TABLE 2 Chlorine-35 solid-state NMR data for chloride salts

Additional
Compound diso(E) (PPM) Cqo(£) (MHz) References (condition) experiments/comments
NaCl - - Kanda(M)'®® Kanda’s'? early study reported
- - Yamagata(M)'*? trend in *°Cl solid-state
- - Kanert(S)**® chemical shifts:
- - Marsh Jr. and Casabella(S)"*® TIC1 > CsCl > AgCl > NaCl
—48° - Giinther and Hultsch'”® Trend in chemical shifts,
—46.1° - Weeding and Veeman(M)'* relaxation times, and
—42.0° quadrupolar coupling
—49.73(0.03)" - Hayashi and Hayamizu(M)'¥ reported by Yamagata'®®
—47.4° - Lefebvre(M)'® Marsh'*® monitored elastic
—45.8° deformation and effect on *°Cl
- - Man(S)**” SSNMR spectrum to 6.9 MPa;
—44" - Jelinek et al.(M)** measurement of the gradient-
- - Yamanishi et al.(S),!>%°! elastic tensor
Michihiro et al.(5)'*? Man>¥ performed a ¥l study of
—49.6" - Saito et al.(M)**° a single crystal to verify the
—46(1)° - Stebbins and Du(M)'*° density matrix determined
—46(1)° 0 Sandland et al.(M)'"! evolution of a spin 3/2 system

by a spin echo

Yamanishi et al."****! and
Michihiro et al.'®* reported the
temperature dependence of T;
used to determine the
activation energy of defect

migration

(continued)
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TABLE 2 (continued)

Additional
Compound Oiso(E) (PPmM) Cq(£) (MHz) References (condition) experiments/comments
NaCl/cement - - Yun et al.(M)*" Signal tentatively assigned to
~30° for solid/ - Barberon et al.(M)*** Friedel’s salt by Barberon
adsorbed chloride et al.>?
KCl1 - - Yamagata(S)'* Trend in chemical shifts,
3.07" - Weeding and Veeman(S)'*® relaxation times, and
2.8° quadrupolar coupling
0! - Hayashi and Hayamizu(M)'> reported by Yamagata'>®
3.1° - Lefebvre(M)'®
3.0
o? - Saito et al.(M)>*°
AgCl —7" - Jelinek et al.(M)>*
—12.82(0.05)" (at 294 K) - Hayashi and Hayamizu(M)'”®
Temperature dependence of Yamanishi et al.’***>, Kanashiro
chemical shift also et al."® and Michihiro et al.'*
reported: 6 = (—0.054 ppm used T, temperature
K™ ')(T/K) + 2.8 ppm (over dependence to determine
the range 160-320 K) the activation energy
- - Yamanishi et al.(S)"*'*" of defect migration
Kanashiro et al.(S)'**
Michihiro et al.(5)'*?
-25(35)" - Kanda(M)'?®
CsCl 110(1)° - Stebbins and Du(M)'”° Trend in chemical shifts,
105.96(0.11)* - Hayashi and Hayamizu(M)137 relaxation times, and
109.4" - Weeding and Veeman(M)"*® quadrupolar coupling
109.6° reported by Yamagata'>
- - Yamagata(S)'*
30(35)" - Kanda(M)'?®
110.0° - Lefebvre(M)'°

108.7¢
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RbCl

LiCl

CuCl

44.7°
448
41.13(0.09)"
43.2°
44.0°

1.31(0.06)"
5.0°
2.7¢

-93°

Chemical shifts measured as a
function of temperature
—127.23(0.05) (at 294 K)
3 =(0.092 ppm K1)
(T/K) —154.8 ppm (over
the range 150-400 K)

Yamagata(S)'*

Hackeloer and Kanert(S)'*’
Weeding and Veeman(M)'*

Hayashi and Hayamizu(M)'*”
Lefebvre(M)'%°

Yamagata(S)'*
Hackeloer and Kanert(S)'*’
Hayashi and Hayamizu(M)
Lefebvre(M)'*®

137

Giinther and Hultsch!”®
Becker(M)'””

Hayashi and Hayamizu(M)'7®

Kanashiro et al.(M)*>®

Trend in chemical shifts,
relaxation times, and
quadrupolar coupling
reported by Yamagata'>®

Hackeloer and Kanert'* use
gradient-elastic constants
determined through
monitoring change in
spectrum with static elastic
stress

Trend in chemical shifts,
relaxation times, and
quadrupolar coupling
reported by Yamagata'>

Hackeloer and Kanert'* use
gradient-elastic constants
determined through
monitoring change in
spectrum with static

elastic stress

(continued)



N TABLE 2 (continued)
o
Additional
Compound diso(E) (PPM) Cqo(£) (MHz) References (condition) experiments/comments
NH,Cl - - Ueda and Itoh(S)'”®, Itoh'”?,
Ueda'”
74.0° - Weeding and Veeman(M)
73.8¢
73.6° - Lefebvre(M)'%®
72.6°
NH,Cl1 Phase 1 - - Itoh and Yamagata(S/M)'7
Phase 2 76(10)’
Phase 3 =
CaCl, - - Lefebvre(M)'%® Second-order quadrupolar
- - Saito et al.(M)>° lineshape observed under
122(5)° 2.1(0.1) (ng = 0.7(0.1)) Sandland et al.(M)'*! MAS by Saito et al.*>
tris Sarcosine calcium chloride 14.7(10.0)° 4.04(0.03) (ng = 0.62(0.02)) Bryce et al.(M)'8! Orientation of EFG tensor
- 4.10 (ng = 0.67); (room Erge et al.(5)'%'%° reported by Erge et al.'>™'%
temperature); errors in Michel et al.(S)'*” and Michel et al."®”

tensor elements are less

than 5%
Temperature
dependence of *°Cl

signal was studied;

quadrupolar frequency
varies by 0.75 kHz K

(120-260 K)
Paraelectric phase: 4.0
(0.4) (ng = 0.65(0.05))

Engelke et al.(M)'*
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CaCl,-2H,0

BaCl,

BaCl,-2H,O

VCl,

AlCI,

MgCl,
MgCl,+6H,0

110.0(2.0)°

Site 1: 124(5)°
Site 2: 219(5)°

Site 1: 163.4(2.0)
Site 2: 156.6(2.0)

75.0(1.0)

4.26(0.03) (1jg = 0.75(0.03))

Site 1: 3.5(0.1) (ng = 0.15
(0.05))

Site 2: 3.95 (g = 0.1)

Site 1: 2.19(0.08) (ng = 0)

Site 2: 3.42(0.08) (g =
0.31(0.10))

~4 MHz (two sites)
(ng = 0; assumed)
9.4(0.2) (ng = 0.40(0.05))

3.02(0.05) (1jq = 0.0)

Lefebvre(M)'%®
Bryce et al.(M)'"?

Lefebvre(M)'%®

Stebbins and Du(M)'*°

Lefebvre(M)'*®
Bryce et al.(M)'"?

Tabak et al.(M)***
Sandland et al.(M)"!
Lefebvre(M)'%®

Lefebvre(M)'°
Bryce et al.(M)'?

Chemical shifts reported by

Lefebvre'*® were shown by
Bryce et al.''” to be peak
maxima from two parts of
second-order quadrupolar
powder patterns and not true

isotropic shifts

Chemical shifts reported by

Lefebvre'*® were shown by

Bryce et al.'?

to be peak
maxima from two parts of
second-order quadrupolar
powder patterns and not true

isotropic shifts

Relaxation rates measured as a

function of temperature

The reported chemical shift of

2880 ppm appears to be

erroneous

Chemical shifts reported by

Lefebvre'®® were shown by
Bryce et al.'? to be peak
maxima from two parts of
second-order quadrupolar
powder patterns and not true

isotropic shifts

(continued)
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TABLE 2 (continued)

Additional
Compound diso(E) (PPM) Cqo(=£) (MHz) References (condition) experiments/comments
SrCl, 140.8° - Lefebvre(M)'®
188.2(1.0 ~0 Bryce et al.(M)'*?
SrCl,-2H,0 142.1(1.0) 1.41(0.02) (1 = 0.80(0.10)) Bryce et al.(M)'*?
SrCl,-6H,0 - - Lefebvre(M)'* Chemical shifts reported by
90.4(1.0) 3.91(0.05) (ng = 0) Bryce et al.(M)''? Lefebvre'® were shown by
Bryce et. al."'? to be peak
maxima from two parts of
second-order quadrupolar
powder patterns and not true
isotropic shifts
CoCl, - ~5.2 Bragin and Ryabchenko®®
CoCl, in a graphite - ~11.2 Tsuda et al.*>%/
intercalation
compound (GIC)
CoCl,-2H,0 - At 76 K (paramagnetic Narath(S)*” Information on EFG orientation
state): 9.866 (0.001) also obtained.
(N = 0.44(0.01))
At 4 K (antiferromagnetic
state): 9.855, 7.767¢
CsNiCls - 16.698(0.010) (nq = 0.387  Rinneberg et al.(5)**® Paramagnetic shift tensor

(0.0015)) (at 300 K)
16.978(0.012) (5jq = 0.387

(0.0015)) (at 300 K)
16.57 (11q = 0.472)

(at 14 K)
16.51 (1jq = 0.414) (at 77 K)
16.30 (g = 0.387)

(at 300 K)

Clark and Moulton(S)***3¢

components also reported
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CsCoCly

CsMgCls

CsMnCl;

CsCuCly

14.024(0.0050)

(no = 0.4477(0.0005))

(at 84 K)
13.983(0.0050)

(no = 0.4421(0.0005))

(at 120 K)
13.890(0.0030)

(no = 0.4353(0.0005))

(at 195 K)
13.75850(0.0002)

(no = 0.4293(0.0005))

(at 300 K)

8.930(0.002) (o = 0.235
(0.005)) (at 300 K)

Site 1: 10.5290(0.0030)
(no = 0.2683(0.0004))
(at 300 K)

Site 2: 18.3670(0.0030)
(no = 0.0234(0.0004))
(at 300 K)

Site 1: 22.498(0.004)

(at 300 K) 22.832(0.016)

(at 77 K) (nq = 0.389
(0.0005)) (at 300 K
and 77 K)

Site 2: 21.402(0.010)

(at 300 K) 21.858(0.016)

(at 77 K) (g = 0.131
(0.0005)) (at 300 K
and 77 K)

Rinneberg and Hartmann(S)**’

Rinneberg and Hartmann(S)®°!

Rinneberg and Hartmann(S)**"'

Rinneberg et al.(5)**®

Paramagnetic shift tensor

components also reported

Paramagnetic shift tensor

components also reported

(continued)
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TABLE 2 (continued)

Compound

Jiso(£) (PPmM)

Col+) (MHz)

References (condition)

Additional
experiments/comments

CsNiCl;

RbNiCl;

CsNiCl;
Betaine calcium chloride dihydrate
((CH3)sNCH,COO-CaCl,.2H,0)

Mn(CO)sCl

ZnCus(OH)(Cl,

GdCl;
TIC1

Shift monitored as a function
of temperature

251(45)"

2507

16.57 (ng = 0.472)
(at4.2K)
16.51 (ng = 0.414)
(at 77 K)

15.95(0.004) (ng = 0.488
(0.006)) (at 4.2 K)
15.96(0.004) (nq = 0.432
(0.003)) (at 77 K)

4.871 (ng = 0.882)

(ambient temperature

“’N phase”)
Site 1: 5.667
(10 ="08)
Site 2: 4.875
(ng = 0.726) (38 K low-
temperature phase)
36.07(0.01) (g = 0.050
(0.005)) (at 303 K)

Euler et al.(5)**

Euler et al.(5)**

Clark and Moulton(S)**
Holzer et al.(S)**®

Spiess and Sheline(S)**°
Ofer et al.(M)***

Imai et al.(M)>®°
Hessler®*®

Kanda(M)'?®

Giinther and Hultsch!”®

Samuelson and Ailion'”®

Very small Cq values determined
from satellite transition
frequencies. Tensor
orientations also determined

from single-crystal study

Partial EFG tensor orientation
information was obtained

Lineshape monitored as a
function of temperature

Lineshape also monitored as a

function of temperature

Activation energy of Cl vacancy
diffusion determined through
study of relaxation rates as a
function of temperature by

Samuelson and Ailion'”°
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CuCl,-H,O

FeCl,

Several n-
alkylammonium

chlorides

C,HoNH,Cl
C,HyND5Cl
K>CuCly+2H,0

Paramagnetic

Antiferromagnetic

n-CsHp1NH;3Cl
n-C;H;5NH;Cl
n-CgHy7,NH;Cl
n-CoH1oNH;3Cl
n-CyoH2 NH3Cl
n-C;H5sND3Cl
n-CoH19ND3Cl
n-C1oH21ND;ClL

(11q = 0.42(0.07)) O’Sullivan(S)>*”

4.74(0.01) Barnes and Segel(S,P)**®

Paramagnetic State: 4.74  Jones and Segel(S)**’
(0.02)

1.143(0.001) at 315 K Honda(M)'®’

1.401(0.001) at 300 K

1.501(0.001) at 315 K

1.303(0.002) at 320 K

1.469(0.001) at 325 K

1.375(0.001) at 300 K

1.280(0.002) at 320 K

1.452(0.002) at 325 K

~1.2-0.85 on heating from Hattori et al.(P)'®®
300480 K (g ~ 0)

4.2 K: Site 1: 18.98
(ng = 0.1883)

Site 2: 3.490
(g = 0.877)

77 K: Site 1: 19.07
(ng = 0.1902)

Site 2: 3.434
(g = 0.895)

295 K: Site 1: 19.05
(ng = 0.183)

Choh and Stager(S)*”

Single crystal study of the
paramagnetic state between 5
and 76 K

Zero-field measurements of the
antiferromagnetic state
between 1.3 and 4.2 K

Jones and Segel studied both the
paramagnetic and
antiferromagnetic states®*’

Temperature dependence of Cq
probed; Even-odd effect noted

(see text)

(continued)



TABLE 2 (continued)

Additional
Compound diso(E) (PPM) Col=£) (MHz) References (condition) experiments/comments
Site 2: 3.262
(ng = 0.945)
340 K: Site 2: 3.229
(1 = 0.970)
BaFCl - 2.38 (g = 0) Bastow et al.(M)*"!
AgsTe,Cl- a-form —12.9(0.5)° (at 356 K) - Brinkmann et al.(M)'”°
polymorphs p-form —8.9% (at 296 K)
y-form —4.8(0.5)° (at 216 K)

KyIrCly - - Brown et al.(S)*" Parallel and perpendicular
components of the hyperfine
shift are determined

KyReClg - - Brown et al.(S)*"* Parallel and perpendicular

- 27.66 (ng = 0) Segel and Barnes®” components of the hyperfine

shift are determined by Brown

etal.’”?

Within the references column, the condition of the solid-state sample will be denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is

unknown, it will not be specified.

“ With respect to saturated NaCl(aq).

¥ With respect to infinitly dilute CI™.

¢ Refers to *’Cl value.

¢ With respect to solid KCI.

¢ With respect to 1 M NaCl(aq).

£ With respect to solid NaCl.

$ With respect to NaCl(aq), concentration not specified.
" With respect to 0.1 M NaCl(aq).

' With respect to a dilute solution of alkali chlorides.

/" Experiment done on five highly oriented pyrolytic graphite based CoCl,-GIC specimens.



TABLE 3 Chlorine-35 solid-state NMR data for sodalites

1 Y44

References Additional experiments/
Compound diso(Z) (PPM) Po? (£) (MHz) (condition) comments
Nag[AlSicOz4] - - Trill et al.(M)*"* ESR hyperfine
Cl,+ (e ). sodalite coupling constant,
Ag=85kHz

Mixed Cl/Br sodalites —125.4(0.2)" (5% Cl) 0.2(0.1) For all Cl1 Trill et al.(M)**

—125.2(0.2) (18% CI) percentages from

—124.7(0.2) (38% Cl) MAS; 55(5) kHz

—124.3(0.2) (56% Cl) from *>C1 SATRAS

—124.1(0.2) (62% Cl) spectrum for 100%

—123.8(0.2) (76% Cl) Cl sodalite

—123.6(0.2) (90% C1)

—123.2(0.2) (100%Cl)
Mixed Cl1/1 sodalites —128.2(0.3)" (5% Cl) 0.2(0.1) for all C1 Trill et al.(M)**

—128.7(0.3) (6% Cl) percentages from

—128.4(0.3) (10% C1) MAS

—124.1(0.3) (22% Cl)

—123.7(0.3) (89% Cl)

—123.8(0.3) (90% C1)

—123.4(0.3) (97% Cl)

—123.2(0.3) (100% Cl)

—127.6 and —124.6

(50:50 CLI), from
3QMAS
(continued)
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TABLE 3 (continued)

References Additional experiments/
Compound diso(E) (PPM) PQ° (£) (MHz) (condition) comments
Nag(AleSicO24)Cly —124(1)° - Stebbins and Du
(sodalite) (M)'?°

NagCl,—sodalite
NagCly 46l1 54—s0dalite
AggCly-sodalite
AggCly 4611 54—so0dalite

Jelinek et al.

(M)349

Peak maxima of —122

(NagCl,—sodalite),
—125 (NagCly 4611 54—
sodalite), —310
(AgsCly—sodalite),
and —305 ppm
(AgsClo 461 54—
sodalite) (wrt 0.1 M
NaCl) are reported
for various chloride
levels

Within the references column, the condition of the solid-state sample will be denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of
the sample is unknown, it will not be specified.

* Pq = Co(1 + 1a%/3)"
b With respect to 1M NaCl(aq).
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TABLE 4 Chlorine-35 solid-state NMR data for hydrochloride salts

Additional
Compound diso(E) (PPM) Col£) (MHz) References (condition) experiments/comments
Tyrosine hydrochloride 95(1)" 2.3(0.1) (nqo = 0.7(0.1)) Gervais et al.(M)"!!
94.7(0.5)" 2.23(0.02) (7o = 0.72(0.03)) Bryce et al.(M)"7*'®!
Glycine hydrochloride 117(1)" 6.5(0.1) (no = 0.6(0.1)) Gervais et al.(M)'!!
101(5)" 6.42(0.05) (ng = 0.61(0.03)) Bryce et al.(M)'”?
L-Valine hydrochloride 114(1)* 6.0(0.1) (ng = 0.5(0.1)) Gervais et al.(M)'"!
90(10)" 5.89(0.05) (ng = 0.51(0.05)) Bryce et al.(M)'”?
L-Glutamic acid 104(1)” 3.7(0.1) (g = 0.6(0.1)) Gervais et al.(M)""!
hydrochloride 102(1)" 3.61(0.01) (7o = 0.65(0.02)) Bryce et al.(M)"”’
Quinuclidine 9.7(10.0)" 5.25(0.02) (o = 0.05(0.01)) Bryce et al.(M)'®!
hydrochloride
L-Ornithine - - Lupulescu et al.(M)'%” A new method was
hydrochloride proposed (RAS) to
resolve different
35Cl sites based on
relaxation times
-Lysine hydrochloride - - Lupulescu et al.(M)"*” A new method was
proposed (RAS) to
resolve different
5Cl sites based on
relaxation times
1-Cysteine ethyl ester 53.2(0.5)" 3.78(0.02) (no = 0.03(0.03)) Bryce et al.(M)"®'
hydrochloride
1-Cysteine methyl ester 48.2(0.7)" 2.37(0.01) (ng = 0.81(0.03)) Bryce et al.(M)'®'
hydrochloride

(continued)



TABLE 4 (continued)

Additional
Compound diso(Z) (PPmM) Cqol£) (MHz) References (condition) experiments/comments
Cysteine hydrochloride 104.2(0.5)" 3.92(0.01) (ng = 0.47(0.02)) Chapman et al. (M)"'#?
monohydrate
Cocaine hydrochloride ~ 0 5.027 (nq = 0.2(0.05)) Yesinowski et al.(M)'8
1-Lysine hydrochloride 105(2)" 2.49(0.01) (ng = 0.42(0.02)) Bryce et al.(M)'”?
1-Serine hydrochloride 120(30)” 3.0(0.3) (nq = 0.8(0.2)) Bryce et al.(M)"”’
1-Proline hydrochloride  37(5)" 4.50(0.05) (ng = 0.63(0.05)) Bryce et al.(M)"”’
L-Isoleucine 96(20)" 4.39(0.05) (7o = 0.25(0.03)) Bryce et al.(M)"”*
hydrochloride
1-Phenylalanine 96(5)" 6.08(0.05) (ng = 0.52(0.03)) Bryce et al.(M)'”?
hydrochloride
1-Tryptophan 105.0(1.0)" 5.05(0.04) (no = 0.86(0.03)) Bryce et al.(M)'®
hydrochloride
pL-Arginine 91.5(1.0)" 2.035(0.020) (11 = 0.98(0.02)) Bryce et al.(M)'7*'%
hydrochloride
monohydrate
Alanine hydrochloride 106(5)" 6.4(0.1) (nq = 0.75(0.06)) Chapman et al.(M)'82
Aspartic Acid 102(5)" 7.1(0.1) (nq = 0.42(0.05)) Chapman et al.(M)'®
hydrochloride
Histidine hydrochloride ~ 93(1)" 4.59(0.03) (7o = 0.46(0.02)) Chapman et al.(M)'#?
monohydrate
Methionine 99(1)” 4.41 (0.02) (nq = 0.35(0.03)) Chapman et al. (M)"'®?
hydrochloride
Threonine hydrochloride ~ 99(10)" 5.4(0.1) (no = 0.94(0.02)) Chapman et al.(M)'#?
Procaine hydrochloride  96(6)" 4.87(0.07) (no = 0.28(0.04)) Hamaed et al.(M)"'®
Tetracaine hydrochloride ~ 71(6)" 6.00(0.10) (g = 0.27(0.04)) Hamaed et al.(M)'®



LTT

Lidocaine hydrochloride
Lidocaine hydrochloride
polymorph®

Bupivacaine
hydrochloride

Bupivacaine
hydrochloride heated
to 120 °C

Bupivacaine
hydrochloride heated
to 170 °C

100(4)°
Site 1: 85(10)"

Site 2: 110(10)"
96(10)"

Site 1: 118(10)"
Site 2: 95(10)"

118(5)"

4.67(0.07) (no = 0.77(0.03))
Site 1: 2.52(0.12) (1o = 0.95
(0.05))
Site 2: 5.32(0.10)
(nq = 0.32(0.10))
3.66(0.10) (o = 0.72(0.08))

Site 1: 4.75(0.20) (1o = 0.65
(0.10))

Site 2: 5.85(0.20) (g = 0.26
(0.04))

4.58(0.05) (o = 0.56(0.06))

Hamaed et al.(M)'®
Hamaed et al. (M)'

Hamaed et al. (M)'

Hamaed et al. (M)'®

Hamaed et al.(M)'®

Within the references column, the condition of the solid-state sample will be denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is

unknown, it will not be specified.
¢ With respect to solid NaCl.

¥ With respect to infinitely dilute NaCl(aq).

¢ See Ref. 183 for details on preparation.
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TABLE 5 Chlorine-35 solid-state NMR data for glasses

References Additional experiments/
Compound diso(E) (PPM) Cqo(=£) (MHz) (condition) comments
Several Cl- Silicates Sandland et al. Cq was determined with
containing NS —65(5)" 3.3(0.1) (M)H? nq arbitrarily set to 0.7.
silicate and N2CS —67(10)" 3.0(0.2) Estimated mean values
aluminosilicate CNS —35(15)" 3.2(0.4) of Cq could therefore
glasses C2NS —20(15)" 3.3(0.3) vary by up to 15%.
CS 102(22)* 4.4(0.4)
Aluminosilicates
NAS1 —89(11)" 3.0(0.3)
NAS4 —65(7)" 2.9(0.2)
CAS1 52(38)" 3.5(0.9)
CAS3 62(45)" 3.6(1.0)
CAs4 79(42)" 4.0(0.9)
Na,SizO; + 5 wt% NaCl -77(10)* 24-29 Stebbins (estimated)
Na3AlSigO;5 + 5 wt% NaCl - and Du(M)™°
NaAlSizOg + 1.5 wt% NaCl -
Cs,Si409 + 5 wt% CsCl 127(10)*
95Cs,51409°5A1,05 + 5 wt% CsCl -
BaSi,Os + 5 wt% BaCl, 143(10)"
Na(CN),Cl;., glasses - - Elschner and
Petersson(M)>”®

Within the references column, the condition of the solid-state sample will be denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the
sample is unknown, it will not be specified.
“ With respect to 1 M NaCl(aq).
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TABLE 6 Chlorine-35 solid-state NMR data for simple chlorates and perchlorates

Additional
Compound diso(L) (PPM) Col(£) (MHz) References (condition)  experiments/comments
NaClO; Chemical shifts reported - Kawamori and Itoh
for distinct crystal (S)*
orientations
- - Khasawneh et al. Frequencies of several
(S)**® single- and multiple-
quantum transitions;
17 of 24 possible
transitions were
observed
~60 (ng = 0) Segel and Barnes®””
NaClO, 1044.3(0.5)" 0.887(0.014) (ng = Skibsted and 35/57C] data are used to
0.92(0.02)) Jakobsen(M)**> assess the ratio of their
quadrupole moments
NaClO4-H,O 1039.9(0.3)%; 1040.1(0.5)"  0.566(0.009) (g = 0.90(0.02)); Skibsted and %Cl and *'Cl data are
0.459(0.012)" Jakobsen(M)*** used to assess the ratio
(nq = 0.91(0.04)) of their quadrupole
moments
NH,CIO, 917.5(0.7)° 0.6949(0.0005) (ng = Bastow and Stuart Orientation of EFG and

0.7552(0.0012))

0.640(0.040) (g = 0.80(0.10)) at
300 K; = 50 kHz at 42 K
Temperature dependence of
Cq studied over the range

4-340K

(8)376,a
Segel et al.(S,M)377

CS tensors reported by
Bastow and Stuart®®

(continued)
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TABLE 6 (continued)

Additional
Compound diso(E) (PPM) Cq(=£) (MHz) References (condition)  experiments/comments
NH,ClO, 930° - Bastow et al.(M)>7%?
ND,CIO,
(polyethylene - - Binesh and Bhat Study of thin films
glycol),NH,ClO,4 (M)>78
LiClO, 1034.2(0.5)5; 1034.1(0.5)"  1.282(0.008); 1.010(0.012)" Skibsted and %Cl and ¥Cl data are
(nq = 0.34(0.01)) Jakobsen(M)>*? used to assess the ratio
(®*°Cl and ¥Cl) of their quadrupole
moments
LiCl0,4-3H,0 1045.9(0.5)" 0.695(0.004) (1q = Skibsted and %Cl and *'Cl data are
0.00(0.03)) Jakobsen(M)**? used to assess the ratio
of their quadrupole
moments
KClO4 - 0.51 (at 296 K) (nq = 0.52) Tarasov et al.(M)**"  Skibsted and Jakobsen®
Temperature dependence use *°Cl and ’Cl data
of Cq measured to assess the ratio of
1049.2(0.3)" 0.440(0.006) (ng = Skibsted and their quadrupole
0.88(0.02)) Jakobsen(M)**? moments
RbClO4 —-3(5)° ~0.60 (g = 0.53) Temperature  Tarasov et al.(M)*"

1049.4(0.3); 1049.1(0.3)"

dependence of Co monitored
0.537(0.015) (ng = 0.87(0.03));

0.424(0.014)"

(no = 0.86(0.02))

Skibsted and
Jakobsen(M)**?

Skibsted and Jakobsen?*
use *°Cl and *Cl data
to assess the ratio of
their quadrupole
moments



kY4

CsClOy

Mg(ClOy)>

Mg(ClO4)2 . 6Hzo

Ba(ClO4) 2

Ba(ClO4)2 . 3H20

1047.7(0.3)"

1036.2(0.5)"

Site 1: 1046.6(0.3)"
1046.6(0.3)"

Site 2: 1045.5(0.3)"
1045.5(0.3)"

1029.6(0.5)"

1040.6(0.3)"; 1040.5(0.5)"

1044.4(0.3)"

~0.63 (g = 0.55) Temperature
dependence of Cq and 7o
determined

0.585(0.008) (ng = 0.86(0.02))

2.981(0.007) (g = 0.57(0.01))

Site 1: 0.309(0.006) (170 = 0.00
(0.08)); 0.245(0.005)" (g =
0.00(0.10))

Site 2: 0.475(0.008) (170 = 0.00
(0.05)); 0.375(0.003)"

(no = 0.00(0.07))
2.256(0.008) (g = 0.58(0.01))

0.383(0.005) (g = 0.00(0.03));
0.299(0.004)" (1q = 0.01
(0.03))"

0.328(0.005) (1o = 0.00(0.03))

Tarasov et al.(M)

Skibsted and
Jakobsen(M)**?

Skibsted and
Jakobsen(M)**?

Skibsted and
Jakobsen(M)?*?
Skibsted and

Jakobsen(M)?*?

Skibsted and
Jakobsen(M)**?

Skibsted and
Jakobsen(M)**?

200

Skibsted and Jakobsen®"
use *°Cl and ¥Cl data
to assess the ratio of
their quadrupole
moments

%Cl and ¥Cl data are
used to assess the ratio
of their quadrupole
moments

%Cl and *Cl data are
used to assess the ratio
of their quadrupole
moments

%Cl and *Cl data are
used to assess the ratio
of their quadrupole
moments

%Cl and *Cl data are
used to assess the ratio
of their quadrupole
moments

35Cl and ¥Cl data are
used to assess the ratio
of their quadrupole
moments

(continued)
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TABLE 6 (continued)

Additional
Compound diso(L) (PPM) Co(£) (MHz) References (condition)  experiments/comments
(CH3)4NCIO, 1049.3(0.3)" 0.307(0.004) (1o = 0.00(0.03)) Skibsted and %Cl and *Cl data are
Jakobsen(M)**? used to assess the ratio
of their quadrupole
moments
[C.HgNH,]CIO, - - Ono et al.(M)*>"”? Narrow spectra indicated
[C4HgND,]ClO, rotation of the
perchlorate anion at
315 and 400 K
Trimethylammonium - 0.370 (phase III; 303-355 K) (g Jurga et al.(M)'®
perchlorate varies between 0.60 and 1);
0.318 (phase II; 400460 K)
Dimethylammonium 1003° (phase I) 1.120 (ng = 0) (phase III); 0.238  Jurga et al.(M)'®
perchlorate (ng = 0) (phase II)
Monomethylammonium - 1.016 (ng = 0.75) (phase III); Jurga et al.(M)'®
perchlorate 0.258 (ng = 0)
(phase II)
[2-CNPyH][CIO4] - - Czupinski et al. Temperature dependant
)7 phase change
monitored
Piperidinium - - Ono et al.(M)*° Solid-solid phase
perchlorate transitions were
([CsH1oNH,]CIOy) investigated

Within the references column, the condition of the solid-state sample will be denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is
unknown, it will not be specified.

“ With respect to solid NaCl.

b Refers to *’Cl value.

¢ With respect to solid NH4Cl.

4 With respect to 0.1M RbClOy(aq).

¢ With respect to solid KCI.
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TABLE 7 Chlorine-35 solid-state NMR data for other compounds

Compound

Jiso(E) (PPmM)

Col=£) (MHz)

References (condition)

Additional experiments/comments

bis(4-chlorophenyl)sulphone
((CIC6H4)2505)

Lio 45(THE) sHFNCI

[Aly(HPOy)4(C,Hs0H)1,]Cly - 4-
C,H:OH

[AL(HCcHsPO,),(C4HoOH)g]
Cly

[Al3(12-OH) (u3-CsHsPOs),
(C:H50H)40]Cl4HO

LlAlz(OH)6CIO4 . nHZO

Mg3A1(OH)6CIO4 . nHZO

76(5)"

76(5)°

Site 1 (C12): 767

Site 2 (Cl1 and Cl4):
70

Site 3 (CI3): 50"

997.2% (at 0% R.H.)

998.8" (at 11% R.H.)

997.8" (at 51% R.H.)

~999.3" (at 75% and
84% R.H.)

1001.2° (at 0% R.H.)

68.7 (no = 0.1(0.03))

5.86(0.05) (110 = 0.96
(0.035))

7.0(0.15) (no = 0.95
(0.05))

Site 1 (CI2): 5.8(0.15)
(ng = 0.96(0.04));

Site 2 (CI1 and Cl4):
7.0(0.15) (nq =
0.96(0.04));

Site 3 (C13): 7.8(0.15)
(ng = 0.96(0.04))
0.7 (and g =0.1) at

0% R.H.

Taye et al.(§)%81-%84

Tou et al.(M)*®

Azais et al.(M)*%°

Azais et al.(M)**°

Azais et al.(M)*®°

Hou and
Kirkpa’crick(M)387

Hou and
Kirkpatrick(M)*®”

Orientation of EFG tensor in
crystal axis system
determined

Zero Knight shift; temperature
dependence of shift
measured from 4-150 K

Two crystallographic sites are
simulated with one set of
parameters

Four crystallographic sites are
simulated with three sets of
parameters

Spectra recorded at several
relative humidities (R.H.)

Spectra recorded at several
relative humidities (R.H.)

(continued)
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TABLE 7 (continued)

Compound

Jiso(E) (PPmM)

Col£) (MHz)

References (condition) Additional experiments/comments

L1A12(OH)6C1-11H20
(“LiAICI5”; “LiAlCl6”;
“LiAICI8")

Coal A
(CH3)4,NCdCl;

9.3% (at 0% R.H.)

5.3 (at room
humidity and
temperature,
from static
spectrum)

11 (at room
humidity and
temperature,
from MAS)

—49.6°

0.9 (ng =0) (atroom

humidity and
temperature,
from MAS)

Phase I (296 K):

13.48 (110 = 0.16)

Phase I (120 K):

13.64 (g = 0.13)

Phase II (115K, 3
sites):

14.98 (nq = 0.12)

14.02 (ng = 0.22)

12.64 (ng = 0.27)

Phase IIT (98 K, 9
sites):

15.18

14.72

14.68

13.98

13.90

13.86

13.52

13.30

Hou et al.(M)83% Spectra recorded at several
relative humidities (R.H.)

and temperatures

Saito et al.(M)>°

Mulla-Osman et al.
(5)3907392

Peak assigned to NaCl(s)

Data are in agreement with
NOR results reported in the
same paper

Phase transitions investigated
by **CI NMR
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Sr,CuO,Cl,

YB32CU306_7CIO.2 (Cl-doped
YBCO)

hydrotalcite

hydrocalumite

CH3NH3G€C13

Cl-doped yttrium ceramics
(YBCO-CI)

30(5)" (at 10130 °C)

26(5)7 (<0 °C)

Three resonances
are observed and
assigned to
“three definite
positions in the
lattice””

13.04

~2 (g =1)

~2.4 (ng~1) (at
—97 °C)

~1.5 (ng =~ 0) (at
—40 °C)

~1.2 (at room
temperature)

2.87 (ng = 0)
(at 10 °C)

2.22 (ng = 0)
(at 130 °C)

3.0 (ng=10.9)
(<0°C)

~25 (low T);

approaching zero

at 500 K

Three sites:
1.2
1.4
1.9

Suh et al.(5)*%32%
Goren et al.(M)**®

Kirkpatrick et al.
(M)396

Kirkpatrick et al.
(M)396

Yamada et al.
(M)397,398

Amitin et al.(M)>*°

Spectra recorded at several
temperatures

Spectra recorded at several
relative humidities (R.H.)
and temperatures

%CI NMR used to confirm
disordered perovskite
structure

*>Cl NMR signal could be
detected above 364 K

(continued)
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TABLE 7 (continued)

Compound diso(E) (PPM) Cqo(£) (MHz) References (condition) Additional experiments/comments
Rb,Mn; _,Cr,Cl, - - Kubo et al.(S)‘mO"m1
(C3H;NH3),MnCly - - Muralt et al.(S)** Phase transitions studied

Calcium chloroapatite -

CIFs -

p-Dichlorobenzene -

Several alkylchlorosilanes -

Cay 99-5.06(PO4)2.98-3.00F0.51- ~115
0.48Clo.38-0.360Ho.14-0.12

(CHa,, + 1NH3)oCuCly (n=1~4) -

(CH3)2CHNH3C11C13 -

73.96 (o = 0.0712
(0.0005))

~1.6

Site 1: 19.5
(g = 0.68)

Site 2: 25.17
(10 = 0.5)

Site 3: 21.05
(g = 0.58)

Yesinowski and
Ecl<e1"’c(M)184’403

Weulersse et al.
(M)4O4

Creel et al.(S)*"

Kreshkov

et al.(M)*®
McCubbin

et al. (M)*%®
Kubo et al.(S)*"”

Saito et al.(S)**

F{*>Cl} TRAPDOR spectrum
also collected

1.75 K zero field experiments
also done

Field induced magnetic
ordering monitored

Within the references column, the condition of the solid-state sample will be denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is

unknown, it will not be specified.

“ With respect to solid NaCl.

¥ With respect to 1M NaCl(aq).

¢ With respect to solid KCl.

¢ No chemical shift reference given.
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TABLE 8 Chlorine chemical shift tensor data”

Compound

Herzfeld—Berger
convention

Haeberlen
convention

Standard convention Euler angles(®)

References

tris Sarcosine CaCl,

Sieo = 14.7 £ 10.0

Sieo = 14.7 £ 10.0

Bryce et al.'®!

ppm?;
Q <150 ppm
LlAlz(OH)6CIO4'nH20 5iso = 9977b, 5150 = 9977, 511 = 1019, - Hou and
Spectra recorded at Q=32; Ao = 32; 0o = 033 = 987 at 0% Kirkpatrick 387
several relative Kk =—1at0% R.H. n=0at 0% R.H,;
humidities (R.H.) from static R.H. from static 11 = 1007;
spectrum; spectrum; 0op = 033 = 994 at
diso = 997.2 at 0% diso = 997.2 at 0% 11% R.H.
R.H. from R.H. from MAS;
MAS;
diso = 998.3; diso = 998.3; 011 = 1004
Q= 13, A = 13, 522 = 533 =995
k=—-1at11% n=0at11% R.H. at 51% R.H.
R.H. from static from static
spectrum; spectrum;
diso = 998.7 at 11% diso = 998.7 at 11%
R.H. from R.H. from MAS;
MAS;
Oiso = 998; Oiso = 998;
Q=09 Ao =09;
k=—-1at51% n=0at51%
R.H. from static R.H. from static
spectrum; spectrum;
diso = 997.8 at 51% Jiso = 997.8 at 51%
R.H. from MAS R.H. from MAS
(continued)
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TABLE 8 (continued)

Herzfeld—Berger Haeberlen
Compound convention convention Standard convention Euler angles(®) References
MgsAl Jiso = 1002%; diso = 1002; 011 = 1012; Hou and
(OH)¢ClO,-nH,O Q=15 AS = 15; 320 = 035 = 997 at 0% Kirkpatrick®”
Spectra recorded at k=-1at0%RH. n=0at0%RH. R.H.
several relative from static from static
humidities (R.H.) spectrum; spectrum;
Oiso = 1001.2 at 0% diso = 1001.2 at 0%
R.H. from MAS R.H. from MAS
LiAl,(OH)¢Cl-nH,O Siso = 9.3% Siso = 9.3; O11 = 00 = 44; - Hou et a].38%%%
(“LiAICI5"; Q=104; Ad = —104; d33 = —60 at 0% R.H.
“LiAlICl6”; k =1at 0% R.H. n=0at 0% R.H. 011 = 020 =59
“LiAICI8") from static from static d33 = —102 at room
Spectra recorded at spectrum; spectrum; humidity and
several relative diso = 5.3; diso = 5.3; temperature
humidities (R.H.) Q= -161; Ao = —161;
and temperatures Kk =1 at room n = 0 at room
humidity and humidity and
temperature temperature
from static from static
spectrum,; spectrum,;
diso = 11 at room diso = 11 at room
humidity and humidity and
temperature temperature
from MAS from MAS
L-Cysteine ethyl ester diso = 3.2 £+ 0.5%; diso = 53.2 £ 0.5; 011 = 704; - Bryce et al. 18!
hydrochloride Q=47 + 4, Ao =44.7; d0op = 65.7;
k=-08+02 n = 0.158 033 =234
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L-Tyrosine
hydrochloride
1-Cysteine methyl ester
hydrochloride
Quinuclidine
hydrochloride
p-Dichlorobenzene

NaClO3

Alanine hydrochloride

Aspartic acid
hydrochloride

Cysteine hydrochloride
monohydrate

Histidine
hydrochloride
monohydrate

Methionine
hydrochloride

diso = 49.3 + 0.5%

Q<150

diso = 48.2 + 0.7%

Q=45+15

diso = 9.7 + 10.0%;

Q=50+20

diso = 666.7;

Q = 4000;

Kk =—0.5
(assuming the
PAS of the EFG
and CS tensors
are coincident)

Q=40+7

Siso = 106 =+ 5%

Q =60 + 30;
k=—-03+05
diso = 102 £ 5%
Q =75 + 30;
k=-09+0.1
diso = 104.2 +0.5%;
Q =66 + 10;
k=012 +0.12
Siso = 93 + 14,
Q<150

iso = 99 + 14,
Q =100 + 20;
k=03+03

Oiso = 666.7;

Ao = 3500;

n = 0.429
(assuming the
PAS of the EFG
and CS tensors
are coincident)

Siso = 106 £ 5;

AS = 49.5;

n = 0.636

Sico = 102 £ 5;
AS = 73.1;

n = 0.077

Sico = 1042 + 0.5;
AS = —51.5;

n = 0.846

i =93+ 1
Sico = 99 + 1;
AS = —82.5;

n = 0.636

011 = 3000 £ 1000;

833 = —1000 = 1000

(assuming the

PAS of the EFG
and CS tensors are
coincident)

011 = 139;

02> = 100;

533 =79

5]1 = 1508,

522 = 795,

033 = 75.8

011 = 135.9;

(322 = 1068,

033 = 69.9

011 = 144;

020 = 109;

533 =44

% =90+ 15
B=0+15
y=0+15
o =020
B =30+ 20
y =93+ 20
o =155 + 20
B=0+10
y =020

«=93+20
p=163+15
y=74+20

Bryce et al.'®!

Bryce et al.'®!

Bryce et al.'®!

Creel et al.2”

Kawamori and
Itoh?%”
Chapman
et al.!®?

Chapman
et al.'®?

Chapman
etal.'®

Chapman
et al.'®?

Chapman
etal.'®

(continued)
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TABLE 8 (continued)

Herzfeld—Berger Haeberlen
Compound convention convention Standard convention Euler angles(°) References
Threonine iso = 99 + 107 diso = 99 £ 10; o1 = 149.7; a=95+15 Chapman
hydrochloride Q =95 + 40; AS = 76.0; 820 = 92.7; B=0=+10 et al.'®?
k=-02+05 n=075 033 = 54.7 »=0=+15
-Tryptophan 0io =105.0 £ 1.0%  8ieo = 105.0 £ 1.0; 511 = 139.8; «=90+15 Bryce et al.'®
hydrochloride Q=72+5; Ao = —55.8; 0op = 107.4; p=20+15
k =0.10 + 0.10 n=0.871 033 = 67.8 p=2420
pL-Arginine iso = 91.5 + 1.0%; Siso = 91.5 + 1.0; o =117.7; «=85+15 Bryce et al.'®
hydrochloride Q=>575=+3.0; Ao = —47.0; 0 = 96.7; p=775+12.0
monohydrate k=027 £ 0.10 n = 0.670 d33 = 60.2 y =30 4+ 30
MgCl,+6H,0 diso =750 £ 1.0% 610 =75.0 £ 1.0 Bryce et al.'"?
Q<75
CaCl,+2H,0 diso = 110.0+£2.0% o = 110.0 £2.0;  &y3 = 138.8; «=90+10 Bryce et al.'"?
Q=72+15 AS = —64.8; 0y = 124 4; f=82+5
Kk =0.60 £ 0.2 n =033 033 = 66.8 y=0+20
SrCl, diso=18824+1.0% 0o =1882+1.0; Iy, = 188.2; Bryce et al.'?
Q=0 0y = 188.2;
033 = 188.2
SrCl,+-2H,0 Siso=14214+1.0% e = 1421 £1.0; 1 = 159.2; a=86=+15 Bryce et al.''*?
Q=41+ 10; AS = —35.9; 5y = 148.9; B=75+5
k=05+02 n = 0.429 033 = 118.1 y =37 £+ 10
SrCl,-6H,0 Siso = 90.4 + 1.0 Siso = 90.4 £ 1.0; 011 = 120.4; «a=0=£10 Bryce et al.'"?
Q =45+ 20; AS = 45; Oy = 75.4; B =90+ 10
k=-1.0 n=4.737 833 = 75.4 7 =0+ 10
BaCl,-2H,0O Site 1: Site 1: Site 1: Site 1:
Oiso=16344+2.0% 8o =1634+20; ;= 189.1; o =85+ 20 Bryce et al.'?
Q =50 + 25; A = 38.5; 0y = 162.1; f=32+10
k=-08+02 n = 0.896 033 = 139.1 y =60 =+ 20
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Procaine hydrochloride

Tetracaine
hydrochloride

Lidocaine
hydrochloride

Lidocaine
hydrochloride
polymorph®

Bupivacaine
hydrochloride

Bupivacaine
hydrochloride
heated to 120 °C

Site 2:

Siso = 156.6 & 2.0%

Q =50 + 25;
k= 0.20 + 0.25
iso = 96 + 67
Q =125 + 25;
kx=-04+03
diso = 71 + 6%
Q =80 + 25;
k=04+03
iso = 100 =+ 4%
Q =110 + 25;
kK =—0.854+0.3
Site 1:

Siso = 85 + 10%;
Q=20+ 10;
x=-08=+02
Site 2:

iso = 110 £ 107

Q=145+ 10;
k=0.8+02
iso = 96 + 10%;
Q =100 + 25;
k=024 04
Site 1:

Siso = 118 £ 10%

Q =160 =+ 40;
k=09+1.0

Site 2:

diso = 156.6 + 2.0;
A = —40;

n = 0.750

5150 =96t 6,
A = 106.3;

n = 0.529

diso = 71 £ 6;
Ao = 68;

n = 0.529

diso = 100 + 4;
Ad =105.9;
n=0.117

Site 1:

diso = 85 £ 10;
Ad =19;
n=0.158

Site 2:

diso = 110 &= 10;
A6 = —42.8;
n=0.158

diso = 96 £ 10;
A6 = —80;

n = 0.750

Site 1:

diso = 118 +10;
Ad = —156;

n = 0.077

Site 2:

511 = 179.9;
522 = 1599,
S35 = 129.9
511 = 1668,
522 = 793,
S35 = 418
(311 = 1065,
522 = 816,
533 =256
511 = 1706,
02 = 68.8;
033 = 60.6
Site 1:

511 = 977,
(522 = 797,
Oz3 = 777
Site 2:

511 = 126.5;
522 = 122,
O35 = 81.5
611 = 14:27,
S0n = 102.7;
Oay = 42.7
Site 1:

511 = 174,
522 = 166,
033 = 14

Site 2:
a=20+15
p=8+10
y=0=420
o=95+15
p=3+2
y=32+38
a=60+8
p=8+5
y =10+ 10
a=12+3
p =40+ 10
y=80+3
Site 1:

o =90+ 40
p =50+ 50
y =60 £ 40
Site 2:
a=5+5
p=50+15
y =40 + 40
o =105+ 20
p=90+5
y=5+£5
Site 1:
a=10=+10
p=3+1
y=0=£2

Hamaed et al.'®®

Hamaed et al.'®?

Hamaed et al.'®®

Hamaed et al.'®®

Hamaed et al.'®?

Hamaed et al.'®®

(continued)
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& TABLE 8 (continued)

Herzfeld—Berger Haeberlen
Compound convention convention Standard convention Euler angles(°) References
Site 2: Site 2: Site 2: Site 2:
iso = 95 + 107 Siso = 95 + 10; 011 = 180.3; u=18 £ 4
Q =160 + 40; Ad = 128; 020 = 84.3; p=50+5
k=-02+1.0 n = 0.750 033 = 20.3 y=80+5
Bupivacaine diso = 118 + 5% diso = 118 + 5% o1 = 162; « =10+ 10 Hamaed et al.'®®
hydrochloride Q=120 £ 10; A6 =114; d2p = 150; p=0+2
heated to 170 °C k=08=+1.0 n =0.157 033 =42 y =50 £ 50
i-Lysine hydrochloride ;5 = 105 4 27 Jiso = 105 £ 2; o1 = 119.7; o =020 Bryce et al.'””
Q =26+ 10; Ao = —-22.1; 022 = 101.5; p=52+20
k=-04+04 n =0.529 033 =93.7 y=0+20
L-Serine hydrochloride diso = 120 = 30d; Bryce et al.'”?
Q<150
L-Glutamic acid Siso = 102 £+ 1% Siso = 102 £ 1; 511 = 135; a=9+20 Bryce et al.'”?
hydrochloride Q=66 +15; Ao = —49.5; 0o = 102; p=77+20
k=0.0+0.3 n=1 033 = 69 y=6=+20
L-Proline Siso = 37 £ 5% Siso = 37 £ 5; o1 = 74.2; o =48 +20 Bryce et al.'”?
hydrochloride Q=63=%5; A6 = 55.8; dyp = 25.7; p =69 +20
x = —0.54 + 0.08 n = 0.390 033 =11.2 y=9+20
L-Isoleucine Siso = 96 + 207 Siso = 96 £ 20 o =20 +20 Bryce et al.'”?
hydrochloride Q=175430; p=12+20
Kk < 0.85 y=0+£20
1-Valine hydrochloride  dis, = 90 £ 109 Jiso = 90 £ 10; 511 = 145.2; o= 6520 Bryce et al.'”?
Q =125 + 40; A6 = —104.7; 020 = 104.6; p=0+£20
k=035+05 n = 0.580 033 =20.2 y=0=+20
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L-Phenylalanine Siso = 96 + 5%

hydrochloride Q =129 £+ 20;
Kk =0.26 +0.25
Glycine hydrochloride diso = 101 £ 5%
Q =100 + 20;
k=03+03

diso = 96 £+ 5;
Ao = —105.1;
n = 0.681

diso = 101 £ 5;
Ao = —82.5;

n = 0.636

511 = 154.9;
(322 = 1072,
33 = 25.9
511 = 14:6,
(322 = 111,
033 = 46

a=91+20
p=13+20
y =10 4+ 20
o=95+20
p=0+20
y=0=420

Bryce et al.'””

Bryce et al.'””

? Respect to infinitely dilute NaCl(aq).

¥ With respect to 1M NaCl(aq).

¢ CS reference not given.

¢ With respect to solid NaCl.

¢ See reference 183 for details on preparation.

F All CS tensor magnitude values reported in columns 2—4 of this table are in units of ppm, excepting x and 7, which are unitless. All errors are specified immediately following the measured value,

if applicable, as done in Tables 2-7.
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TABLE 9 Bromine-79/81 solid-state NMR data for simple bromide salts®
Compound diso(E) (PPM) Co(*£) (MHz) References (condition) Additional experiments/comments
LiBr 90(25)" - Kanda(M)'?® Ngai(M). Temp. dep. of 5('Br) over
93¢ - Yamagata(S)'** T = ~298-673 K: Adieo/AT = 1.16
109(9)*¢ - Gaug et al.(M)™ ppm/K'
64.74(0.12)"" - Hayashi and
Hayamizu(M)137
NaBr —35(20)" - Kanda(S)"*® Marsh and Casabella(S). Elastic
—58(30)"° - Bloembergen and deformation and effect on 7’Br
Sorokin(M)"?! SSNMR spectrum to p = 6.9 MPa;
241 - Yamagata(S)'* measurement of gradient-elastic
-30(10)*¢ - Giinther and tensor'*®
Hultsch'”
—6(5)" - Gaug et al.(M)*
—40%f - Frye and Maciel Ngai(M). Temp. dep. of d(®'Br) over
(S/M)He T = ~298-553 K: Adiso/AT = 0.83
ppm /K47
—52.89(0.08)" - Hayashi and Campbell and Mackey(P).
Hayamizu(M)"¥’ NaBr-2H,0 dehydration observed
using 7°/#'Br NMR*"
7" - Jelinek et al.(M)** Yamanishi et al., Kanashiro et al.(S).
Temp. Dep. Of T;("*/#'Br) from
T = 77-700 K and theoretical
interpretation'"'>*
KBr 20(15)" - Kanda(M)'*® Otsuka and Kawamura(S). ”Br NMR

signal intensity and linewidth as
functions of: (i) linear or

(ii) circular cornpression158



74

RbBr

22(30)%
27
20(10)8

47(2)%

0

105*

105*

118(3)**

71.66(0.15)""

Bloembergen and
Sorokin(M)'3!

133

Yamagata(S)

Giinther and
Hultsch!”®
Gaufs et al.(M)*

Hayashi and

Hayamizu(M) 137

Itoh and
Yamaga’ca(S)41
Yamagata (S)'*

Gaup et al.(M)*

Hayashi and

Hayamizu(M) 137

Bonera and Galimberti(S). Phase-
dependence of quadrupolar echoes
in ®'Br NMR.*!"

Ngai(M). Temp. dep. of 5(*'Br) over
T = ~298-653 K: Adiso/ AT = 0.87
ppm /K47

Memory and Mathur(S). 79/81gp
SSNMR using FT techniques*'?

Frye and Maciel(S/M). Use full 7Br
signal under MAS to set magic-
angle; CT linewidth at v, = 4 kHz
is 70 Hz'*

Hashi et al., Jjima et al.(M) 79/81gy
MAS NMR signal of KBr used to
test the field homogeneity of a 30
T hybrid magnet*'*~1¢

Baron(M). 5(*'Br) vs. p; lines of best
fit (5o = ¢ at ambient p):

NaCl phase (p< 451 MPa): 6 /ppm =
do/ppm + (0.073 ppm/MPa)
(p/MPa)

CsCl phase (451 MPa < p< 980 MPa):
d/ppm = (3o + 68)/ppm + (0.032
ppm/MPa)(p/MPa)*

Ngai(M). Temp. dep. of 6(*'Br) over
T = ~298-553 K: Adiso/AT = 0.75
ppm /K47

(continued)
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TABLE 9 (continued)

Compound diso(£) (PPM)

Col+) (MHz)

References (condition)

Additional experiments/comments

CsBr 250(40)%

284"
275(3)"
227.43(0.08)°

AgBr 189(15)"

169.35(0.07)%F

Bloembergen and
Sorokin(S)'*!

Yamagata(S)'*?

Gaug et al.(M)**

Hayashi and
Hayamizu(M)

137

Kanda(S)'*®

Hayashi and

Hayamizu (M)'78

Baron(M). (*'Br) vs. p; line of best fit
(09 = 6 at ambient p):

CsCl phase (p< 980 MPa): 6/ppm =
oo/ppm + (0.040 ppm/MPa)
(p/MPa)*

Ngai(M). Temp. dep. of 6(*'Br) over
T = ~298-723 K: Adiso/ AT = 0.66
ppm /K'Y

Hohne(S). 7*Br signal intensity and
dislocation density as functions of:
(i) doping, (ii) plastic deformation,
(iii) both (i) and (ii); effects of
(i)—(iii) as functions of temperature
and time?'®

Conti et al.(P). ®'Br NMR signal
intensity as a function of
sample aging*'”*'®

Conti(M). Calculations correlating
81Br SSNMR linewidth at high
temps. with Br~ vacancy motion*"”

Zumbulyadis and Marchetti(M).
Effect of microcrystal size and
pressure on “’Br NMR signal
intensity; failed to observe the 7 Br
signal of AgBerll_x420

Hayashi and Hayamizu(M). Temp.
dep. of 5("Br) over T = 160-320 K:
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TIBr

NH,Br Phase II
Phase I

Phase III

CuBr

208"

620(50)"

233(10)"
132(10)"

~116(10)*8

5.5(0.3)
5.656(0.01)

Jelinek et al.(M)**

Kanda(M)'?®

Itoh and Yamagata
(S/M)172,212

Jeffrey et al.(s)**?
Giinther and Hultsch
(M)175

0 = (-0.118 ppm/K)(T/K) + 203.9
ppm7®

Yamanishi et al., Kanashiro et al.,
Michihiro et al.(S). Temp. Dep. Of
T:("?/#Br) from T = 77-700 K;
theoretical interpretation;
calculation of Ag™ diffusion
activation energy'**'>

Saito(S). Comments on 7*/3'Br NMR
linewidth narrowing in
79/81gy_203/205T] double-resonance
experiments®'®

Saito(S). Experimental and
theoretical study on spin—spin
interactions®'”

Ngai(M). Temp. dep. of 6(*'Br) over
T = ~453-693 K: Adiso/ AT = 1.0
ppm/K'7

Phase labels according to Itoh and
Yamagata; 7Br and ®'Br NMR
signals are observed

Ueda. #'Br SSNMR linewidth in
ND,Br with respect to temp'”*

Herzog and Richtering(M). Studied
79/81Br linewidth vs. temp®*°

Becker(M). §(®'Br) vs. temp. from
T =123-823 K"’

(continued)
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Compound diso(L) (PPM) Cq(£) (MHz) References (condition) Additional experiments/comments

Hayashi and Hayamizu(M). Temp.
dep. of 5("Br) over T = 160-290 K:
0 =(0.165 ppm/K)(T/K) -183.0 ppm;
over T = 290-340 K:
0 = (0.235 ppm/K)(T/K) —203.7
78

1
ppm
~134.14(0.2) - Hayashi and Kanashiro et al.(M). Temp. Dep. Of
Hayamizu(M)'7%* T(”Br) from T = 77-700 K>3
BaBr, - - Potrepka et al.(M)**! 79/81Br NMR signals observed; fine

structure not resolved; after
deoxygenated YBa,Cuz0, is
brominated, BaBr, precipitates
result

“ Unless denoted otherwise, parameters correspond to *'Br measurements at room temperature; within the references column, the condition of the solid-state sample will be denoted accordingly: S = single
crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is unknown, it will not be specified.

¥ With respect to NaBr(ag).

¢ With respect to dilute LiBr(aq)

¢ With respect to dilute NaBr(ag).

¢ Denotes a measurement corresponding to the “’Br nuclide.

/ With respect to KBr(s).

$ With respect to saturated NaBr(ag).

" With respect to 0.1 M NaBr(ag).

' With respect to KBr(ag).

7 With respect to dilute KBr(ag).

! With respect to dilute RbBr(ag).

¥ With respect to CsBr(ag).

" With respect to dilute CsBr(ag).

" With respect to a dilute aqueous alkali bromide solution.
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TABLE 10 Bromine-79/81 solid-state NMR data for the addition of impurities into simple inorganic bromide salts”
o . Temp.dep.b
Principal maximum
component Impurity doping (mol %) T So/Av References (condition)
AgBr CdBr, 0.1*" Y Y Reif(P)'*?
NaBr, LiBr, CuBr 0.1+ N N Seifert(P)*'*
CaBr,, PbBr,, CdBr, 0.06*" N Y
Ag:S, Ag,Se 0.03*" N Y
Ag,0O 0.04 N Y Kluge(P)*"
AgCI° ~1.3* N Y Fukai(P)**
NaBr 0.5" N Y Hohne(S)*'
FeBr,, CoBr», NiBr, 0.06 N Y Hohne?!”
CuBr, CuBr/CdBr,, CdBr, 0.1% N Y Kluge(P)238
CdBr,, MgBr,, CuBr, LiBr, NabBr, 0.5-1.0% Y Y Becker and Richtering(P)228
KBr, RbBr, CsBr, CuBr/CdBr,,
CuBr,/NaBr
CdBr,, CuBr, TIBr, MgBr, 0.005-0.2* Y Y Becker et al.**
CdBr,, PbBr;, NiBr,, IrBrs, AuBr; 0.1 Y N Zumbulyadis and Marchetti
(S/M)*20
LiBr MgBr, 0.2* N Y Reif(P)'®?
MgBr,, CuBr 0.01* N Y Becker et al.**
NaBr NaCl* ~1.6* N N Fukai(P)*°
NaCl” ~0.27 N N Andersson(S)*!
NaCl 0.1-0.4* N N Andersson(S)***
cre 0.2+ N N Taki & Satoh(S)*”

(continued)
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TABLE 10 (continued)

. . Temp.dep

Principal maximum

component Impurity doping (mol %) T, So/Av References (condition)

KBr NaBr 1.87*" N N Otsuka & Kawamura(S)'°®

1.0* N N Ohlsen & Melich(S)'**

KCl 4.66*" N N Andersson & Odberg(S /Py’
KCl, KI, NaBr, RbBr¢ 0.4 N N Andersson(S)**>%%¢
K1 ~0.2° N N Andersson(S)**!
RbBr, KOH 0.1-0.4*" N N Andersson(S)**
Cl~,Na', I” 0.1 N N Andersson & Forslind(S)***
KCI° ~1.7% N N Fukai(P)***

CuBr CdBr, 0.002*" N Y Becker et al.(P)**!

Unless denoted otherwise, measurements were carried out at room temperature. Within the references column, the condition of the solid state sample is denoted accordingly: S = single
crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is unknown, it will not be specified. Under the column entitled “doping,” the symbols * and T will
denote that 'Br and 7’Br NMR measurements were carried out, respectively. If the nuclide studied is unknown, it will not be specified.

These two columns disclose if the spin-lattice relaxation and signal intensity (or linewidth) of the doped sample was studied as a function of temperature.

Study to determine gradient-elastic tensor.

Study determined chemical shift effect upon doping.

¢ Nuclear double resonance experiment (with **Na) at T = 77 K.

=
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TABLE 11 Bromine-79./81 solid-state spin-lattice relaxation (T;) values for simple inorganic systems”

Compound Temp (K) Field (T) T1(81Br) (ms) T1(79Br) (ms) References (condition)

LiBr*? rt 0.622 34 28 Kanda(M)'*®

NaBr” rt ~1.1 7147 50 + 5 Wikner et al.(S)"’

KBr rt ~1.1 103 + 10° 72 £ 7% Wikner et al.(S)'*
rt ~2.05 96 + 0.6 67.1+0.7 Halstead et al.(S)'*

RbBr° rt - 160 - Ttoh and Yamagata(S)*!
rt ~1.1 100 £ 50 65 & 40 Wikner et al.(S)"’
rt ~0.67 100 + 20 60 £5 Niemeld and Tuohi(S)'>®

CsBr rt ~0.56 105 + 20 - Bloembergen and Sorokin(S)**!
rt ~1.1 115 + 12 80+ 8 Wikner et al.(S)'*

AgBr rt 0.622 22 16 Kanda(S)'*®

TIBr rt 0.622 9.2 6.0 Kanda(M)'*®

CuBr'® rt 0.934 2.9 2.3 Giinther and Hultsch(M)'”®

NH4Br Phase I 431 - 33.0 - Itoh and Yamagama(M/ g).172212

Phase II 377 - 0.245 - Ueda studied temperature and

327 - 0.121 - pressure dependencies of T;(*'Br)
285 - 0.059 - in ND4Br up to 0.6 MPa and over

230 < T< 290 K74

“ Weber and Allen studied the temperature-dependence of 78IBr T, (55 K < T< 425 K) in a singlefcrgstal.uu’142

Y Tarr et al. studied the temperature-dependence of *'Br T; (15 K < T< 77.3 K) in a single-crystal."®

© Ty(ms) = (-0.0026 ms/K?)(T%/K?) + 326/ms, over the range T= 195-298 K.

@ Ty(ms) = (-0.0019 ms/K?)(T?/K?) + 237/ms, over the range T= 195-298 K.

¢ Niemeld and Tuohi studied the temperature-dependence of "”#'Br T; (20 K < T< 300 K) in a single-crystal.'>

/ Becker et al. studied the temperature-dependence of 7Br T; (223 < T < 393 K) in a polycrystalline sample.?*!

¢ Andrew et al. studied the temperature-dependence of *'Br T; (78 K < T< 300 K) in a polycrystalline sample.'>*

" Within the references column, the condition of the solid state sample is denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the
sample is unknown, it will not be specified.
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TABLE 12 Bromine-79/81 solid-state NMR data for perbromates”

Additional experiments/

Compound Jiso(E) (PPM) Co(£) (MHz) NalE) References (condition) comments
KBrO, - 3.35(0.03) 0.71(0.05)  Tarasov et al.(P)**? T=297 K
RbBrO, - 2.36(0.04) 0.37 Tarasov et al.(P)** T=297; VT 8 Br NMR

experiments conducted
from T=190-300 K

CsBrOy 2400(200)° 1.32(0.04) 0 Tarasov et al.(M)*** Tarasov et al. perform 79/81By
1.53(0.06)" VT NMR experiments*****
NH,BrO,  2440(120) 2.27(0.05) 0.99 Tarasov et al.(M)***
2500(130) 2.72(0.05)"
- 2.38(0.03) 0.91 Tarasov et al.(P)** T=297; VT 8'Br NMR

experiments conducted
from T= 180-300 K

“ Unless noted otherwise, the table denotes ®'Br parameters and measurements were taken at room temperature. A dagger (") will denote a measurement corresponding to the *Br
nuclide. Within the references column, the condition of the solid state sample is denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition
of the sample is unknown, it will not be specified.

¥ With respect to 1 M KBr (aq).
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TABLE 13 Bromine-81 solid-state NMR data for sodalite systems?

References Additional experiments/
Compound diso(Z) (PPmM) Po(£) (MHz) (condition) comments
“Mixed Cl/Br sodalites’”: n b Trill et al.(M)** MAS and SATRAS
Nag[AlgSigO,4](Cl,,/Bri.,)» 0 -220.6(0.4) 0.7(0.2) experiments; chemical
0.05 -220.8(0.4) 0.3(0.2) shift trend can be fitto a
0.18 —220.5(0.4) 0.4(0.2) linear function with
0.38 —219.4(0.4) 0.4(0.2) respect to the sodium-
0.56 —218.6(0.4) 0.4(0.2) halogen bond distance
0.62 -218.3(0.4) 0.4(0.2)
0.76 -217.7(0.4) 0.3(0.2)
0.90 -217.3(0.4) 0.3(0.2)
““Mixed Br/I sodalites’”: n b Trill et al.(M)** MAS and SATRAS
Nag[AlgSigO04](Br,./11.,1)2 0.06 —226.4(0.4) 0.7(0.2) experiments; chemical
0.25 —225.0(0.4) 1.0(0.2) shift trend can be fitto a
0.46 —223.7(0.4) 0.9(0.2) linear function with
0.65 —223.0(0.4) 0.8(0.2) respect to the sodium-
0.77 —222.1(0.4) 0.8(0.2) halogen bond distance
0.86 —222.0(0.4) 0.3(0.2)
091 —221.6(0.4) 0.4(0.2)
1 —220.6(0.4) 0.7(0.2)
Nag[AlgSigOy4]Br,,* n b Trill et al.(M)425 Observed a linear
(H30,)5-,, 0.98 -221.0 0.5 relationship (—86 ppm
0.78 -220.8 0.6 A1) between the
0.67 -220.4 0.6 crystalline lattice
0.61 -219.9 0.7 constant and 6(*'Br)
0.45 -219.6 0.8

(continued)
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TABLE 13 (continued)

References Additional experiments/
Compound diso(E) (PPM) Pq(+£) (MHz) (condition) comments
0.36 -219.2 0.7
0.10 -218.0 0.6
Nag_,,[AlgSigOs4] n b Trill et al.(M)** See comment for
Br, - (4H,0),., 0.98 -221.0 0.5 Nag[AlgSigOo4]
0.78 -221.2 0.5 Br,,(H30,),.,,
0.67 -221.8 0.7
0.61 -223.3 1.1
0.45 —2254 1.5
0.36 -227.1 1.7
0.10 -230.6 2.2
Nag , ,[AlgSigOn4] n b Trill et al.(M)425 See comment for
Br,,-([)z_n(d) = empty 0.98 -221.0 0.5 Nag[A16816024]
sodalite cage) 0.78 -222.4 0.6 Br,,(H30,),.,,
0.67 2244 0.9
0.61 -226.4 1.0
0.45 -229.5 0.9
0.36 -233.3 0.9
0.10 -237.8 0.8
Nag. .., Ag,Bra.,— A 214°¢ - Jelinek et al. Various n and p values
SigAlO1n B -219 - (M)** are studied; sites A, B
C -550 - and C are assigned to

AgBr, NayBr and Ag,Br
clusters within the
sodalite, respectively

“ The parameters are for 'Br under MAS conditions. Within the references column, the condition of the solid state sample is denoted accordingly: S = single crystal, P = polycrystalline,
M = microcrystalline powder; if the condition of the sample is unknown, it will not be specified.

¥ With respect to 1 M NaBr(agq).
¢ With respect to 0.1 M NaBr(aq).



T4

TABLE 14 Bromine-81 solid-state NMR data for other inorganic systems?

Additional experiments/

Compound diso (PPM) Cq(MHz) Nq References (condition) comments
K,Pt(CN)4Brg5+3.2 H,O Site 1 - 17.6 0 Brenni et al.(S)**? Temperature
Brinkmann et al.(S)**! dependence of QI was
studied over range 24
<T<295K; Co(*'Br) is

found to increase as
temp. is decreased

Site2 - 15.1 0 Preliminary accounts
exist?39:240
p-AgsSBr - 0 - Huber et al.(M)**¢#2® Co = 0 due to Br point

symmetry in f§ phase;
temperature and
pressure dependence
of phase transition
(P to y) studied
BaFBr:O (2%) - 10.00 0 Bastow et al.(M)*"* Oxygen doping appears
to have little effect on
the long range
crystalline order
Jelinek et al.(M)>*° Broad (ca. 100 kHz)
MAS linewidth is
observed

n{HBr}-Nase(zeolite-Y) - -

“ Unless noted otherwise, the table denotes ®'Br parameters and measurements were taken at room temperature. Within the references column, the condition of the solid state sample is
denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is unknown, it will not be specified.
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TABLE 15 Bromine-81 solid-state NMR data for other systems®

5iso(i)
Compound (ppm)

Colt)
(MHz)

nalE)

References (condition)

Additional experiments/comments

C,-DABCO-C,-Br, 3660
(n=10, 12, 14)°

tris -Sarcosine CaBr, -

Deuterated glycyl-L- -
alanine HBr-H,O

L-Leucine hydrobromide -

L-Tyrosine hydrobromide -

219

19.750

4907

11.26"

0.64

0.8328

0.59"

0.86"

Nakayama et al.**’

Erge et al.(5)'*°

Michel et al.(S)""”

Kehrer et al.(S)**

Persons and Harbison'®

Persons and Harbison'®

Lineshapes and widths amongst
series are similar; temperature
dependence of T,("Br)
determined; high-temperature
phase only; shift measured at
T=363 K

Errors in tensor elements <5%;
orientation of EFG tensor PAS
determined

Temp. dep. of T;(*'Br) studied
from T= 128-310 K; onset of
partial molecular reorientation
is observed at ca. 170 K

Orientation of EFG tensor
determined: V oriented ca.
along shortest H- - -Br hydrogen
bond

STREAQI method. CSA not
included in fit

STREAQI method. CSA not
included in fit

“ DABCO = 1,4-diazoniabicyclo[2.2.2]octane.
b With respect to NaBr(s).

¢ Unless noted otherwise, the table denotes *'Br parameters and measurements were taken at room temperature. Within the references column, the condition of the solid state sample is
denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the sample is unknown, it will not be specified.
T Represents a measurement corresponding to the 7’Br nuclide.
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TABLE 16 Bromine-79/81 solid-state NMR data for molecular systems (mainly from Zeeman-perturbed NQR measurements)

Additional experiments/

Compound Site labels Cq (MHz)* Na References comments
Br, 756" 0.2 +£0.02 Kojima et al.>*® T=253K
639.05 ““small”’ Ege and Negita®”’ T =77 K, polycrystalline
sample
NaBrO; 357.8" 0.001 + 0.001 Bucci et al.?> Fusaro and Doane. First known
example of bromine CSA:
8 = 2620(20) ppm;
8, = 2710(30) ppm>"
Segel et al.(M). &, (*'Br) = 2400
ppm and is temp. indep>'?
Ege and Negita(P); T = 77 K*”
KBrO; - - Segel et al.(M) 5, (*'Br) = 2400
ppm and is temp. indep’'?
KIBr,-H,O o 248.34 0.005 + 0.003 Okuda et al.?®? T = 300 K; labels according to
p 256.77 0.034 + 0.011 Okuda et al.
Mg(BrOs),-6H,0 352.13" 0.05" Ramaprabhu and
R. Rao™”
Sr(BrO3),+H,0 350.65" 0.07° Valli and R. Rao®® T =305K
Ba(BrO3),H,O 347.15¢ 0.02" Valli and R. Rao®®  T=305K
BBr; 339" 0.45 + 0.05 Chiba*”" T = 77 K; fine structure (~ 24
283 kHz splitting) is attributed to
different isotopomers
346.71" 0.26" Ege and Negita®” T = 77 K; polycrystalline
sample
Mn(CO)sBr 226.7 0.06 Spiess and Sheline®®  Results are preliminary
256.8"
Ni(BrOs),-6H,O 354.30" 0.05° Ramaprabhu and
R. Rao®®
CuBr(PPhs;), 105.91 + 0.02 0.519 + 0.003 Okuda et al.*”!
CuyBr,(PPhgs); 1 82.38 0.997 Negita et al.28¢ Labels according to Negita et al.
2 86.06 0.987

(continued)
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TABLE 16 (continued)

Additional experiments/

Compound Site labels Cq (MHz)* Nq References comments
Zn(BrO3),+6H,O 353.63" 0.04" Ramaprabhu and
R. Rao™”

ZnBr,py, - - Hiura®? py = pyridine; only zero-
splitting cone and EFG tensor
orientation are reported

ZnBr,(4-Me-py), - ~0.02-0.05 Hiura®? py = pyridine

Cd(BrO;),-2H,0 3497 0.04" Valli and R. Rao®®® T =301K

1 349.24" 0.05" Valli and R. Rao®” T =305 K; resolves two sites;

2 348.79" 0.02° calculations highlight
inadequacy of point-charge
model at calculating the EFG

AlBr; 1 189.217 0.248 + 0.008" Okuda et al.**® A study on a polycrystalline

2 221.12° 0.073 + 0.011° sample obtains: 7; = 0.26 +

3 223.68" 0.106 + 0.0097 0.02, 7, =not obs., 73 =0.15 +
0.03.>

o-InBrs 167.79 0.387 £ 0.005 Okuda et al.*”* Low temperature form

p-InBr; 1 168.33 0.362 + 0.002 Okuda et al.** Labels according to Okuda et al.

2 167.99 0.400 + 0.007 High temperature form

(NHy),InBrs-H,O A 146.158 + 0.01 0.0256 + 0.020 Yamada et al.?®” Labels according to Yamada

B 141.508 + 0.01 0.0126 + 0.020 etal; T=303K

C 140.156 + 0.01 0.1335 + 0.040

D 136.237 £ 0.01 0.1051 + 0.020

SnBry

N3P3BI‘6

<0.025

<0.01

Shimomura®*®

Ahmad and Porte®®

Data support the presence of a
phase change around
T=29%K

Polycrystalline sample
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Cs,CdBrs—I

Cs,CdBr,—II

AsBr3
TiBry

o-SbBr3

BiBr;

TeBry

Cubic-1
2
Monoclinic-1

NU B WONNRFP, WONRFE WONR RN

131.5
157.4
119.1
142.5¢
114.4
136.9°
124.5
149.0°
123.2
147.4%
85.4
102.0°

77.397
78.732
78.323
78.297
78.850
79.524
270.01
270.53
280.40
205.01 £ 0.01
225.39 + 0.01
240.17 £ 0.01
370.22
375.34
375.50
381.74
390.71
394.63

0.09 + 0.02

0.16 = 0.03

0.16 £0.03

0.15 £ 0.03

0.07 £ 0.02

0.25 £ 0.05

0.04 + 0.02
0.020 4 0.015
0.025 4+ 0.015
0.012 4 0.010
0.046 4= 0.006
0.021 £ 0.003
0.035 4 0.006
0.068 4= 0.002
0.049 + 0.002
0.080 4 0.004
0.077

0.424

0.152

0.045 4+ 0.003
<0.05

0.044 4 0.002
0.036 + 0.003
0.015 + 0.005
0.027 4 0.002

Boguslavskii et al.>*

Boguslavskii et a

Shimomura*’
Okuda et al.?®®

Okuda et al.?®”

Furukawa®”

Okuda et al.?”®

Labels according to
Boguslavskii et al;
polycrystalline sample;
anhydrous phase; sites 4 and
5 could not be resolved

Labels according to
Boguslavskii et al.;
polycrystalline sample;
surface hydrated phase; sites
1 and 4 could not be resolved

T=283K
Labels according to Okuda et al.

Labels according to Okuda et al.

Labels according to Furukawa

(continued)
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TABLE 16 (continued)

Additional experiments/

Compound Site labels Cq (MHz)” Nq References comments
PBr;-BBr; 1 299.48 0.151 + 0.004 Terao et al.?*° Labels according to Terao et al.;
2 302.63 0.120 4 0.007 sites 1, 2 belong to BBrj3; 3,4 to
3 425.01 0.025 £ 0.005 PBrj3; signal intensity (1,2,3,4)
4 426.41 0.020 + 0.004 is in ratio (1:2:2:1)
AlBr3-SbBr; 1 146.5 0.534 Okuda et al.?’8283 Labels according to Okuda et al.
2 152.5 0.477 Sites 14 are assigned to
3 161.3 0.307 [AlBr,]~; sites 5-6 to [SbBr,]"
4 164.8 0.141
5 287.2 0.024
6 300.0 0.011
AlBr3-BiBr; 1 150.3 0.204 Okuda et al.?’8283 Labels according to Okuda et al.
2 137.2 0.868 Sites 1-4 are assingned to
3 155.0 0.526 [AlBry] ™, site 5 bridges 2 Bi
4 163.0 0.426 atoms and site 6 is terminally
5 182.0 0.539 bound to Bi
6 296.6 0.027
AlBrs-H,S 163.20 0.081 =+ 0.008 Okuda et al.?®*
AlBr3-POBr; a 157.39 0.019 + 0.007 Okuda et al.?®* Labels according to Okuda et al;
b 422.09 0.026 & 0.006 site ““a” belongs to AlBrs
AlBr;-KBr a 152.60 0.031 £ 0.003 Okuda et al.?** Labels according to Okuda et al;
b 153.60 0.244 + 0.007 sites “a’” through ““d”” form
c 156.23 0.108 £ 0.007 nearly tetrahedral [AlBry]™
d 159.66 0.075 + 0.007 unit
NaAl,Br; 1 158.8 0.161 £+ 0.010 Yamada®®® Labels according to Yamada;
3 160.3 0.188 + 0.010 Zeeman effect could not be
6 149.7 0.880 4 0.005 resolved for sites 2, 4 and 5
7 168.4 0.091 £+ 0.010 due to poor S/N; bridging

atom assigned to site 6.
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KAlzBl‘7

NH4A12BI‘7

(CH3)4NAlzBI'7

2SbBI'3 . C6H6

SbBr3 . (POBI'3)2

= NI Uk WN R NN WD -

XN ONNRFR, WDN -

~

N

164.0
166.7
166.7
149.1
168.1
169.7
175.9
168.3
156.3
168.0
169.3
170.0
173.0
177.7
139.6

263.04
279.23
280.98
419.29
414.08
414.68
409.29
409.01
280.98
267.34
222.88

0.100 £ 0.005
0.050 £ 0.005
0.091 £ 0.010
0.902 £ 0.003
0.043 £ 0.010
0.136 £ 0.010
0.104 £ 0.010
0.119 £ 0.010
0.720 £ 0.005
0.240 £ 0.010
0.144 £ 0.010
0.176 £ 0.005
0.072 £ 0.005
0.112 £ 0.005
0.878 £ 0.002

0.169 £ 0.001
0.063 £ 0.002
0.094 £ 0.002
0.04, + 0.005
0.11 £ 0.01

0.05¢ £ 0.005
0.02y + 0.005
0.04, + 0.005
0.04, £ 0.005
0.05¢ + 0.005
0.21p + 0.005

Yamada®®®

Yamada®®®

29
Yamada®®®

Okuda et al.>*”

Okuda et al.?*?

Labels according to Yamada;
bridging atom assigned to
site 4

Labels according to Yamada;
bridging atom assigned to
site 2

Label according to Yamada;
Zeeman effect could not be
resolved for any other site;
bridging atom assigned to
site 1

Labels according to Okuda et al.

T =77 K; sites 1-5' are assigned
to POBr3; 6-8 to SbBrj

(continued)
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[4°74

Additional experiments/

Compound Site labels Cq (MHz)” Nq References comments
(NH,),4Sb™Sb"VBr;, 1 307.8 0.015 + 0.004 Terao and Okuda.®®  Labels according to Terao and
123.7 0.015 £ 0.005 Okuda; Zeeman-effect for
sites 2,4 could not be
resolved. Sites 1 and 3 are
near Sb(V) and Sb(II),
respectively
AlyBrs+CeHg 1 157.8 0.289 + 0.011 Okuda et al.?”? T = 301 K, labels according to
2 180.0 0.086 + 0.010 Okuda et al.
3 182.3 0.060 + 0.009
2AlBr;-4CsHsN A 139.71 0.040 Okuda et al.?®® Labels according to Okuda et al;
B 139.69 0.098 molecular complex consists
C 159.14 0.037 of [AlBr,(CsHsN),] ™t (A,B)
D 159.17 0.078 and [AlBr,]™ (C-F) species
E 162.40 0.097
F 162.57 0.059
AlBr;-C¢HsNH, A 158.11 0.103 Okuda et al.?®8 Labels according to Okuda et al.
B 159.58 0.090
C 169.68 0.032
Et,SnBr, 215.36 + 0.04 0.132 £ 0.002 Okuda et al.*®”
KHgBr;-H,O 1 228.42 0.005 £ 0.001 Terao et al.** Labels according to Terao et al;
2 226.24 0.005 £ 0.001 sites 1,2 are terminal and site
3 108.76 0.465 £ 0.001 3 is a bridging bromine
MeNH;HgBr3 1 203.48 0.026 Terao and Okuda®'  Labels according to Terao and
2 163.34 0.639 Okuda. Sites 1 and 2 are

assigned to terminal and
bridging Br atoms,
respectively
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(Et4N)HgBI'3

(pyH)(ZnBrspy)

CH,Br,

EtBr
1,4-dibromobutane
bromobenzene

p-dibromobenzene

p-Bromophenol

W NP WK -

128.9
219.6
234.7

469.59
415.59
501.71°
538.27°
535.19 + 0.04"

447.4
535.6"
447.4

447.4

542 24"

44220
528.95

0.33

0.06

0.03

0.231

0.123

0.074

“very small”
“very small”
““small”’
“very small”’
0.12 + 0.017
0.05 4+ 0.01
0.045 + 0.002°

0.0459 £ 0.0006

0.0461 £ 0.0004

“very small”
0.07 +0.03

0.0534 £ 0.001

Hiura®”®

Hiura®»®

Ege and Negita®”

Ege and Negita®”’

307

Ege and Negita

Ege and Negita®”
Kojima et al.**”
Shimomura®®
Bucci et al.>>?

von Meerwall
et a1.319320

Griffin et al.3*!

Ege and Negita®”

R. Rao and
Murty253'262

Bucci et al.?®®

T=77K

Labels according to Hiura;
T=77K

T =77 K, polycrystalline
sample

T =77 K, polycrystalline
sample

T =77 K, polycrystalline
sample

T = 77 K, polycrystalline
sample

T=287K

Powdered sample, quadrupole
regime NMR; 6,(*'Br) = 1300
ppm®'°

Quadrupole regime NMR;
principal components of shift
tensor found to be zero
within experimental error
(1000 ppm)

T =77 K; polycrystalline
sample

(continued)
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Additional experiments/

Compound Site labels Cq (MHz)* Nq References comments
p-Bromoaniline - 0.029 + 0.001 Bucci et al.?*® Minematsu. Preliminary
account of #'Br
experiment.”'
437.87 0.08 + 0.02 R. Rao and Colligiani et al. Determine
523.90" Murty*7-%62 relative orientation between
81Br and "N EFG tensors®”*
2,4-Dibromoaniline a 446.90 0.047 £ 0.001 Ambrosetti et al.>** Labels according to Ambrosetti
b 449.01 0.053 + 0.001 etal.
2,6-Dibromoaniline a 444.38 0.071 £ 0.001 Bucci et al.** Labels according to Bucci et al.
b 447.16 0.066 + 0.002
2,4,6-Tribromoaniline a 454.66 0.076 £ 0.002 Bucci et al.?®® Labels according to Bucci et al.
b 455.25 0.074 £ 0.002
[ 461.22 0.040 + 0.001
2,5-Dibromonitrobenzene 1 493.94 0.10° R. Rao and Murty®™®  Labels according to Rao and
591.18" Murty
2 464.98 0.08
556.33"
p-3-Bromocamphor 444.34 0.10 R. Rao and Murty**®
531.69"
p-Bromoacetophenone 542487 0.07 + 0.02° K. Rao and Murty*®
p-Bromoacetanilide 535.28" 0.06 + 0.03" K. Rao and Murty*®’
1,3,5-Tribromobenzene 1 462.840 0.0845 + 0.002 Bucci et al. #*¢ Labels according to Milledge
2 460.401 0.0625 + 0.002 and Pant
3 462.651 0.0625 + 0.003
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2,4,6-Tribromophenol

1-Bromo-2,4-dinitrobenzene

Methyl 4-bromobenzoate

2,4-Dibromoanisole

2,4,6-Tribromoanisole

p-Bromobenzenesulfonyl
chloride

p-Bromoaniline hydrochloride
2,4,6-Tribromophenylacetate

4,4'-Dibromodiphenylether

la
1b
2a
2b
3a
3b

la
1b
1c
1d

W IN =N =

551.2°
551.1°
553.5"
553.6"
568.2F
568.2"

5927
5927
5917
5927

453.97
460.60
467.98
461.55
476.99
467.58
463.04
557.45"

546.20"
5697
568"
545"

456.05
465.01

0.04"
0.05
0.03"
0.017
0.05
0.04"

0.187
0.18"
0.197
0.17F

0.0945 = 0.001
0.094 + 0.001
0.112 + 0.003
0.065 + 0.003
0.101 + 0.001
0.096 + 0.001
0.058 + 0.001
0.065 =+ 0.027

0.105 + 0.027
0.08 + 0.03"
0.03 £ 0.03"
0.02 + 0.03"

0.064 + 0.001
0.055 £ 0.004

Ramasastry and
Premaswarup®’’

Rangacharyulu and
Premaswarup®®'

Angelone et al.**®
Ambrosetti et al.?”®
Ambrosetti et al.?”’

Ambrosetti et al.??

R. Rao and Rogers™”

R. Rao and Rogers®”
Rangacharyulu and
Premaswarup**!

Ambrosetti et al.?”°
Ambrosetti et al.?”®

Labels according to Ramasastry
and Premaswarup; ““a” and
“b” labels differentiate
between non-equivalent
molecules in the unit cell, as
identified by their non-
equivalent EFG tensor
orientations

“a”,"b”, “c”, “d"” labels
correspond to
crystallographically different
molecules, as identified by
their non-equivalent EFG
tensor orientations

T=77K

1 is assigned to the 2-bromo
position

3 is assigned to the 4-bromo
position; the 2-, 6-bromo
positions are not assigned

Labels according to
Rangacharyulu and
Premaswarup; site 3 assigned
to the 4-bromo position; sites
1-2 not assigned

T=77K

(continued)
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TABLE 16 (continued)

Additional experiments/

Compound Site labels Cq (MHz)* Nq References comments
4,4'-Dibromodiphenylsulphide 453.90 0.080 = 0.001 Ambrosetti et al.*”
459.65 0.078 + 0.002 Ambrosetti etal > T =77K
o-Bromo-p-chloroacetophenone - ~ 0.15-0.16" Ramakrishna®”®
2,4,6-Tribromophenyl-p- 1 561.3" 0.11° Ramasastry and Labels according to Ramasastry
toluenesulfonate 574.1" 0.14" Premaswarup>* and Premaswarup
3 591.3 0.02 + 0.0

“ Unless noted otherwise, parameters are for *'Br and were measured at room temperature using single crystals. A dagger (") will denote a measurement corresponding to the 7’Br nuclide.

¥ Value is nuclide independent.

¢ Subsequently, K. Rao and Murty measured the “’Br Zeeman-perturbed NQR spectrum, but could not resolve the three sites and assigned all three sites 7 = 0.12 #+ 0.03.%*’
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TABLE 17 Bromine-79/81 solid-state NMR data for selected non-diamagnetic systems

Compound State” T (K) Co (MHz)? Na

Refere

nces

Additional experiments/comments

“FegBrg”’ [(C¢H15N3)g p 225, 280 - -
Feg(uz-O)2(1i2-OH)12Bry
(HzO)]BI‘ . 8H20

CrBr; (flakes) f <20 200.2° 0.293 +
0.001°
(NH,),CuBry-2H,0O  SiteI f <1.83 12.364 0.897 +0.003
p 4.215 12.293 0.928 + 0.002
Site Il f 0 151.0° 0.32°
Rb,CuBry+ 2H,0 SiteI f 0 22.486 0.640
p 4.2 22.52 0.628
Site Il f 0’ 163.0° 0.22°

Zipse et al.**

Senturia and
Benedek**

Renard and
Velyt36437

Klaassen

eta

1 438

Klaassen

eta

1 438,439

By = 8.54 T; measured Fermi
contact coupling constant
(0.082 MHz) and unpaired
electron density on the
bromines using *'Br SSNMR
experiments

Gossard et al. measure
transition frequencies and T,
values between 1.3 and 4.2
K134

Senturia. ”°/#'Br experiments
conducted between 4.21 and
32.349 K to demonstrate the
utility of the sample as a low
temp. thermometer**

Labels according to Klaassen
et al. They confirm the
parameters of site I in f-state,
ng = 0.897 and in p-state,
Co(®'Br) = 12.322 MHz;
ng = 0.917; parameters of site
IT in p-state could not be
detected**®

Labels according to Klaassen
et al. Parameters of site Il in
the p-state could not be
detected

79/8‘181_

(continued)



TABLE 17 (continued)

Compound State® T (K) Caq (MHz)® Nq References Additional experiments/comments
(MeNH3),Cu f 1.7 - Kubo et al.**
(C10.75BI'0'25)4 170.5 £ 1°
CoBr,+6H,0 af 1.17 70.9 0.02 R. Rao et al.**!
84.8°
CoBr,+6D,0 af 1.12 71.0 0.01 Hijmans
84.9° et al.**?
MnBr,-4H,0O I af 0.4 66 04 +03 Swiiste and Labels according to
79° Kopinga**® Swiiste and Kopinga
I 46 04+02
55°
CsMnBr; af 42 - - Okadaetal.*** Also measured *'Br T; and
signal intensity as functions
of temp (1.7-4.2 K)
af <09 - - Xu et al.****¢  Measured ®'Br NMR spectra,
T; and echo intensity
between 0.09 and 0.9 K to
comment on a low-T phase
transition
af 42 - - Xu et al.*¥’ Br NMR spectrum measured
over a large field sweep (0-14
T); 36 resonance peaks
observed
CsMnBr3:2H,O I af 1.1 77.8 0.35 Swiiste Labels according to Swiiste
93.0° et al.**® et al.
I 53.1 0.70

63.5°
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Cs,MnBr,-2H,O I af 1.1 84.7°
I 68.8°
Rb,MnBr,-2H,0 I af 1.1 80.7°
I 59.2°
CsCoBr; af 42 924
109.2°

0.35
0.20
0.36
0.26
0.53

Swiiste Labels according to Swiiste
et al.**® et al.

Swiiste Labels according to Swiiste
et al.**® et al.
Uyeda et al.**

“ p corresponds to the paramagnetic state, f corresponds to the ferromagnetic state, af corresponds to the antiferromagnetic state.
¥ Unless noted otherwise, parameters are for *'Br and were carried out using single crystals and in the absence of an applied magnetic field.

¢ Measured by Klaassen et al.***
? Measured parameter has been extrapolated to T = 0 K.
¢ Denotes a measurement corresponding to the “’Br nuclide.
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TABLE 18 Solid-state 1-127 NMR data for iodides and hydroiodides”

Compound

5iso(i) (PPm)

Co(%) (MHz) References (condition)

Additional experiments/comments

Lil

Nal

KI

215.28(0.35)"

148(15)°
120(30)"

200°

33.53(0.23)"

170(20)°

100(30)°

- Hayashi and

Hayamizu(M)137

- Kanda(M)'?®

- Bloembergen and
Sorokin(S)"!
- Yamagata(S)133

- Hayashi and

Hayamizu(M)137

- Kanda(M)'*®

- Bloembergen and
Sorokin(S)**!

Ngai(M). Temp. dep. of 6('*’I) over
T = ~ 400-500 K: Adiso/ AT = 0.53
ppm /K47

Hayashi and Hayamizu(M). Temp.
dep. of 5(**1) over T = 294400 K:
0 = (0.097 ppm/K)(T/K) + 185.6
ppm™178

Mali et al.(S). Temp. dep. of T:(**'T)
from T = 100-650 K**°

Wikner et al.(S). T;(**I) = 12 ms at
T=298K and By = 1.1 T**’

Weber(S). Temp. dep. of T,(**1) over
ca. 20400 K'*

Ngai(M). Temp. dep. of 5(**"1) over
T = ~ 293-540 K: Adis,/ AT = 0.82
ppm/K'¥

Hayashi and Hayamizu(M). Temp.
dep. of 5(**I) over T = 294-400 K:
6 =(0.0008 ppm/K)(T/K) + 33.8

a,178

ppm

Kanashiro et al.(S). T1(**I) temp.
dep. from T = 77-700 K."*

Solomon(S); Butterworth(P). Used
127 SSNMR to study spin
echoes?51/452

Wikner et al.(S). T;(**I) = 19 ms at
T=298Kand By =1.1T,; temp.
dep. also studied'®

Weber(S). Temp. dep. of T:(**’T) over
ca. 60-300 K'*
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180°

Oh

RbI 250°
76.91(0.12)"

170(30)

Csl 500(30)

580°

Yamaga’ca(S)133

Hayashi and

Hayamizu(M)137

Yamaga’ca(S)133

Hayashi and
Hayamizu(M)

Bloembergen and
Sorokin(S)'*!

137

Bloembergen and
Sorokin(S)"?!
Yamagata(S) 133

Weisman and Bennett("“fused
solid”’). Observed T, (ST) > T,
(CT)*

Ngai(M). Temp. dep. of 5(**’I) over T
= ~ 293-555 K: Adiso/AT = 0.70
ppm/K'¥

Hayashi and Hayamizu(M). Temp.
dep. of 5(**I) over T = 294-400 K:
0 = (—0.030 ppm/K)(T/K) + 8.7
ppm™!7®

Lee et al.(S) Multipole relaxation
times determined*™*

Ngai(M). Temp. dep. of 5(**1) over T
= ~293-540 K: Adiso/ AT = 0.93
ppm/K'4

Hayashi and Hayamizu(M). Temp.
dep. of 5(**’I) over T = 294-400 K:
6 = (—0.056 ppm/K)(T/K) + 94.4
ppm™78

Baron(M). 5(**’) vs. p; line of best fit
(69 = 6 at ambient p):

NaCl phase (p < 397 MPa):
o/ppm = do/ppm +
(0.0184 ppm/MPa)(p/MPa)

Wikner et al.(S). T1(**T) = 10 ms at T
=298 K and By = 1.1 T**

Ngai(M). Temp. dep. of 5(**T) over T
= ~ 293-600 K: Adiso/ AT = 0.76
ppm /K'Y

(continued)
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TABLE 18 (continued)

Compound diso(£) (PPM)

Cql=) (MHz)

References (condition)

Additional experiments/comments

368.69(0.12)°

Cul -
7.7(0.2)°

MAGS-rate
dependence of
chemical shift
is investigated

Hayashi and

Hayamizu(M)'*”

Kanashiro et al.(S)*?

Hayashi and
Hayamizu(M

Hayashi and
Hayamizu(M)

)178

223

Hayashi and Hayamizu(M). Temp.
dep. of 6(**’I) over T = 294-400 K:
0 = (-0.015 ppm/K)(T/K) + 374.2
ppm®78

Gerhart and Hooper(S). Uniaxial
stress applied to the crystal
produced '*’T SSNMR lineshape
broadening; one component of the
gradient-elastic tensor was
determined*>®

Baron(M). 6(**I) vs. p; lines of best fit
(09 = 6 at ambient p):
CsCl phase (p < 980 MPa):
o/ppm = do/ppm +
(0.093 ppm/MPa)(p/MPa)

Becker(M). Chemical shifts measured
as a function of temperature
(T = 423-573 K)'77

Hayashi and Hayamizu(M).
Temperature dependence of
chemical shift: § = (0.222 ppm K ™)
(T/K) — 65.4 ppm (over the range
200-240 K); 6 = (0.384 ppm K )
(T/K) — 104.5 ppm (over the range
240-320 K); 6 = (0.446 ppm K )
(T/K) — 124.4 ppm (over the range
320-400 K)'7®
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Agl —232.2(1.0)" at Hayashi and Hayamizu d = (0438 ppm K ) (T/K) — 360.6
294 K (M)'78 ppm (over the range 160-280 K);
8 = (0.540 ppm K~ ')(T/K) — 389.0
ppm (over the range 280-320 K)
Wagner(S). Variable temperature
experiments on f-Agl*”

Csl doped with Budde and Richtering**®
Cul
Lil/ Al,O3 Ardel et al.(M)*” Temperature dependence of
mixtures chemical shift studied
(KI)0'56(NH4I)0'44 Hinze et al.(S)458
trimethylethyl Ishida et al.(M)***
ammonium
iodide
Hgl, Dzhioev and Kursaev(S)**°
glycyl-L-alanine At 2745 K: Kehrer et al.(S)**° Orientation of iodine EFG tensor
hydroiodide 74.04 (ng = determined
monohydrate 0.776) cited
from Kehrer
et al.*®!

“ Within the references column, the condition of the solid state sample is denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the
sample is unknown, it will not be specified.

b With respect to KI(s).

¢ With respect to KI(ag).

4 With respect to Nal(ag).

¢ With respect to very dilute aqueous solution.

F With respect to Rbl(ag).

$ With respect to CsI(aq).
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TABLE 19 Solid-state I-127 NMR data for periodates, iodates, and other iodo compounds

Additional experiments/

Compound disolE) (PPM) Cq(=£) (MHz) References (condition) comments
KIO4 - - Siegel et al.(M)®” Signal-to-noise
3960(10)" 20.66(0.01) Wu and Dong(P)*** enhancements using
(ng = 0.0) modified QCPMG
6530(200)" 20.73 Segel and Vyas(P)*>* g‘;ﬁixg‘;f:;fyam
Siegel et al.
NH,IO, - Temperature dependence of Segel et al.(P)***
ND,IO, quadrupole coupling
reported; Cq passes
through zero and changes
sign for ND4IO, at 87 K
NH,IO, 3960(10)" 10.00(0.01) Wu and Dong(P)***
(g = 0.0)
- 1.31 to 11.59 over the range Burkert(M)**®
145-440 K
3810(50)" 10.02 Segel and Vyas(P)***
RbIO, 3960(10)" 15.65(0.01) Wu and Dong(P)***
(g = 0.0)
16.27 to 14.65 over the range Burkert(M)**®
202-433 K
RbIO; - - Segel and Vyas(P)***
NalO, 3950(10)" 42.24(0.01) (g = 0.0) Wu and Dong(P)**?
—5370(100)" 42.39 Segel and Vyas(P)***
- ‘very large’ Weiss and Weyrich
()i
CslOy 1.00(0.01) (ng = 0.0) Wu and Dong(P)**?

3972(2)"

Burkert(M)**®
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CSIO3
HIO,
(CH3)4ASIO4

(n-C4Ho)4NIO,

(TZ-C4H9)4PIO4

(C2Hs)4SbIO,

(CoHs5)4PIO,

(CoHs)4AsIO,

(C6Hs)4PIO,

3300(10)°

11.45 to 10.45 over the range
202-294 K; 1.8-1.7 over the
range 300-315 K

43.00(0.01) (1q = 0.75)
<18

8.07 to 3.35 (over the range
225-310 K) (nq ranges
from 0.60 to 0.77)

5.98 to 3.14 (over the range
150-355 K)

(ng ranges from 0.08 to
0.30)

5.29 t0 5.71 (g = 0.64 to
0.38) over the range
217-301 K

6.09 to 5.87 over the range
177-302 K

5.82 to 5.55 over the range
197-299 K

4.12 to 5.71 over the range
228-293 K

Segel and Vyas(P)***

Wu and Dong(P)332

Grommelt and Burkert
(M)330

Burkert and Grommelt
(M)329

Burkert and Grommelt
(M)329

Klobasa and Burkert
(M)SSl

Klobasa et al.(M)**®

Klobasa et al.(M)**®

Temperature
dependence of shift
measured

Temperature
dependence of Cq
and 7)q studied.
Several phase
transitions studied.

Temperature
dependence of Cq
and 7q studied.
Several phase
transitions studied.

Anomalous increase in
Cq with temperature

Temperature
dependence of Cq
studied.

Phase transitions and
temperature

(continued)



TABLE 19 (continued)
Additional experiments/
Compound Jso(E) (PPM) Col£) (MHz) References (condition) comments
(o ~=0) Burkert and Klobasa; dependence of Cq
Klobasa et al. studied.
(M)?27328
(CeHs)4ASIO, - 3.50 to 7.42 over the range Burkert and Klobasa;
179-297 K (nq ~ 0) Klobasa et al.
(M)?27,328
(CH5)4SbIO, - 1.37 to 2.76 over the range Burkert and Klobasa;
228-302 K Klobasa et al.
(no ~ 0) (M)?27328
(CH3)4NIO, - ~ 20 to 15 over the range Klobasa and Burkert
200-300 K (M)*!
N(CH3)410, - 15.46 to 9.07 over the range Burkert(M)**
301418 K
LilOs - - Segel and Vyas(P)***
AglO, 5410 (50)" 29.66 Segel and Vyas(P)***
mixed Br/Isodalites  —255.5(0.8)° (0 % Br) PQJr = 1.0(0.5) (0 % Br) Trill et al.(M)**

—255.5(0.8) (6 % Br)

—255.2(0.8) (25 % Br)
—250.4(0.8) (46 % Br)
—250.0(0.8) (65 % Br)
—247.6(0.8) (77 % Br)
—245.5(0.8) (86 % Br)
—245.0(0.8) (91 % Br)

Po = 1.1(0.5) (6 % Br)

Po = 1.3(0.5) (25 % Br)
Po = 2.8(0.5) (46 % Br)
Po = 2.6(0.5) (65 % Br)
Po = 2.1(0.5) (77 % Br)
Po = 1.6(0.5) (86 % Br)
Po = 1.8(0.5) (91 % Br)
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mixed Cl/I sodalites

IF,

IF6+ASF6_

Ag,Cuy_,l (x =0.05-
0.40 and 0.80-0.99)
Mn(CO)sI

BI,

—255.5(0.8)° (0 % Cl)
—254.6(0.8) (5 % Cl)

—254.4(0.8) (6 % Cl)

—253.9(0.8) (10 % Cl)
—254.8(0.8) (22 % Cl)
—228.2(0.8) (89 % Cl)
~227.1(0.8) (90 % Cl)

3040(40)*

Po" = 1.0(0.5) (0 % Cl)
Pg = 1.7(0.5) (5 % Cl)

Pg = 1.5(0.5) (6 % Cl)

Po = 1.8(0.5) (10 % Cl)
Po = 2.3(0.5) (22 % CI)
Po = 4.3(0.5) (89 % Cl)
Pg = 3.9(0.5) (90 % Cl)

At 77 K: 134.88(0.03) (g =
0.04(0.004)) (from NQR

study in same paper)

2.9 (if ng = 0)
2.32 (if 7o = 1)

927 (nq = 0.03) (‘preliminary

values’)
1190.6(1.1)
(no=0.4518(0.0003))

Trill et al.(M)**

Weulersse et al.(M)***  New solid-solid phase
transition discovered;
J(*#71, YF) = 2100 Hz
(51 phase)

Hon and Christe(M)**? Obtained in a field of

0936 T

Mizuno et al.(M)**°

Spiess and Sheline
(S

Okuda et al.(S) *° Zeeman-perturbed
NOR on a single
crystal. Temperature
dependence also

studied.

(continued)
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TABLE 19 (continued)

Compound diso(£) (PPmM)

Cq(=£) (MHz)

References (condition)

Additional experiments/
comments

I, -

Pl implanted in Fe -
crystals

(no = 0.16(0.010)

Kojima and Tsukada
(8)467,468

Visser et al.(S)**”

Zeeman splitting of the
NQR line

3T is a radioactive
nucleus with a half-
life of about 8 days
and nuclear spin of
7 /2470

Within the references column, the condition of the solid state sample will be denoted accordingly: S = single crystal, P = polycrystalline, M = microcrystalline powder; if the condition of the

sample is unknown, it will not be specified.
T Pq = Co(l+na%3)"2

“ with respect to solid Nal.

¥ with respect to solid KI.

¢ with respect to IM Nal(aq).

¢ with respect to 5M Nal(aq).
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TABLE 20 lodine-127 CSA data from solid-state NMR spectroscopy
Compound CSA data (ppm) Reference Additional information
CsIOy 011 = O = 3978%; 533 = 3960" Wu and Dong332 This is likely the only reliable report of iodine CSA
(Q=18) from solid-state NMR experiments.
NH,IO, Q<50 Wu and Dong™* This supersedes a value previously reported by
Segel and Vyas™*
KIO, Q<50 Wu and Dong™* This supersedes a value previously reported
by Segel and Vyas®**
AglO, Q=980 Segel and Vyas™*
NalO, Q<50 Wu and Dong™* This supersedes a value previously reported
by Segel and Vyas®**
LilO; one component of the CS tensor Segel and Vyas™*
reported as 5000 + 400"
CslOs one component of the CS tensor Segel and Vyas®**
reported as 4400 £ 400"
RbIO; one component of the CS tensor Segel and Vyas™**
reported as 4900 + 400"
CsICl, one component of the CS tensor Segel and Vyas®**

reported as 3900 + 200"

a

with respect to solid Nal.
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TABLE 21 Selected gas-phase data measured by molecular beam or microwave methods for quadrupolar halogen nuclei in diatomic molecules

¢ (halogen)®

Molecule Cq (halogen) (kHz) (kHz) ¢3 (kHz) Jiso (Hz) References

'"H”Br 532 304.1(8) 290.83(8) 10.03(21) - Saleck et al., 1996*”"; van Dijk
and Dymanus 1969*"2

'H¥Br 444 679.3(8) 313.25(8) 10.89(21) - Saleck et al., 1996*”"; van Dijk
and Dymanus 1969*"2

D”Br 530 631.5(21) 145.82(24) 1.59(24) - Saleck et al., 1996*”"; van Dijk
and Dymanus 1974*7

D% Br 443 279.9(21) 157.26(24) 1.74(24) - Saleck et al., 1996*”"; van Dijk
and Dymanus 1974*3

'H**C1 —67 617.6(11) 54.00(15) 5.1(4) - Cazzoli and Puzzarini, 2004°¢

'HCl1 —53288.1(17) 44.75(15) 4.4(4) - Cazzoli and Puzzarini, 2004°

H'T ~1828286+9 351.1 + 0.3 5.49 +0.11 80 + 70 Van Dijk and Dymanus,
1968*7*

27, (0=0,]=13)  —2452585.14(45)  3.1536(33) 1.528(18) 3708(22) Wallerand et al., 19997

"Li”°Br 38 368.104(36) 7.8816(58) 1.0710(61) 60.4(7.0) Hilborn et al., 1972%7¢

"Li®'Br 32 050.860(46) 8.4740(74) 1.1789(78) 71.1(8.9) Hilborn et al., 1972%7¢

Na”Br 58 068.90 0.3125 0.3908 78 +3 Cederberg et al., 1987*"7

*Na®'Br 48 508.672 0.3371 0.4248 85.9 + 1.8 Cederberg et al., 1987*"7

35CIF —145 871.82(3) 21.616(2) 2.859(9) 840(6) Fabricant and Muenter,
1977478

S7CIF —114 961.31(6) 17.649(4) 2.385(17) 710(10) Fabricant and Muenter,
1977478

133Cs35Cl (v = 0) 1765.17(6) 0.5872(37) 0.0280(15) 60.5(16) Cederberg, 1977*7°

133Cs32Cl (v = 0) 1392.30(6) 0.4630(37) 0.0318(15) 55.4(16) Cederberg, 1977*7°

BNa*Cl (v = 0) —5642 + 50 - 0.22 + 0.02 50 + 30 Cederberg and Miller, 1969**°

BNa*Cl (v = 0) —5646.8 + 6.0 0.00 & 0.40 0.24 + 0.15 0 + 300 de Leeuw et al., 1970*%

PNa*Cl (v = 0) —44470+1.3 —0.47 + 0.54 025 +0.22 90 + 250 de Leeuw et al., 19708
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$Rb>>Cl 769.45 0.3950 0.033 25.71 Cederberg et al., 2006***
$Rb¥Cl 607.39 0.31615 0.02723 21.64 Cederberg et al., 2006***
¥kl 55.9 + 0.4 0.435 + 0.010 0.035 + 9+6 Nitz et al., 1984*%
0.012
¥K¥Cl (v =0, 449+ 0.3 0.352 + 0.008 0.030 + 7+5 Nitz et al., 1984*%
J=2) 0.010
¥K”Br 10 237.8535 1.23695 0.03756 21.89 + Cederberg et al., 2008>*>
0.18
K Br 8550.8901 1.32250 0.04048 23.59 + Cederberg et al., 2008>**
0.19
PK] —86 896.9856 0.88790 0.01082 24.10 Cederberg et al., 2008>**
Li'*1 —198 478.601 6.80388 0.62584 62.44 Cederberg et al., 1999**!
7Br!F 1 086 891.97(118) 89.051(131) —7.15(24) 4860(280) Miiller and Gerry 1995***
81Br!F 907 976.81(116) 95.818(128) —7.71(26) 5240(300) Miiller and Gerry 1995***
127119 —3438176.88 94.174(89) —5.202(146) 5730(1050) Miiller and Gerry 1995*%*
(167)
75Lu%Cl —647.27(63) 2.141(42) - - Cooke et al., 2005*°
(v=0)
7SLu?Cl —500.29(92) 1.471(56) - - Cooke et al., 2005*°
(v=0)
13¥La%Cl1 —950.1(24) 2.71(12) - - Rubinoff et al., 2003*%°
v =0)
1392%7Cl —749.6(28) 1.73(15) - Rubinoff et al., 2003*¢
v =0)
139L,a”Br 13 624.2(21) 6.957(57) - - Rubinoff et al., 2003*%¢
v=0)
1391 a81Br 11 375.0(22) 7.405(64) - - Rubinoff et al., 2003*%¢
(v=0)
(continued)
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TABLE 21 (continued)

¢ (halogen)®

Molecule Cq (halogen) (kHz) (kHz) ¢3 (kHz) Jiso (Hz) References
139La'T (v = 0) —81 197(23) 5.79(11) - - Rubinoff et al., 2003*5¢
455¢%Cl1 —3786.1(35) 4.63(24) —0.65(35) - Lin et al., 2000*%”
455:537C1 —2982.4(36) 3.69(28) —0.45(34) - Lin et al., 2000%”
455¢7Br 39 085.7(24) 17.06(16) - - Lin et al., 2000*%®
455c81Br 32 643.8(19) 18.24(17) - - Lin et al., 2000%*®
89y35¢l1 —821.6(43) 2.86(39) - - Hensel and Gerry, 1994*%
89y37C1 —621(20) 2.29 - - Hensel and Gerry, 1994*%
Cu®Cl (v = 0) —32127.29(59) —0.250(60) 0.137 - Low et al.,1993,%*;
Bizzocchi et al., 200734
Cu”Br (v = 0) 261 179.9(23) 0.13(12) - - Low et al., 1993*%
SCu'1 —938 379.47(73) 0.645(29) —0.397(47) 298(59) Bizzocchi et al., 2007°*
Scu'¥1 —938 362.8(13) 0.676(53) —0.460(80) 319 Bizzocchi et al., 2007%4*
107 Ag127] —1062527.99(66)  0.584(22) - - Bizzocchi et al., 2007°**
109 A o127] —1062 522.05(50)  0.599(16) - - Bizzocchi et al., 20074
20571351 —15 793.32(50) 1.38(10) —0.13(10) —1540(100)  Hammerle et al., 1969*%°
(v=0,]=2)
205T179Br 126 310.88(10) 3.690(5) —1.65(5) —6350(50) Dickinson et al., 1970*"*
(v=0,]=2)
200171 —438916.3 + 0.5 3.05 4+ 0.05 —2.48 + 0.1 —6670 £50  Stephenson et al., 1970*
(v=0,]=3)

Data are for the v = 0, ] =1 rotational-vibrational state unless otherwise stated.

“ Spin-rotation constant.
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The alkali metal halides which contain half-integer quadrupolar halogen
nuclei are amenable to SSNMR experiments primarily because they possess
cubic lattice symmetry. They are also particularly convenient to use, since pure
samples may be easily prepared and maintained. The first reports of bromine and
iodine SSNMR experiments were communicated by Pound and were carried out
using single crystals of NaBr'*® and Nal,'*” respectively. The first chlorine SSNMR
spectra appear to have been acquired by Kanda in 1955 on powdered samples of
NaCl, AgCl, CsCl, and TICL.'?® Chlorine-35/37, bromine-79/81, and iodine-127
SSNMR experiments on the alkali metal halides were important in furthering the
understanding of ionic systems through their: (i) observed isotropic chemical
shifts, (ii) quadrupolar relaxation processes, (iii) signal intensities and linewidths,
(iv) the temperature and pressure dependence of (i), (ii) and (iii), and (v) effects of
lattice perturbations on NMR spectra. Each of these points will now be discussed.

4.1.1. Observed isotropic chemical shifts

Although the crystal structures of the alkali metal halides were determined before
the advent of condensed phase NMR spectroscopy, a substantial amount of
experimental and theoretical work was required to provide a semi-quantitative
model that could rationalize the observed halogen nuclei chemical shifts. Kanda
measured bromine chemical shifts for a partial series of alkali metal halides, as
well as AgCl, TICl, AgBr and TIBr, and tentatively concluded that an increase in
0iso(X) (X = Cl, Br, I) corresponded to an increase in M—X covalent bond charac-
ter.'*® This study, along with the NMR observations of Gutowsky and McGarvey
on the cationic species,'*” motivated Yosida and Moriya (Y-M) to develop a
theoretical model which rationalized the chemical shifts between samples as
being due to differences in the degree of M-X covalent bond character."* This
model was used to explain not only observed chemical shifts, but also homonu-
clear spin-spin coupling (direct and J) and T values. Bloembergen and Sorokin
used the Y-M model to explain the d;,("’Br) and T;(*'Br) values in a single crystal
of CsBr.'3! Following 81Br SSNMR experiments on a single crystal of RbBr, Itoh
and Yamagata noted that the Y-M model, as well as the purely ionic model of van
Kranendonk,'** (vK), failed to produce 6(Br) on the order that was being
measured and hinted that a more elaborate theory was required.*’ Kondo and
Yamashita (K-Y) proposed a model for relaxation and chemical shifts in ionic
crystals which assumed that the overlap of ion atomic orbitals of nearest-neigh-
bour atoms was responsible for the observed parameters.*’

A detailed *°Cl, ®'Br, and %I SSNMR study on all alkali metal halides (except
Lil) was carried out by Yamagata in 1964, who concluded that the trend in
observed chemical shifts (see Figure 6 for the trend associated with the bromides
and iodides; the chlorides are very similar) could not be qualitatively understood
by any model proposed up to that date. Taking the K-Y model as a starting point,
it was shown that M-X bond covalence, lattice vibrations and electrostatic effects
were only of minor importance in differentiating the shifts of the alkali metal
halides. It was concluded that the dominating halogen chemical shift effect was
due to orbital overlap between the halogen ion with both its nearest (NN) and
next-nearest neighbours (NNN )12
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Figure 6 Experimental chemical shifts of the halogen nuclei versus the identity of the alkali
metal ion (room temperature). Modified from Ref. 147. Reproduced by permission of Elsevier Ltd.

The calculation of magnetic shielding parameters in the alkali metal halides
using Hartree-Fock wavefunctions was carried out by Ikenberry and Das, but
their approach did not reproduce the observed halogen shift values of the systems
studied (chemical shifts were in error by about 200-300 ppm).** The pressure
dependence of the shifts of several alkali halides was calculated by Hafemeister
and Flygare.'**

Using MAS %/%7Cl SSNMR experiments on powdered samples of NaCl, KCI,
RbCl, and CsCl, Weeding and Veeman'®® observed that the chlorine chemical
shifts were nearly isotope independent. They also observed that two properties
correlated with the observed shifts, namely the M—X bond distance and the
Sanderson electronegativity of the cation, with the latter exhibiting a stronger
correlation. This correlation between Sanderson electronegativity and chlorine
shift was confirmed by Lefebvre,'*® with the exception of LiCl. The possibility
that the Li(H,O)! ion was the true counterion in solid samples of LiCl was
proposed as an explanation for this anomalous shift given the hygroscopic nature
of this material.

Hayashi and Hayamizu carried out a comprehensive SSNMR study on the
alkali metal halides." All shifts were determined from MAS experiments at By =
9.4 T with vy = 2-5 kHz. By performing “Li, *Na, *Rb, '**Cs, °Cl, "Br, and '
MAS SSNMR experiments (and static *’K NMR experiments) on microcrystalline
powders for all 15 alkali metal halides, they determined very precise chemical
shifts for the halide nuclei relative to solid KX salts. They also measured the static
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and MAS linewidths for all the halide nuclei noted above. They found solid KX
salts to be ideal for setting the X nucleus shift reference, a point to which we will
return later. They also attempted to relate their observations to structural para-
meters, although they did not find a simple explanation. They finished by ratio-
nalizing the halogen chemical shifts in a manner similar to that of Yamagata'*’
by taking into account the orbital overlap between the halogen ion and its NN
and NNN.

4.1.2. Understanding quadrupolar relaxation processes in solids

After observing the ™ Br and '*I NMR signals for single crystals of NaBr and KI,'*
as well as the °/#'Br NMR signals of crystalline and powdered KBr,'* it was
suggested by Watkins and Pound that the rapid relaxation (T; << 1 s) in these
systems arose from the coupling between Q and a time-dependent EFG due to
crystal lattice strain and thermal vibrations. The quadrupolar mechanism dom-
inates the relaxation processes in the alkali halides and for the bromides it is
generally observed that [T:(®'Br)/T:1("Br)] = [Q("’Br)/Q(*'Br)]* ~ 1.43."*° As long
as the temperature is greater than about 1/2 of the Debye temperature, 6p, there is
roughlyal/ T? dependence of T1(X), (X = 35/37¢C1, 79/81Br, 1271) 1% Kanda observed
a correlation between decreasing 79/81Br T, values and increasing J(Br) (Figure 7)
and concluded that the data were suggestive of a common origin, although a
source was not provided.'*

Several theories were developed to explain the remarkably short halogen T;
values. While it was clear that a time-dependent EFG was present at the relevant
nuclear site, early consensus regarding the origin was not found. As mentioned
earlier, Y-M proposed that the time-dependent EFG was generated by the dis-
torted ions (due to M-X covalent bonding) coupling to thermal lattice
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Figure 7 Relation between T; and bromine chemical shift of LiBr, AgBr and TIBr. From Ref. 128.
Reproduced by permission of the Institute of Pure and Applied Physics.
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vibrations.'* Bloembergen and Sorokin agreed this would cause a reduction, but
did not quantitate this statement for the CsBr single crystal used in their study."’
The observed T;(®'Br) value of RbBr was not well accounted for using the covalent
Y-M model.*! It was discovered, however, that van Kranendonk’s model,'*?> while
still yielding Ty values too large by a factor of 10, was preferred.

Wikner et al. performed a detailed study of relaxation using single crystals of
many alkali halides (see Table 11) and concluded that neither the Y-M nor the vK
model performed very well at rationalizing halide T; values. The authors pro-
posed a model which took the vK model and augmented it with the anti-shielding
factor proposed by Sternheimer,''” as well as an additional consideration regard-
ing induced dipole polarization (which is associated with optical lattice vibra-
tions). This model still did not account fully for all measured T, values. A possible
explanation for this discrepancy is outlined below and involves an inadequate
description of the lattice vibrational spectrum.'**'** As well, the K-Y (ion over-
lap) model* was shown'? to not reproduce the measured T;s for all halogen
nuclei in the alkali metal halides. Yamagata proposed that the vK electrostatic
model could describe the halogen relaxation of the light metal halides, but the
model was required to include overlap effects to properly treat the heavier metal
halides. A semi-quantitative model was eventually arrived at after considering the
temperature and pressure dependencies of the measured T; values (vide infra).

The multipole NMR approach has also been used to calculate the quadrupolar
spin echo time response for a variety of pulse sequences for a single crystal
of KBr.'* The findings were experimentally verified using ®'Br SSNMR
experiments.

4.13. Signal intensities and linewidths

For the cubic alkali bromides and iodides, the observed signal intensities of the
79/81Br and '¥1 resonances were less than would be expected, even if a ““perfect”’
single crystal was used.'*®'** The lack of signal intensity was explained as being
due to the interaction between the large Q and the EFG generated at that point
arising primarily from dislocations and thermal lattice vibrations. This interaction
causes the ST to be broadened such that they are not detectable. The observed
signal is from the CT only, as it is not affected by the QI to first order. It was not
until the advent of pulsed techniques that the ST could be observed directly
without difficulty, although it was noted by Bonera et al. that upon plastically
deforming KBr and NaBr single crystals, they could no longer observe the ST even
when using pulsed techniques.'*’

Under MAS conditions, it has been observed that as long as the magic angle is
set correctly,'*® the NMR linewidth of the halogen decreases relative to the static
case in microcrystalline powders without exception.'®” The reduction in linewidth
does not appear to depend strongly on the relative magnetogyric ratios, but rather
on the combined atomic masses of the atoms in the sample. For example, the **Cl
linewidth of LiCl is reduced by a factor of about 18, while the '*’T linewidth of CsI
is reduced by 1.5. The average reduction due to MAS is ca. 5-10.
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4.1.4. Pressure and temperature dependence of J;,,(X), T7(X), and linewidth
Using powdered samples of RbX (X = Cl, Br, I) and CsX (X = Br, I) and 3¢, 8'Br
and "I SSNMR experiments, it was demonstrated by Baron that a positive
halogen 6;s, results when alkali metal halides are subjected to a uniform pres-
sure at constant temperature.*” Baron also studied the phase transitions for the
RbX series and concluded from the data that the covalent (Y-M) model for
rationalizing chemical shifts was inadequate. It was seen that the K-Y model
fared better at predicting the trend in halogen chemical shifts, once NNN effects
were included. This mirrors the conclusions of Hafemeister and Flygare during
their computational study of chemical shifts of many alkali metal halides as a
function of pressure.'** Baron also noted that while the Y-M model improved
the results of the K=Y model, it could not account for the observations alone.
Lastly, it was observed that the NMR line shapes (°Cl, ¥'Br, ¥Rb, and '),
widths and intensities changed only upon the initial application of pressure, or
when a sample was passing through a phase transition, and remained constant
otherwise.

Ngai measured the temperature dependence of iso(*'Br, 1) for the full
series of alkali metal bromide and iodide powders, as well as the corresponding
thallium salts.'*” The author observed a consistent positive shift with respect to
increasing temperature and devised a reasonable model to account for the
anion chemical shift trend of the alkali metal halides at room temperature
(recall Figure 6). For the room temperature trend, it was reasoned that the ion
overlap model of K-Y, with the inclusion of NN and NNN, satisfactorily
explained the halogen shift trends for light alkali metal halides (i.e. LiX, NaX,
KX). As one goes from LiX to CsX, the effects denoted by Y-M (covalent model)
become increasingly important, but are not expected to dominate the ion orbital
overlap effect in the alkali metal halides (Figure 8). Ngai reasoned that the
systematic positive chemical shift of the halogen nuclei as a function of increas-
ing temperature was due primarily to increased thermal lattice vibrations
which enhanced the orbital overlap and hence the paramagnetic contribution
to shielding.

Marsh and Casabella induced elastic strain upon single crystals of NaCl and
NaBr by applying static pressure (up to 6.9 MPa) and noted, as expected, that the
*Cl and ”’Br NMR lineshapes broadened and became less intense. The authors
determined that the purely ionic model of vK was inadequate to describe the
changing field gradients at the chlorine and bromine nuclei with respect to
changing pressure. It was concluded that ion orbital overlap between nearest
and NNN atoms was a satisfactory model to rationalize their observations and
that pure covalent effects did not need to be included.'*® The effects of static elastic
strain on chlorine SSNMR spectra were observed to determine the gradient-elastic
tensors for LiCl and RbCl by Hackeloer and Kanert.'*’

Allen and Weber demonstrated that increasing temperature will enhance the
likelihood of cationic vacancies diffusing through the lattice.'*' This is typically
observed by a deviation in the T; versus T plot from the T > behaviour noted
earlier. This change in behaviour is accompanied by a decrease in the halogen
NMR signal linewidth (Figures 9 and 10).'*' This characteristic temperature
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Figure 8 A schematic plot showing the dominant effects on the bromine chemical shifts as one
changes the alkali metal from Li to Cs in the alkali metal bromides. See text for discussion (NN =
nearest neighbours; NNN = next nearest neighbours). From: Ref. 147. Reproduced by permission of
Elsevier Ltd.

dependence of T; at higher temperatures may be used to determine lattice defect
migration activation energies, as demonstrated in single crystals of NaCl and
NaBr, 150153

At low temperatures, assuming the effects of paramagnetic impurities to be
negligible, the temperature dependence of halogen T; values will also no longer
be described by a T~ dependence, although the mechanism behind the origin is
different than outlined above (at low temperatures (~0.020p) the T; dependence is
roughly T7).">* Tarr et al. observed this low temperature deviation using ”*/*'Br
and "I SSNMR experiments on single crystals of NaBr, LiBr, Nal, and RbI.'*
Niemeld and Tuohi also observed this deviation using single crystals of RbBr."*
What was strikingly different in each of the above cases was the conclusion that
each group arrived at regarding the origin. Of the three theoretical models (i.e. vK,
Y-M, K-Y), the electrostatic vK model was the best at describing the temperature-
dependent relaxation in RbBr, but was completely inadequate at describing the
observations in all other systems. The shortcoming of the vK model is likely the
assumption that acoustic-phonon relaxation dominates optical-phonon relaxation
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Figure 9 Temperature dependence of the relaxation time T; for ®'Br in a single crystal of LiBr.
From Ref. 141. Reproduced by permission of the American Institute of Physics.
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Figure 10 Narrowing of “Li and ®'Br resonances in a single crystal of LiBr as a function of
temperature due to translational diffusion of lithium nuclei. From Ref. 141. Reproduced by

permission of the American Institute of Physics.



290 Cory M. Widdifield et al.

at all temperatures (in fact, the vK model made no reference to optical lattice
vibrations). It is postulated that even at low temperatures, relaxation via the
coupling of Q to optical-phonons is of importance.”™” Tt was first pointed out by
Wikner et al."* and expanded upon by Weber and Allen in their studies on the
temperature dependence of the “Li and 7*/®'Br T;s of LiBr (they also studied
KF, NaF, KI, and Nal) that accurate descriptions of relaxation as a function of
temperature are not likely when one uses a poor description of the lattice vibra-
tional spectrum.'**"'** Tt was tentatively concluded that a reasonable (but not
overly detailed) description of the optic vibrational branch is needed to describe
the T, behaviour as a function of temperature when the mass ratio between the
metal and halogen deviates greatly (ca. > 3) from unity, but would not be required
when the mass ratio was near one.

4.1.5. Effects of lattice perturbations

It was established early that 7*/8'Br and '*'I SSNMR experiments on alkali halide
single crystals and microcrystalline powders were extremely sensitive probes of
crystal lattice imperfections. It was demonstrated by Watkins and Pound that KBr
and Kl single crystals of the highest possible quality possessed enough lattice strain
to diminish the intensity of the CT significantly and either completely obscure (KBr)
or greatly diminish (KI) the signal intensity due to the STs.'**'** The lattice strain
was attributed largely to the presence of dislocations, rather than the presence of
vacancies or intrinsic impurities.'”® Induced lattice imperfections may result from:
(i) deformations, which could be either elastic'*® or plas’cic:138’144’158_161 in nature;
(ii) doping, which may give rise to any combination of lattice vacancies, interstitials
and foreign atoms;'**'**"** and (iii) increasing temperature, which as mentioned
before typically serves to increase cation vacancy diffusion rates.'*"'®* It has gen-
erally been established that a deformed or doped sample will exhibit a decreased
halogen T3, as well as decreased signal intensity and increased linewidth. The
mechanism responsible for the changing parameters can be attributed to an
increase in the quadrupolar interaction at the nuclear site, an effect which is usually
enhanced by a partial deformation of the ion.

By measuring the shape of the quadrupolar echo in single crystals of RbBr and
Rbl, Mehring and Kanert showed that a quadrupolar distribution function could
be determined.'®! Once this function was known, the authors could quantitate the
dislocation density as a function of shear stress'® and presented a model to
determine the density of point defects and dislocations in the lattice.'® It was
concluded that the EFG in undeformed RbBr single crystals was due to point
defects, while plastic deformation induced dislocations. Discussion pertaining to
sample doping is delayed to Section 4.3.2.

Hon and Bray discussed the effects of neutron irradiation damage in cubic
lattices using ®'Br SSNMR experiments on a KBr single crystal and '*’1 SSNMR (as
well as "Li and **Na) experiments on Lil, Nal, and KIL.'°*'®® They provided
detailed descriptions of the line broadening mechanisms that would be present,
their origins, their effects on resonance linewidths and T, values and established
that lattice defects after neutron irradiation are clustered rather than random."®
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4.2. Solid-state chlorine-35/37 nuclear magnetic resonance

As mentioned above, the alkali metal chlorides have cubic symmetry about the
chlorine nucleus which requires that the EFG to be essentially zero in a perfect
crystal. This results in CT NMR spectra with narrow lines that are free of quad-
rupolar effects. As the environment around the chlorine nucleus is transformed to
lower symmetry, second-order quadrupolar effects begin to be observed, leading
to broadened CT lines with quadrupolar line shapes. The broadening of the
signals in chlorine CT NMR spectra as the quadrupolar effects become more
significant is the most serious limitation to the types of materials which can be
studied with typical SSNMR methods.

In the sections that follow, we discuss in detail specific applications of chlorine
SSNMR to a range of compounds. For example, recent studies have demonstrated
the utility of chlorine SSNMR as a materials characterization tool. Brinkmann
et al."”? used the technique, along with 'Ag and '*Te SSNMR to study ion
dynamics in three polymorphs of AgsTe,Cl while Czupiriski et al.'”! used chlorine
SSNMR along with a variety of other techniques, including differential scanning
calorimetry, dilatometry, and infrared measurements, to study the dynamic prop-
erties and phase changes in 2-cyanopyridinium perchlorate. Chlorine SSNMR has
also found applications in the study of materials such as sodalites and glasses
(Tables 3 and 5).

4.2.1. Simple salts

In addition to the alkali metal salts, there are other simple salts which have
been popular materials to study by chlorine SSNMR (Table 2). Ammonium
chloride, for example, also has an EFG of essentially zero at the chlorine nucleus
and has been examined in multiple studies. The salt was a subject of one of
the very early halogen SSNMR studies, carried out by Itoh and Yamagata, in
1962.'7% In their study, the temperature dependence of the *°Cl chemical shift
and T, times of ammonium chloride powder were monitored. The chemical
shift at room temperature was found to be 76 ppm (w.r.t. dilute NaCl(aq)) and
the T4 trend was found to change sharply at the temperatures where the structure
undergoes a phase change. Study of this salt continued throughout the late 1960s
and early 1970s with multiple publications discussing the pressure dependence
of T1."*'7* Ammonium chloride was also studied by Weeding and Veeman, and
Lefebvre,'*'*® with both groups noting a *°Cl chemical shift of ca. 74 ppm (w.r.t.
1 M NaCl(aq)).

Solid-state chlorine NMR data are available for several other simple metal
salts. Silver chloride was studied by Kanda;'?® its chemical shift was reported as
intermediate between that of sodium and cesium chlorides. Hayashi and
Hayamizu also included this compound in a study along with alkali metal and
cuprous halides, reporting d;s,(*>Cl) as —12.82 ppm (w.r.t. solid KCI), and found a
negative temperature dependence of the chemical shift. Several studies in the
mid-1990s by Yamanishi, Michihiro, and co-workers!>?1% reported how the
temperature dependence of T; was used to determine the activation energy of
the Ag™ defect migration in AgClL
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Chlorine NMR parameters for thallium chloride were also measured by
Kanda,'”® who reported a chemical shift of —2.5 ppm (w.r.t. saturated NaCl
(aq)). This chemical shift was confirmed by Giinther and Hultsch'”® in their 1969
study of cuprous halides, which included the salt for comparison purposes. The
chlorine vacancy diffusion within salts was also examined in the early 1970s by
Samuelson and Ailion,”® through measurement of the temperature dependence
of the chlorine T; and T3 relaxation times.

Copper chloride was first studied by chlorine SSNMR in 1968 by Giinther and
Hultsch'”® at 1.0 T. Although the study was focused primarily on the “*Cu SSNMR
of cuprous halides, several *°Cl isotropic shifts were reported, including that
of CuCl as —93 ppm (w.r.t. saturated NaCl(aq)). In the late 1970s, Becker'””
re-examined this material, and found that the chlorine chemical shift decreased
linearly with increasing temperature. The material was also included in Hayashi
and Hayamizu’s comprehensive 1992 study of alkali metal, cuprous, and silver
halides.'”® Magic angle spinning experiments were used to accurately determine a
*Cl chemical shift of —127.23 ppm (w.r.t. solid KCl) for CuCl, and the tempera-
ture dependence of the chemical shift was confirmed.

4.2.2. Hydrochloride salts

Hydrochloride salts have been popular materials to study, particularly in recent
years, as evidenced by the reports of Bryce et al.,'”*'*" Chapman and Bryce,'®*
and Hamaed et al.'® (see Figure 11 for an example). Data are summarized in
Table 4. To the best of our knowledge, the first chlorine SSNMR report for a
powdered hydrochloride salt appears to be that of Pines and co-workers, who
studied cocaine hydrochloride in 1995.'®* The study utilized multiple techniques
to study the hydrochloride salt, including '*N NQR. The chlorine-35 SSNMR
experiment was carried out at 7.0 T using a Hahn-echo pulse sequence, and a
chlorine-35 Cq of 5.027 MHz was reported. To avoid the intensity distortions that
result from a finite pulse applied to a broad line shape, a variable frequency offset
approach, in which the frequency was stepped in 2 or 4 kHz increments over the
entire spectral width, was used to acquire the spectrum.

Several organic hydrochloride salts were included in a 2001 study by Bryce
et al.'®" and the utility of chlorine SSNMR in examining hydrogen bonding
environments was demonstrated. The study examined both the chlorine-35 and
chlorine-37 SSNMR spectra of i-tyrosine hydrochloride, L-cysteine methyl ester
hydrochloride, L-cysteine ethyl ester hydrochloride and quinuclidine hydrochloride
obtained at 18.8 and 9.4 T. Several methods were used for acquisition of the spectra
including Hahn-echoes for both MAS and stationary experiments and QCPMG
experiments on stationary samples. Complete EFG data were reported for all four
compounds, while complete CSA data were also provided for L-cysteine ethyl ester
hydrochloride (Tables 4 and 8). The parameters were extracted through simulation
of the spectra using the WSolids package,'® which is currently one of the programs
of choice for quadrupolar line shape simulations.

Gervais et al.''! also studied selected amino acid hydrochlorides, using 13C,
1N, N, 70, and *>Cl SSNMR spectroscopy in 2005. EFG and isotropic chemical
shift data were reported for glycine hydrochloride, L-valine hydrochloride and
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Figure 11  Solid-state chlorine NMR spectra of .-lysine hydrochloride. Experimental spectra are
shown in (A) *Cl at 11.75 T and (C) ¥’Cl at 11.75 T. The **Cl NMR spectrum of a stationary sample
obtained at 11.75 T is shown in (E). A hyperbolic secant spin-echo sequence was used to acquire the
spectra. Simulated spectra are shown above each experimental spectrum. The effects of CSA are
evident in the spectrum of the stationary sample (E); shown in trace (G) is the simulated spectrum
obtained with an isotropic CS tensor. The relative orientation of the EFG and CS tensor PASs are
shown in the inset. From Ref. 179. Reproduced by permission of the American Chemical Society.

L-glutamic acid hydrochloride, as determined through fits of the static and MAS
spectra, done using the DMFIT program.'®® In addition, the authors''" recon-
firmed the values obtained previously'® for i-tyrosine hydrochloride. While no
experimental CSA data were reported, first principles calculations were done,
predicting small CS tensor spans ranging between 78 and 157 ppm.'"!

The recent interest in applying chlorine-35/37 SSNMR spectroscopy to amino
acid hydrochlorides stems from their biological importance, as they serve as

simple models for chloride ion binding sites in ion channels. We have reported
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and analysed the NMR spectra for most of these hydrochloride salts (see Figure 11
for an example).'”'%1%2 In previous studies, complete CS tensor parameters were
not given in most cases. The chlorine CS tensor data which have been reported
more recently were reliably extracted in large part due to the 21.1 T magnetic field
used.'””'®? Despite the structural similarities within the amino acid family, the
sensitivity of both the EFG and the CS parameters to the small changes in chloride
bonding environments was demonstrated by the range of parameters observed.
For example, the magnitudes of chlorine-35 quadrupolar coupling constants
range from 7.1 to 2.03 MHz, as summarized, along with the CS span data, in
Figure 12."7%7'%2 The value of —7.1 MHz reported by Chapman and Bryce'®* for
aspartic acid hydrochloride is the largest chlorine-35 Cq observed for an organic
hydrochloride. The chlorine isotropic chemical shifts for these salts, summarized
in Figure 13, were found to lie in the range of 90-106 ppm with only proline
hydrochloride and serine hydrochloride as exceptions.'”*'®*'%2 A correlation
between the magnitude of Co(**Cl) in amino acid hydrochlorides and the hydrop-
athy of the amino acid has been reported.'” Chlorine SSNMR could potentially
provide insight into the chloride hydrogen bonding environment in peptide
hydrochlorides for which crystal structures are unavailable.

Hamaed et al.'®® have also utilized **Cl SSNMR as a method to study biologi-
cally important systems, in their study of hydrochloride salts of four local anaes-
thetic pharmaceuticals. Complete CSA and EFG data were reported for these
materials, and subtle changes in structure were found to drastically change both
sets of parameters. In addition, the authors demonstrated that chlorine-35 SSNMR
is sensitive enough to distinguish between polymorphs of the same material.
Polymorphs of both monohydrated lidocaine and monohydrated bupivacaine
could be easily distinguished due to significant differences in their chlorine
NMR spectra. The authors propose that chlorine NMR could be used as a method
to rapidly identify and distinguish polymorphs of these types of materials.
Impressively, the authors demonstrate cases where the *°Cl NMR experiments
are more useful than X-ray diffraction and ">*C NMR for characterizing the mate-
rials. One potential limitation of the technique for identifying polymorphic impu-
rities is that its sensitivity depends on the line width (and therefore the QI) of the
impurity, a factor which cannot be controlled. For example, a small fraction of an
impurity with a chloride ion in a cubic or near-cubic site will be easily detected by
*>Cl NMR; however, if the chlorine is subject to strong quadrupolar coupling, it
will be more difficult to detect in the NMR experiment.

In 2003, Frydman and co-workers'? studied a mixture of L-ornithine /1-lysine
hydrochloride using chlorine SSNMR to demonstrate the potential of using dif-
ferences in relaxation properties to resolve non-equivalent chlorine sites in solid
samples. The relaxation-assisted separation (RAS) technique was shown to distin-
guish between the overlapping *>Cl SSNMR signals of a 1:1 mixture of the two
hydrochlorides at 14.1 T. The method is therefore valuable in distinguishing
between different chlorine sites, provided they have sufficiently different relaxa-
tion properties. The technique could be particularly useful in cases where MAS
experiments are not feasible due to large line widths.
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Figure 12 Summary of **Cl Cq and Q data for the amino acid hydrochlorides. Data from Refs.
179-182.

Several alkylammonium chlorides have been analysed using chlorine SSNMR.
In 1994, Hattori et al.'® observed the temperature dependence of the *>Cl quad-
rupolar coupling constant of C4HNH;Cl, which ranged from 0.85 to 1.2 MHz
over a temperature range of 300-480 K. In 2003, Honda'® published a study
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Figure 13 Summary of the chlorine-35 isotropic chemical shifts for solid amino acid hydro-
chlorides. Reproduced from Ref. 182 by permission of the PCCP Owner Societies.

examining seven n-alkylammonium chlorides. Selected deuterated samples of the
n-alkylammonium salts were also studied, and it was found that the *Cl Co was
consistently lower in these salts, compared to their non-deuterated counterparts.
In addition, the chlorine-35 quadrupolar coupling constant was found to follow
an “even—odd” trend in the highest temperature phase of these salts of general
formula n-C.Hp,  1)NH3Cl. The “even” salts (x = 8 and 10) had significantly
larger coupling constants compared to those of the “odd” salts (x =5, 7, 9), with
all falling in the range 1.0-1.5 MHz. Point charge EFG calculations, based on
known crystal structures, were used to explain this trend.

4.23. Alkaline earth chlorides

The alkaline earth chlorides, and their pseudo-polymorphs (i.e., their hydrates),
have been studied by chlorine SSNMR. The first study of these salts was carried
out by Lefebvre'*® in 1992. While several isotropic chlorine chemical shifts were
reported, corresponding EFG data were not provided. The only anhydrous
sample to have its chemical shift reported was SrCl, (0iso(*°Cl) = 140.8 ppm
w.r.t. 1.0 M NaCl(aq)), in which the chloride is at a site of cubic symmetry.
Multiple apparent chemical shifts were reported for several of the hydrate salts;
however, it is now clear that there were problems with the interpretation of these
spectra. It was hypothesized, in our previous review,"" that the reported chlorine
chemical shifts for the alkaline earth metal chloride hydrates studied,
MgCl,-6H,0, CaCl,-2H,0, SrCl,-6H,0O and BaCl,:2H,0, actually refer to the
two peak maxima from the second-order quadrupolar powder patterns and are
not true chemical shifts. This hypothesis was confirmed by Bryce and Bultz''? in a
2007 study, which analysed many of the hydrates. In that study, **/*’Cl SSNMR
spectroscopy was applied at 11.75 and 21.1 T to study a series of alkaline earth
chloride hydrates. Complete CS and EFG tensor parameters were reported (see
Tables 2 and 8). Chlorine-35 quadrupolar coupling constants range from zero in
SrCl, to 4.26 £ 0.03 MHz in calcium chloride dihydrate. Shown in Figure 14 is an
example of the spectra obtained for barium chloride dihydrate, which features
two crystallographically distinct chlorine sites. In addition, Bryce and Bultz
demonstrated the sensitivity of chlorine SSNMR to pseudo-polymorphism
through the acquisition of spectra corresponding to different hydration states of
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Figure 14 Chlorine NMR spectra of solid powdered BaCl,+2H,O obtained at 11.75 and 21.1 T.
Spectra acquired under MAS and static conditions for both **Cl and *’Cl are shown. Simulated
spectra are shown above the experimental spectra. Also, spectra of stationary samples (top) have
been simulated with the span of the CS tensor set to zero (see parts E, ) and O) to demonstrate the
importance of the anisotropy of the chemical shift tensor in obtaining accurate fits. Reproduced
by permission of Wiley-VCH from Ref. 112.

strontium chloride. The spectra of the anhydrous, dihydrate, and hexahydrates of
this salt were shown to be easily distinguishable using chlorine SSNMR, as each
pseudo-polymorph is characterized by significantly different EFG and CS para-
meters. This may be seen in Figure 15, which depicts the **Cl SSNMR spectra of a
mixture of the dihydrate and hexahydrate pseudo-polymorphs. The spectra also
demonstrate how the kinetics of a reaction, in this case the interconversion of
hydrates due to MAS sample heating, could be monitored using chlorine SSNMR.

Chlorine SSNMR parameters have been reported for other selected anhydrous
alkaline earth chlorides. Stebbins and Du'® acquired a **Cl NMR spectrum of
BaCl, in their study of chlorine-containing glasses, and reported two chlorine sites
with chemical shifts of 124 and 219 ppm (w.r.t. 1 M NaCl(aq)) and Cq values of 3.5
and 3.95 MHz, respectively. In a similar glass study, Stebbins and co-workers'"!
analysed CaCl,, reporting a chemical shift of 122 ppm (w.r.t. 1 M NaCl(aq)) and a
Co of 2.1 MHz. On the basis of the chemical shifts now known for chloride ions,11
it seems likely that the chemical shift of 2880 ppm reported'” for AICl; is
erroneous.
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Figure 15 (A) Experimental and simulated chlorine-35 solid-state MAS NMR spectra of a mixture
of the hydrates of SrCl,. (B) **Cl MAS NMR spectra of the mixture as a function of time. The sample
is heated due to the MAS and the hexahydrate gradually loses water to form the dihydrate. B, =
Nn75T.

Multiple studies on tris-sarcosine calcium chloride ((CH;NHCH,COOH);.
CaCl,) have been performed due to its use as a model compound for the study
of a second-order ferroelectric phase transition. The majority of the studies were
carried out by Michel and co-workers'**'*” in the late 1980s and early 1990s. In
their first report, *>Cl single-crystal NMR studies were performed and EFG tensor
data reported, with a Cg value of 4.10 MHz at room temperature. Later reports,
using both single crystal and powdered samples, described the temperature
dependence of Cq and T, for both the paramagnetic and ferroelectric phases,
with the transition to the latter occurring at a temperature of 131.5 K. The variation
in the **Cl quadrupolar frequency over the range of 120-260 K was reported to be
0.75 kHz K'. The authors emphasized the importance of N-H- - -Cl hydrogen
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bonds in determining the EFG. Bryce et al.'®! later studied this material using
33/37C] SSNMR, finding a slightly smaller Co(*°Cl) of 4.04 MHz.

4.2.4. Perchlorates and Chlorates

The perchlorates (ClO4 ) became the subject of analysis by chlorine SSNMR in the
late 1980s (see Table 6). Although the chlorine atom in perchlorates lies in a high-
symmetry pseudo-tetrahedral environment, the EFG is not required to be zero at
Cl if the salts are non-cubic. The first study was published in 1986 by Jurga et al.'*®
and included static and MAS chlorine NMR spectra of some multimethylammo-
nium perchlorates. See also the associated NQR study by the same group.'*” Three
alkali metal perchlorates were studied under stationary conditions at 7.04 T by
Tarasov et al.>?**"" in the early 1990s. This is an impressive study which has been
overlooked in subsequent chlorine SSNMR work. Complete quadrupolar data
were reported with CQ(35CI) values of ~0.63, 0.60, and 0.51 MHz for cesium,
rubidium, and potassium perchlorates, respectively, at room temperature.
Variable temperature experiments were also reported, and a particularly detailed
account was provided for CsCl0,.2%° Chemical shift anisotropy, however, was not
included in the analysis. In 1999, Skibsted and Jakobsen®"? published an extensive
study of solid perchlorates, which included those compounds studied by Tarasov
and co-workers along with several others. The study was carried out on powdered
samples, using static, MAS and SATRAS techniques (see Figure 16). Precise Cq,
ng and d;s, values were determined for a total of 13 different perchlorates via
simulation of the MAS spectra (Table 6). The CQ(35C1) values reported in this
study for three perchlorates differed slightly from those previously reported by
Tarasov,?°%?! with values of 0.585, 0.537, and 0.440 MHz for cesium, rubidium,
and potassium perchlorate, respectively. These latter values are more reliable due
to the fact that the satellite transitions were fit. Chemical shifts for the perchlorates
are approximately 900-1000 ppm larger than for chlorides due to increased
paramagnetic contributions to the shielding tensor in the former.

The only chlorate which has been significantly studied using chlorine SSNMR
is sodium chlorate. Mangl early Zeeman-perturbed chlorine NQR studies feature
analyses of this salt.'”>*2% It is not surprising therefore, that one of the early
chlorine-35 SSNMR studies was on this material, carried out by Kawamori and
Ttoh****" in 1963. The authors studied a single crystal and reported the resonance
frequency for multiple orientations. Bain and co-workers®® re-examined a single
crystal of NaClOj; recently to confirm the validity of their theoretical approach for
the exact calculation of combined Zeeman and quadrupolar interactions.

4.2.5. Chlorine chemical shift tensors

Chlorine chemical shift tensor information is summarized in Table 8. In the past
decade, several reports of CSA measured using powdered samples have been
published for chloride ions and some perchlorates. Although Creel reported a
span of 4000 ppm for p-dichlorobenzene, there are large errors associated with the
principal components (1000 ppm) and it was assumed that the EFG and CS
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Figure 16 (A) Experimental *>Cl MAS NMR spectrum of the central and satellite transitions for
(CH3)4NClO,4 shown with the central transition cut off at 1/10 of its total height. (B) Simulated
spectrum of the satellite transitions. From Ref. 202. Reproduced by permission of the American
Chemical Society.

tensors were coincident.”” The largest precisely measured span is 160(40) ppm for
a polymorph of bupivacaine hydrochloride.'®® For other hydrochloride salts,
spans range from, for example 26 £+ 10 ppm for r-lysine hydrochloride to 129 +
20 ppm for r-phenylalanine hydrochloride.'” Accurate measurements of CS
tensor magnitudes require consideration of the relative orientation of the EFG
and CS tensors, and where this angular information is available, it is presented in
Table 8. The large majority of recent CSA measurements were enabled by record-
ing the **/%Cl SSNMR spectra in magnetic fields of 18.8 or 21.1 T. Most reports
also benefit from having acquired and simulated spectra at more than one mag-
netic field strength. This is important given the large number of parameters
required to fit the spectra. A tentative correlation between the span of the chlorine
CS tensor and the hydropathy of the amino acid in amino acid hydrochlorides has
been proposed;'® spans for the more hydrophilic salts tend to be smaller than
those of hydrophobic salts. This may be qualitatively rationalized by considering
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that the hydrophilic amino acids have more potential hydrogen bond donors,
thereby creating a more symmetric environment at the chloride ion.

For alkaline earth metal chlorides, the chlorine CS tensor spans range from
zero for cubic strontium chloride to 72 4+ 15 ppm for calcium chloride dihy-
drate.''* Shown in Fi%ure 14 is an example of the effect of including CSA on line
shape simulations of *>Cl and *Cl SSNMR spectra of barium chloride dihydrate,
which has two crystallographically non-equivalent chloride sites. Again, the
successful determination of the chemical shift tensor magnitudes and orientations
depended critically in this case on the use of two magnetic field strengths (one of
them 21.1 T) and the simulation of line shapes for both isotopes.

Since there is generally no correlation between chlorine quadrupolar coupling
constants and CSA, it is recommended that CS parameters be reported whenever
possible since these carry additional information on electronic structure.

4.2.6. Applications of quantum chemistry

The use of quantum chemical calculations in concert with **/3’CI NMR studies has
also become increasingly prevalent in recent years, due to the improved accuracy
of such calculations and the increasing availability of suitable software. In partic-
ular, standard methods for treating isolated molecules have been used in many
studies (e.g. RHF or B3LYP based calculations using localized basis sets). In 2006,
Bryce et al.'”’ determined an optimal method and basis set combination for
calculations of chlorine NMR parameters for amino acid hydrochlorides. The
RHF method with the cc-pVTZ basis set on chlorine and the cc-pVDZ basis set
on all other atoms in the system was found to produce excellent agreement with
experimental quadrupolar coupling constants. Importantly, neutron diffraction
structures were used to calibrate the methods, since knowledge of the proton
positions around the chlorine atoms is very important in obtaining the best
possible results. The B3LYP method with the aug-cc-pVDZ method on chlorine
and the cc-pVDZ basis set on all other atoms produced chlorine CS tensor spans
within experimental error. These optimized methods were subsequently applied
to provide insights into polymorphic hydrochloride salts of pharmaceutical
importance.'® We emsphasize the importance of accurate structures in such
calculations,'”? 18018218

The above-mentioned optimal methods were also used in combination with
experimental chlorine NMR data to refine the hydrogen-bonded proton positions
in some amino acid hydrochlorides for which neutron diffraction data are
unavailable.'® The combined experimental-theoretical procedure provided pro-
ton positions which resulted in back-calculated values of the chlorine quadrupo-
lar coupling constant typically within 15% of experiment. The values of Q were
found to be less sensitive to the proton positions.

For purely inorganic systems, such as alkaline earth metal chlorides, however,
isolated molecule methods have been found to give poor agreement with experi-
ment,'?” likely due to the extended ionic nature of the systems. Recently, the
GIPAW method has become available in the CASTEP program,'*®'"® which
performs calculations using planewaves and can therefore mimic the crystal
lattice environment in the solid state, and was found to yield excellent agreement
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with experiment in a study of the ionic alkaline earth chlorides.''? The trend in the
chlorine-35 quadrupolar coupling constants was accurately reproduced by these
calculations, although a systematic overestimation was noted, consistent with the
results found by Gervais et al.''" in their study of selected amino acid hydro-
chlorides. Given that most of the applications of chlorine, bromine, and iodine
SSNMR will be for systems in which these elements exist as ions (rather than
covalently bound), planewave methods will likely be a popular choice for
calculating the relevant NMR parameters.

43. Solid-state bromine-79/81 nuclear magnetic resonance

Molecular beam resonance experiments performed on CsBr and LiBr resulted in a
coarse determination of the ”/8'Br nuclear magnetic moments.”'° Pound subse-
quently used solution-state 7*/®'Br NMR experiments (a negative solid-state
experiment was attempted on a single crystal of KBr) to img)rove the precision
of both magnetic moments by nearly an order of magnitude.”"' The first bromine
SSNMR spectrum (*'Br) was acquired by Pound using a single crystal of NaBr.'*®
Relative to **/%Cl, far fewer literature reports contain 7*/*'Br SSNMR experi-
ments. This can be attributed in large part to the increased relative line width of
79/81Br SSNMR spectra for a given EFG (Table 1). As greater external magnetic
fields become available, the applications of 7*/#'Br SSNMR experiments should
become more substantial. This section reports on the chemical and structural
insights that have been gained as a result of 7*/®'Br NMR experiments, with a
focus on solid-state experiments on diamagnetic systems.

43.1. Simple inorganic bromide salts, NH,Br, AgBr, CuBr, TIBr
A highléy detailed 7*/*'Br SSNMR study was carried out by Itoh and Yama-
gata.'”>*'> They conducted variable-temperature (VT) 7*/®'Br SSNMR experi-
ments to comment upon the structure and dynamics in three crystalline phases
of NH4Br (using both the powder and single-crystal forms). It was clearly demon-
strated that the phase changes could be monitored by observing changes in
bromine 6;s, and T; values. Using simple calculations, they connected changing
NMR observables to structural change. For example, upon heating the sample
through 411 K, the crystal structure undergoes a phase transition from a CsCl type
lattice (phase II) to a NaCl type lattice (phase I). This transition does not alter the
cubic crystal symmetry and the value of Cq remains zero; however, the observed
chemical shift decreases by about 100 ppm, while the T; value increases consider-
ably. It was reasoned that the average number of covalent bonding interactions
between the bromide and ammonium ions had decreased, a finding consistent
with the changing crystal structure and Ramsey’s theory of magnetic shielding.
3933 The structural change likely enabled additional high-frequency ammonium
ion re-orientational motions, thus averaging the 7*/#'Br-'H dipolar interaction
and leading to an increased T;.

Upon cooling the sample through 235 K, a tetragonal phase is formed (phase
IT1). The phase change was clearly quantified by the presence of a non-zero *'Br Co
value (5.5 & 0.3 MHz); the first measured by a conventional high-field bromine
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Figure 17 Cq, for ®'Br nuclei as a function of temperature for ammonium bromide in the ordered
phase. From Ref. 172. Reproduced by permission of the Institute of Pure and Applied Physics.

SSNMR experiment. They also determine the temperature dependence of Co(*'Br)
in this phase (Figure 17) and attribute the dependence to the degree of crystalline
ordering. They also provide a very detailed discussion pertaining to the origin of
the quadrupolar relaxation and observed shifts. A subsequent study redeter-
mined Co(®'Br) and the ordering parameter in the tetragonal phase with increased
precision.”’® A study on the deuterated version of this compound highlights the
pressure and temperature dependencies of both the linewidth and spin-lattice
relaxation time.'”*

Numerous 7?/#'Br SSNMR studies have been carried out on AgBr, many of
which focused on the addition of dopants and their effects on the bromine SSNMR
spectra (see below).'®*?'*2!7 The temperature and time dependence of the "’Br
NMR signal of plastically deformed AgBr (both pure and NaBr doped) have also
been discussed and related to the density of lattice dislocations.”'® The reader is
referred to Table 9 for additional information on AgBr.

A single crystal of AgBr and powdered TIBr were amongst the samples used by
Kanda'*® when establishing his covalent model for rationalizing observed shifts
and T, values. TIBr was often used during formative double-resonance experi-
ments.”'® Using single crystals of TIBr and TICI, both isotropic J and dipolar-coupling
constants have been measured through 7*/#'Br and */%Cl NMR experiments.?"
It was observed by Saito that the K-Y model does a very poor job at describing the
observed chemical shift values in these types of systems. This conclusion was
also reached by Ngai during a study of the temperature-dependence of the *'Br
chemical shift."*” Ngai argued that covalent effects would have a significant impact
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on the chemical shift and that the temperature-dependence of the bromine shift in
these compounds is explained by considering the lattice vibrations that would
induce lower degrees of orbital overlap as the temperature is increased.

Using BCu, 7/#1Br, and 1 SSNMR on powdered CuBr, Cul and CuS,
Herzog and Richtering determined the temperature dependence of the copper,
bromine, and iodine linewidths.?*° In all cases, as the temperature was increased,
the linewidth associated with the anionic species was found to increase, while that
of the copper decreased. This was interpreted by the authors as being due to the
onset of Cu™ lattice mobility and enabled them to determine the activation
energies for this process. Giinther and Hultsch were the first to report the highly
shielded shift and short T;("”®'Br) of this compound when they studied T:(®*Cu)
temperature dependence in CuX (X = Cl, Br, I) systems.'”> Spin-lattice relaxation
values for lower temperatures (T = 78-300 K) in polycrystalline samples of CuBr
were studied using *'Br NMR and found to obey the expected T2 temperature
dependence while near or above 0p, in accord with the pure ionic vK model .

Becker and co-workers carried out a detailed study of the temperature
de/pendence of the linewidth and T; values for the solid CuX series, using %,
63 65Cu, 7/ 81Br, and %I SSNMR experiments.221 The linewidths were also studied
as functions of the addition of impurities (Table 10). The frequency jumping of Cu*
interstitials was shown to behave very similarly to the Ag™ interstitials in AgBr. This
motion created maximum line-narrowing of the signals ataround 373 K, was found to
be similar for each salt, and did not depend significantly on impurities.

The CuX series was also looked at by Hayashi and Hayamizu, who used
63/ 65Cu, 79131‘, and '*"I SSNMR experiments on powders to address the issue of
MAS rotation frequency dependent chemical shifts.”****> For 7°Br, the MAS
frequency dependent shift is modest (ca. +1 ppm at v,o: = 4 kHz, relative to the
corresponding non-spinning sample), while it is quite substantial for '*’I under
the same sample conditions (ca. +12 ppm). After ruling out numerous possibili-
ties as to the cause, it was concluded that the shift as a function of MAS frequency
was due to a Lorentz type force acting on the Cu™ ions.

43.2. Doping alkali metal bromides and other simple salts
A number of studies involved doping inorganic bromides, followed by
SSNMR experiments.'?%2!4215221224238 Generally, it is expected that as one
increases the impurity fraction, the bromine NMR signal intensity decreases and
the signal breadth increases (Figures 18 and 19). The reasons for the trend are
obvious: the impurity introduces crystalline strain, which results in a larger EFG
at the bromine nuclear site. The source of this strain is postulated by Das and Dick
to be due to subtle lattice displacements, which cause ions around the impurity
site to become polarized and thus destroy the cubic electric field symmetry and
significantly alter the local EFG.***** Studies have also been carried out which
link the decreasing NMR signal that is observed upon the introduction of impu-
rities with the creation of lattice dislocations.*'®

Using 7Br, %71, *Na, and %Rb SSNMR experiments, Andersson tested the
lattice displacement theory in the framework of the ion overlap model of K-Y
by observing the chemical shift change upon doping a variety of alkali halide

79/81Br
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Figure 18 Normalized signal strengths of both "?Br and #'Br in single crystals of (1-c)KBr-cNaBr
plotted against the relative concentration ¢ of the minority species. From: Ref. 158. Reproduced by
permission of the Institute of Pure and Applied Physics.
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Figure 19 Integrated absorption curves for 'Br magnetic resonance in a series of mixed single
crystals (1-c)KBr-cNaBr. From: Ref. 158. Reproduced by permission of the Institute of Pure and
Applied Physics.
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crystals.”! The author found good agreement between theory and experiment.
The general trend established experimentally is as follows: a substitution with a
smaller lattice cation results in a positive chemical shift, while substitution with
a larger lattice cation resulted in a negative chemical shift. The author argued that
a smaller lattice cation substitution results in slightly greater orbital overlap with
the adjacent ions, and thus creates a slightly larger negative paramagnetic shielding
effect.

Andersson and co-workers also carried out several studies which involved
doping single crystals (primarily NaBr, KBr, and KI) with a variety of impurities
and measuring the first- and/or second-order quadrupolar shifts in the SSNMR
spectra (*Na, "*/8'Br, '¥1, as appropriate) that were induced by the substitution;
they determined the EFG tensor at several crystal lattice sites and then estimated
the distance to the impurity site.”*****> A similar study on a reagent grade
specimen of KBr was carried out by Ohlsen and Melich, who introduced NaBr
into the lattice up to 0.1 mol %.'°* What is interesting in their study is that while
they observed the location of and EFG at the bromine atoms with respect to the
impurity Na™, they also managed to determine these same parameters for bro-
mine atoms near inadvertent CI~ impurity sites, which were estimated to make up
no more than 0.2 mol %.

Several reasonably simple models have been proposed to determine the EFGs
at the sites of the halogen atoms in systems where cubic symmetry was lost to the
presence of some form of lattice strain, typically an impurity, although they
were not quantitative and in some cases were off by more than one order of
magnitude.”*****?32% Although the initial demonstrations were not good at
quantitatively reproducing the experimental observations, it was abundantly
clear that the inclusion of only NN effects was not adequate to describe either
shielding or EFG parameters.

A number of studies have involved the doping of simple inorganic systems,
followed by bromine NMR to determine the gradient-elastic tensor of various
alkali halide crystals, which provides another way for determining the EFG tensor
at the halogen site.”***** Pulsed double-resonance experiments have also been
used to establish the presence of impurity ions in alkali halide crystals.””

There are many cases where complicated temperature-dependent behaviour
has been observed. As an example, upon heating a polglcrystalline sample of AgBr
doped with 3 x 107 mol % CdBr,, Reif observed the ”/#'Br NMR signal intensity
to be a minimum at room temperature over the temperature range of about 150—
550 K.'* Initially, one might expect that the signal intensity would decrease
consistently with increasing temperature, as the crystal lattice should become
increasingly strained with increasing temperature, which would lead to an
increasing EFG at the bromine and hence broaden the signal. Reif attributed the
minimum signal intensity to a matching of the Ag™ vacancy jump frequency with
1.83wp. This would lead to an efficient relaxation process and hence greatly reduce
the T,, perhaps even to the extent that lifetime broadening is observed. Further
heating eventually removes this relaxation process and corresponds to a slight
increase in T (the increasing lattice strains with increasing temperature competes
with this process and hence the initial bromine T; increase is only slight),
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an increase in signal intensity and decrease in linewidth. At higher temperatures
(T > 450 K), the lineshape is primarily determined by Br-Br magnetic dipole
interactions. These observations have been confirmed in subsequent studies®'
and similar temperature-dependent behaviour was observed upon doping AgBr
with CuBr,?*® as well as with FeBr,, CoBr, and NiBr,,*’and in a variety of other
cases (Table 10).

4.3.3. Other bromide ion-containing systems

Several papers have been published which comment upon the Br™ anion in two
pesudo-polymorphs of KoPt(CN)4Brg; + xH,O (x = 2.6, 3.2). Although initially
attributed to a dynamic motion of the bromine atoms,” the sharp ®'Br signal
observed in studies of the x = 2.6 pseudo-polymorph interestingly highlights that
79/81Br SSNMR experiments may be used to detect liquid inclusions within poly-
crystalline materials.*** Tt was also established that the true signals associated
with the bromine nuclei within the compound were likely beneath detection
limits. With the introduction of greater NMR magnetic field strengths (at that
time, 5.17 T), VT 3'Br SSNMR studies were able to detect two bromine sites with
moderately large QI parameters (Table 14).%*"**?

43.4. Alkali metal and ammonium perbromates (MBrO,4, M = K, Rb, Cs, NH,)
As is the case with the perchlorates, the bromine atom in the perbromate series is
in a nearly tetrahedral environment and hence the EFG at the bromine will be
nearly zero. Therefore, it should be possible to observe 7°/'Br SSNMR signals in
these systems. The cesium member of this series, CsBrO,,** belongs to the
tetragonal 4, /a space group, while the others (M = K, Rb, NH,) belong to the
orthorhombic group Pnma.

In CsBrQy, all the Br—O bond lengths are equivalent and there is only a slight
distortion of the O-Br-O angles from that of an ideal tetrahedron (ca. 2-3°). As the
bromine atoms are located on 4 sites, it is therefore not surprising that the
observed Cg, is very small (Co(®'Br) = 1.32 & 0.04 MHz) and axially symmetric
(o = 0).2** Variable-temperature 7*/®'Br NMR experiments were also carried out
on this compound and show a highly temperature-dependent QI (Figure 20).**
The authors reasoned that this was due to rotational oscillation of the bromate
tetrahedra about their equilibrium position.

For the other members of this group, the orthorhombic crystalline lattice
appears to have only a very slight effect upon the measured spectra, and it is
seen that the intramolecular symmetry is the dominant factor when considering
the contributions to the EFG at the bromine atom (Table 12). Some of the observa-
tions made suggest that further experiments are in order. For example, there
appears to be a significant Br isotope dependent shift of over 60 ppm in
NH;BrO,. This seems to be several orders of magnitude too large. In addition,
these studies never considered CSA, an effect which is expected by symmetry to
be present in all the perbromates.
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Figure 20 Temperature dependence of the "”Br CT NMR line shape for polycrystalline CsBrO,
(static sample); Bo = 7.04 T, vo = 75.2 MHz. From: Ref. 245. Reproduced by permission of Verlag der
Zeitschrift fur Naturforschung.

43.5. Molecular systems

Although this review is aimed at covering high-field NMR experiments on dia-
magnetic solids, a great number of studies have been published which serve to
highlight the complimentary nature between Zeeman-perturbed ”*/#'Br NQR and
standard NMR and NQR experiments on single crystals (Table 16).24%>#1
Experiments involving polycrystalline samples are increasingly rare,”**% but a
detailed study was carried out by Ege and Negita in 1990.>"” They observed
Zeeman-perturbed bromine NQR signals in a variety of samples, although they
could not quantitatively measure the asymmetry parameter in any case except
BBrs. Their value, however, differed significantly from the value determined by
single-crystal experiments.

The first reports of Zeeman-perturbed bromine NQR, both using single crys-
tals of NaBrOs, confirmed prior measurements of the "’Br magnetic dipole
moment™* and also highlighted the fact that Kriiger's®® Zeeman-perturbed
NQR theory was valid for both bromine isotopes.*”’

Subsequent Zeeman-perturbed NQR experiments were generally used to
determine 7q (which is not possible using a pure NQR spectrum of an I = 3/2
nucleus), the orientation of the EFG tensor in the crystal frame, and could also be
used to determine the bond character for the atoms directly bound to the bromine
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(see Table 16). For example, using Zeeman-perturbed 7/#'Br NQR, Kojima et al.
determined 7)q values for molecular bromine®* and p-dibromobenzene®"’ and
made reasonable arguments regarding the degree of C-Br double bond character
in the latter using the method of Townes and Dailey.”'**"" It was found that
compared to the C—Cl bonds in p-dichlorobenzene, the double bond character of
the C-Br bond was 50% greater. The authors also found that the difference in
double bond character contributed directly to an increase in the 7q value.

It should be noted that the Zeeman-perturbed 7*/#'Br NQR experiment is also
amenable to measure bromine chemical shifts, as demonstrated by Segel et al.
using powdered samples of KBrO; and NaBrO; and the measurement of the ®'Br
signal as a function of applied magnetic field strength.’'? In fact, to the best of our
knowledge, the Zeeman-perturbed NQR experiment was the first experiment to
measure bromine chemical shift anisotropy. Fusaro and Doane, using a single
crystal of NaBrOs, made very convincing arguments that the anomalous ®'Br shift
they observed as a crystal was rotated about 0 (the angle between V33 and Bj) was
due to chemical shift anisotropy.*" This can be done with rotation about only one
axis since 7o had been determined to be zero. They measured ¢ = 2620 & 20 ppm
and 0, = 2710 % 30 ppm; hence, Q = 90 ppm.

Doane and Hultsch used a single crystal of NaBrO; to demonstrate the inter-
esting possibility of using the Zeeman-perturbed NQR transitions to modify the
signal intensity associated with the ’Br Zeeman transitions by irradiating the
sample at NQR transition frequencies while in a weak magnetic field.®>'* This
information was subsequently used to determine quadrupolar relaxation transi-
tion probabilities.*'”

For characterizing the 7?/#'Br EFG and magnetic shielding tensors in systems
where the QI dominates the Zeeman interaction, an additional experiment, known as
quadrupolar regime NMR, has been suggested.’'®'® It relies upon the observation
of the slightly perturbed m = £1/2 transition. Compared to the more conventional
Zeeman-perturbed experiments, similar information is obtained, and the chemical
shift tensor may be characterized in addition to the EFG tensor. This experiment has
been carried out on powdered and single crystalline samples of p-dibromoben-
zene.”'*?! The authors reported chemical shift tensor parameters for ®'Br, although
the error bounds are too large to conclude that shift anisotropy was observed.

Further reports of 7*/8'Br SSNMR have been tabulated and can be found in
Tables 9-17. Very brief summaries are provided within the tables, where appro-
priate. Although not discussed explicitly here, some 7*/#'Br SSNMR experiments
have been carried out upon sodalite solid solutions (Table 13), as well as para-
magnetic, ferromagnetic and antiferromagnetic materials (Table 17). In the latter
systems, the NMR experiments have been largely carried out below liquid helium
temperature using single crystals.

4.4. Solid-state iodine-127 nuclear magnetic resonance

Iodine-127 SSNMR data and references are summarized in Tables 18-20. Although
'>’T has a good NMR receptivity, its applicability as an NMR probe is limited due
to its large Q value and the resulting broad line shapes when symmetry at the
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nucleus deviates from T4 or Oy. For this reason, there have been few develop-
ments since the 2006 review.'" Bieron et al. have described how the quadrupole
moments for bromine and iodine were derived from combined atomic and molec-
ular data.’”> However, since our previous review, the recommended value of
Q(**"1) has been altered by Pyykké from —710(10) mb to —696(12) mb (see
Table 1).°%

Reported T SSNMR studies of diamagnetic solids are mainly restricted to
periodate (I0,7) salts in addition to the cubic alkali metal iodides discussed in
Section 4.1. '*I SSNMR spectra of sodalites have also been acquired (see
Figure 5).”* The '*I quadrupolar coupling constants and CS tensors for NH,IO,,
KIO,, AglO,, and NalO, were reported by Segel and Vyas.*** Burkert et al. also
reported on '*I quadrupolar coupling constants as a function of temperature in
various periodates.’* ! The T nuclear quadrupolar coupling constants for
periodates range from 1.31 MHz at 145 K in NH,4IO, to about 43 MHz at 300 K
in PJaI()4.

Wu and Dong™ revisited the '’ SSNMR spectroscopy of the periodates as a
result of the anomalously large span of the iodine CS tensor reported for NalO,,
59 000 ppm.*** Wu and Dong showed that the anisotropy of the iodine CS tensor is
essentially negligible (< 50 ppm) in the periodates (NalO,, KIO,, RbIO,, NH4IO,,
HIO,) and a span of just 18 ppm was determined for CsIO,. The '*I SSNMR
spectra of NH4O, and KIO, are presented in Figure 21. These results are more
consistent with the high symmetry at iodine in periodiates. It is difficult to
speculate on the reason that such large spans were reported previously, as no
spectra are shown in the paper of Segel and Vyas. Recording of the broad '*'I
resonances in stationary powdered samples of NalO, (Cq = 42.24 MHz; nq = 0.0)
and HIO, (Cq = 43.00 MHz; nq = 0.75) was facilitated by acquiring the whole echo
rather than a half-echo.’*?

Zeeman-perturbed NQR was applied by Kehrer et al.**' to determine the
EFG tensor in glycyl-L-alanine hydroiodide monohydrate. Although this is not a
typical solid-state NMR study, it is interesting to quote the quadrupolar para-
meters, CQ(127I) = 74.04 MHz and nq = 0.776 (at 274.5 K) since the corresponding
hydrobromide salt is isomorphous and could be of interest for further study.

Hon and Christe reported a '*’I NMR study of polycrystalline IFs"AsF,~.>*
This early study did not benefit from modern pulse sequences and spectrometer
electronics; nevertheless, the spectrum was interpreted to provide reasonable
bounds on the '*I quadrupolar coupling constant, 2.32-2.9 MHz, depending on
the value of the asymmetry parameter (which could not be determined). Given the
high symmetry at iodine in the IF" cation, this small value of Cg seems plausible.
Lehmann et al. have reported solution 35/37C1, 79/81Br, and %I NMR studies of
ClFs"AsFs~, BrFs"AsFs~, and IFs"SbsF1o~ and obtained valuable chemical shift
and J-coupling information.>** Tt would be very interesting to apply solid-state
NMR methods to these and analogous systems, particularly in the case of '*'T
SSNMR of the IFs* cation since the large quadrupole moment of this isotope so
severely limits the types of bonding environments which may be easily probed.

Additional examples of ">’ SSNMR are scarce, as evidenced by the entries in
Tables 18-20. In terms of modern pulsed high-field NMR applications, it seems

127I
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Figure 21 lodine-127 NMR spectra of solid (A) NH410,4 and (B) KIO, (static powders). Simulations
are shown below each of the experimental spectra. vo = 100.36 MHz. From Ref. 332. Reproduced
by permission of Elsevier.

clear that studies will remain limited to iodine atoms in high-symmetry environ-
ments including, e.g., iodides and periodates.

45. Chemical shift references for solids: Bromine

It was discussed in Section 4.1 that Weeding and Veeman have presented reliable
chlorine chemical shifts obtained under MAS conditions for the solid alkali metal
chlorides.'® Hayashi and Hayamizu reported analogous data for bromine and
iodine.”” Here, we establish the bromine chemical shifts with respect to the
ITUPAC standard solution (0.01 M NaBr in D,0O). While carrying out these experi-
ments, it was found that the recommended IUPAC standard solution (Table 1) was
not a practical SSNMR reference sample. Our experiments were carried out at B =
11.75 T using 4 mm o.d. MAS rotors (a common experimental configuration for
SSNMR). Therefore, only 0.1-0.15 mL of solution is in the rotor and hence the mass
of solute within the rotor is maximally about 150 pg for NaBr. The solution was so
dilute that no signal could observed within 15 min of experimental time, usinga1s
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interacquisition delay. For comparison purposes, strong ”*/#'Br signals can be seen
in one scan using a 4 mm MAS rotor filled with solid NaBr.

Therefore, for 7*/#'Br NMR experiments, a slightly more concentrated solution
was prepared (~0.03 M). Using this solution still required nearly 1 h of experiment
time to achieve a signal-to-noise ratio of about 16 (Figure 22C). A similar observa-
tion was made for iodine. While it is known that the halogen nuclei can exhibit
significant concentration dependant shifts, the shift difference between very
dilute (< 0.05 M) solutions is not expected to be particularly significant. Previous
bromine NMR studies on alkali bromide solutions have been carried out where
aqueous solution concentrations up to 0.2 M were used without measurable shifts
from those that were “infinitely”” dilute.*> Very small concentration-dependent
shifts have been measured using *>Cl and *'Br NMR experiments for solutions of
NaCl and KBr in D,0.%* To the best of our knowledge, concentration-dependent
shift data do not exist for NaBr in D,O; however, using the data for KBr in D,0, it
is estimated that the shift difference between the 0.03 M NaBr solution used here

KBr
Compound  §(81Br)(+)/ppm  &(79Br)(+)/ppm
LiBr 64.82(0.15) 64.75(0.22)
NaBr -52.94(0.09) -53.02(0.09)
NaBr(D,0)  -54.51(0.30) —54.31(0.50)
KBr 0.0 0.0 NaBr
RBr 71.62(0.11) 71.58(0.15)
CsBr 228.25(0.25) 228.35(0.35)
A
¢ LiBr
| fi
A - JU\ j - A
i RbBr
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Figure 22 ¥'Br MAS NMR spectra of powdered alkali metal bromides. All experiments were
carried out at B, = 11.7 T and used v, = 10 kHz. (A) a mixture of LiBr and KBr; (B) a mixture of CsBr,
RbBr, KBr and NaBr; (C) 0.03 M NaBr in D,0O. For (B), the single, double and triple primes correspond
to the rotational sidebands of NaBr, KBr and CsBr, respectively. The sidebands for RbBr were not
fully resolved due to overlap with the KBr sidebands, which are shown for comparison in (A). Inset:
measured bromine chemical shift values (errors).
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and the 0.01 M NaBr IUPAC recommended solution would be at most 0.3 ppm,
which is of the same order of magnitude as the reproducibility in the bromine shift
measurement of the solution sample in an unlocked widebore magnet.

The collected data for 7*/#'Br MAS SSNMR experiments on the alkali metal
bromides are shown in Figure 22. All experiments, even for the solution, were
carried out using 10 kHz MAS in cylindrical MAS rotors to minimize the errors
due to temperature and bulk susceptibility differences. It is noted that the shift
values for all the salts (except CsBr) measured by us agree with the findings of
Hayashi and Hayamizu,'?” within experimental error. It is unclear why our value
for only CsBr is different. It could potentially be due to a frictional heating effect
since the spectra were acquired under MAS conditions: after considering the
effects of MAS heating, our experiments were at a slightly different temperature
than Hayashi and Hayamizu, who spun their samples at 2-5 kHz. The bromine
chemical shift dependence with respect to temperature is known,'*” but we cannot
comment on this further, as we do not know the precise temperature at which the
experiments of Hayashi and Hayamizu were carried out.

We did not observe an isotope-dependent chemical shift: under our experi-
mental conditions, if a shift is measured for one of the bromine isotopes, it will be
the same, within experimental error, for the other isotope. This is consistent with
expected isotope effects on chemical shifts. Based upon our preliminary findings,
we suggest that the [IUPAC chemical shift scale for both bromine isotopes may be
converted to an equivalent scale for solids and that the solid-state bromine
standard may be either NaBr(s) or KBr(s). If KBr(s) is used,

OkBr(s) oo (PPM) = 5IUPAC,79/SlBr(ppm) — 54.41(ppm),
while if NaBr(s) is used,
5NaBr(s),79/SlBr(PPm) = 5IUPAC,79/813r(PPm) —1.43(ppm).

4.6. Gas-phase data for diatomics

We tabulate and briefly consider here the wealth of NMR data available from
molecular beam and high-resolution microwave spectroscopy experiments
carried out on diatomic molecules (Table 21). Under favourable conditions,
these experiments can provide quadrupolar coupling constants, spin-rotation
constants, effective dipolar coupling constants (c; = Regf = Rpp —AJ/3, where
Rpp is the direct dipolar coupling constant and AJ is the anisotropy of the
J tensor™’), and isotropic J-coupling constants for diatomic molecules in various
rotational-vibrational states.***® As a result, the experimental data are very
valuable for testing various approaches for calculating NMR parameters includ-
ing their anisotropies. Since the molecules are essentially isolated in the experi-
ments, the comparisons with ““gas-phase’ calculations (where a single molecule is
in a vacuum environment) can be particularly fruitful.'®*''® The experimental
dependencies of the parameters on the rotational and vibrational quantum states
are also valuable for assessing the utility of computational approaches. Cederberg
has contributed a great deal to this field over the past several decades, having



314 Cory M. Widdifield et al.

reported hyperfine parameters for many diatomics in addition to those containing
halogens. In the limit where relativistic effects are unimportant (only the case
perhaps for chlorine; although, even in HCI the relativistic correction is not
entirely negligible for the chlorine EFG'"Y), information on the magnetic shielding
tensor and its anisotropy may be extracted from the spin-rotation constants. Many
of the original references cited in Table 21 feature much more detailed information
on the rotational-vibrational dependence of the NMR parameters than what is
presented here. One of the early high-resolution studies of the hydrogen halides
was by Gordy and co-workers;”> Gierke and Flygare subsequently interpreted
their data to obtain information on the halogen shielding tensors.**’

Mentioned briefly here are some highlights of the most recent developments
relating to the quadrupolar halogens. Cederberg has investigated the potential
evidence for a non-zero '*’Inuclear electric hexadecapole interaction by analysing
high-resolution molecular beam electric resonance spectra of Lil and KI.**!***
Although evidence for the hexadecapole interaction was found in both cases
(the '*'T coupling constant was found to be —0.0102 + 0.0015 kHz in **K'*'I and
K], and —0.0151 + 0.0030 kHz in “Li'*"T), the coupling constants are three
orders of magnitude larger than those calculated for lithium iodide by Thyssen
et al.’*® Their values ranged from +6 to +20 mHz. It has been suggested by
Cederberg and Pyykko that the spectral effect, while real, is probably not due a
true hexadecapole interaction and is rather a “pseudo-hexadecapole effect”.>*!>*?
No experimental evidence was found for a '*’ I nuclear magnetic octupole effect in
the study of Lil.

Bizzocchi et al. have carried out a detailed analysis of the hyperfine spectra of
Agl and Cul using high-resolution microwave FT spectroscopy.”** They reported
hyperfine parameters for °Cu'*’I, ®°Cu'*1, ' Ag'*1, and ' Ag'*’I isotopomers,
and extracted information on the shielding tensors for both nuclei on the basis of
the measured spin-rotation constants. They observed an increase in the anisotropy
of the reduced spin-spin coupling tensor (AK) and in the value of AJ/(3Rpp) with
the atomic number of the halogen within the series CuF, CuCl, CuBr, and Cul, in
agreement with previously proposed trends.'” Interestingly, Bizzocchi et al.***
resolve the issue of why the effective coupling constant c; (equivalent to Res) was
not previously observed for ®Cu’Br; it is found by interpolation of the values of
AK across the copper halide series that the values of the direct coupling constant
and one-third the anisotropy in the J tensor are fortuitously approximately equal,
yielding an R of very close to zero.>®

Finally, we point out the recent Lamb-dip spectroscopic study of H*Cl and
H*Cl, which has yielded what are very likely the most accurate and precise
hyperfine constants for these molecules to date.>*® The most accurate ground
state rotational constants for hydrogen chloride are also reported. The study is
complemented with a large series of ab initio calculations of the spin-rotation and
quadrupolar coupling constants for HCl. The final results are in good agreement
with experiment; the best vibrationally corrected CASSCF computed values of the
spin-rotation constants are 54.31 kHz (*H) and —42.18 kHz (*°Cl) while the
experimental values are 54.00(15) and —42.32(70) kHz. Similarly, the values for
Co(*°Cl) are —67.72 MHz (calc) and —67.6176(11) (expt).
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5. CONCLUDING REMARKS

One question which frequently arises when discussing Cl, Br, and I NMR spec-
troscopy is whether covalently bound halogens will ever be amenable to study
using conventional techniques on powdered samples. In principle, as long as the
T, values are not too short, a stepped-frequency approach could be used to
acquire such spectra in many parts. If we consider a Co(*>Cl) of 73 MHz (a typical
value for a covalently bound chlorine®'), the breadth of the CT due to second-
order quadrupolar effects would be almost 8 MHz at 21.1 T. This would require 80
sub-spectra if 100 kHz steps were used. Of course the situation becomes even
worse for bromine and iodine. So, observing covalently bound chlorine is proba-
bly possible but one must decide what information one is seeking and whether it
is worth the effort. One must keep in mind the availability of techniques such as
NQR and the ability to obtain information through the NMR spectra of nearby
nuclei which exhibit residual dipolar coupling to the halogen nucleus. In the
context of this discussion, the STREAQI experiment'”> may be useful.

The most exciting recent developments in the field of SSNMR of the quad-
rupolar halogens, in our opinion, relate to studies of the chlorine-35/37 nuclides.
This is largely due to the more moderate quadrupole moments of these nuclides
when compared with 7*/%'Br and '¥’I. Important advances in **/*Cl SSNMR
studies of hydrochloride salts of biochemical and pharmaceutical importance
have been reported in the past few years. This work has shown that there are
useful relationships between the chlorine NMR interaction tensors and the local
environment at chlorine, specifically pertaining to hydrogen bonding involving
CI™, thereby opening the door to using chlorine SSNMR as a new tool for char-
acterizing materials for which diffraction data are not available or are limited.
Examples include pharmaceutical polymorphs and hydrates, as well as peptide
hydrochlorides or small ion channels. Chloride and perchlorate ions in purely
inorganic materials have also yielded valuable information from **/”Cl SSNMR
experiments; the sensitivity of the chlorine EFG and CS tensors to hydration state
(pseudo-polymorphism) has been demonstrated. Taken together, the 3*/%’Cl
SSNMR experiments from the last decade have shown that there is great potential
to study chlorine in high symmetry environments in a variety of materials.

Recent developments in bromine and iodine NMR spectroscopy in the last
decade are scarce. Based upon our review of the literature, it is clear that 7*/#'Br
and T SSNMR applications lie predominantly in systems where the nucleus
finds itself in an ionic and highly symmetric (i.e. tetrahedral or octahedral)
environment. The recent success of high-field pulsed **/*’Cl SSNMR methods in
systems where the geometry at the halo%en deviates slightly from ideally sym-
metric cases indicates that 7/#'Br and "1 SSNMR should be also ap7p1icable to
such systems. Our group is currently exploring the possibility of using ”*/*'Br and
27T SSNMR experiments to characterize Br~ and I~ environments with reduced
symmetry. Systems of this sort should enable additional chemical shift tensors
and quadrupolar coupling parameters to be determined, thereby adding to our
understanding of the relationships between the NMR observables and the local
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nuclear environment. Further applications of bromine and iodine SSNMR
experiments will likely remain relatively limited; however, as commercially
available magnetic fields continue to increase in strength, we anticipate that
new opportunities will become available.
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S-T,1-type CIDNP and, 87-88
switching magnetic field in, 109
Radical-radical reactions, 131
Radio frequency (RF), 151, 173
Hamiltonian and, 151, 174-175
homogeneity, 43
pulse imperfections, 15-16
Ramsey’s theory, of magnetic shielding, 302
RAPT (Rotor-assisted population transfer),
208
RAS (Relaxation-assisted separation), 294
RD (Radiation dampening), 43, 4647, 53, 55
RDX (Hexogen), 167f, 182, 184f
Recovery of underwater resonances by
magnetization transfer NMR (RECUR-
NMR), 63-64
RECUR-NMR (Recovery of underwater
resonances by magnetization transfer
NMR), 63-64
Reencounter, 95-96
Refluxing, 39
Relaxation, 4, 16-18
CIDNP and, 98
from RD, 46
SSNMR and, 285-286
Relaxation time, 55-56, 289t
Relaxation-assisted separation (RAS), 294
Residual solvent amplitude, 51
Resolution, apodization and, 20
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RF (Radio frequency), 15-16, 43, 151,
173-175

RHF, 301

Rhodobacter sphaeroides, 13

Rotor-assisted population transfer
(RAPT), 208

S

Saccharomyces cerevisiae, 23
Salts
bromide, 244-250t
chloride, 213-222t
hydrochloride, 225-227t, 292-296
simple, 291-292
Samples, solvent suppression and, 38—40
Satellite transition spectroscopy
(SATRAS), 208, 299
Satellite-transition magic-angle-spinning
(STMAS), 209

SATRAS (Satellite transition spectroscopy),

208, 299
SC-CFP (Self-consistent charge-field
perturbation), 211
Second-order regular approximation
(SORA), 203
Secure Water Suppression
(SWET), 67
Selective pulses, solvent suppression
and, 50-51
Selectivity, presaturation and, 53
Self-consistent charge-field perturbation
(SC-CFP), 211
SEMF (Switched external magnetic
field), 100
Shielding
absolute, 201-203
magnetic
anistropy and, 203-204
Ramsey’s theory of, 302
Shifted and/or composite laminar
pulses (SLP), 64
Shigemi tubes, 39, 41
Shimming
of DSS, 44f
solvent suppression and, 42—43
with Z-gradients, 4243
Short SSFP sequence (SSS), 177
Hahn sequence and, 180-183
Signal intensity
in HSQC, 8f

for INEPT, 12f, 13f
in SSNMR, 286
Signal loss
in HSQC, 9f, 10f
for INEPT, 14f
Signal overload, 38f
Signal-to-noise ratio
apodization and, 20
in CIDNP, 108
Simple salts, chlorine and, 291-292
Single-crystals methods, 207-208
temperature and, 289f
Slow turning reveals enormous
anisotropic quadrupolar
interactions (STREAQI), 211
SLP (Shifted and/or composite
laminar pulses), 64
SLS, 151
Sodalities
bromine-81 for, 253254t
chlorine-35 for, 223-224t
Sodium chlorate, Zeeman-perturbed NQR
of, 299
Sodium citrate, 24
Sodium nitrite (NaNO,), 164, 165f, 166, 167f,
179-180, 1791, 182f, 186f, 189f
SOGGY (Solvent-optimized gradient-
gradient spectroscopy), 58-59,
58-59f
Solid-state NMR (SSNMR), 195-316
Bromine, MAS SSNMR and, 312
Hamiltonian for, 198
linewidth in, 286
powdered sample methods, 208-211
on quadrupolar halogen nuclei, 202
relaxation and, 285-286
signal intensity in, 286
single-crystals methods, 207-208
Solvent suppression, 33-74
artefacts and, 52, 69-72
bandwidth and, 69-72
baseline and, 69-72
carrier position and, 45
coherence destruction and, 50
evaluation criteria for, 51-52
locks and, 41
pulse sequences and, 52-67
pulse width calibrations and, 4344
samples and, 3840
selective pulses and, 50-51
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Solvent suppression (cont.)
shimming and, 4243
temperature equalization and, 41-42
tubes and, 40-41
Solvent-optimized gradient-gradient
spectroscopy (SOGGY), 58-59, 58-59f
PURGE and, 59
WATERGATE and, 59
SORA (Second-order regular
approximation), 203
SORC (Strong off-resonant comb), 150,
160, 186f
Spin Choreography (Freeman), 38
Spin-lattice relaxation, 16
bromine-79 and, 251t
bromine-81 and, 251t
Spin-spin relaxation, 16
SRTS, 154
SSFP (Steady-state free precession), 154,
176, 177, 180-183
SSNMR (Solid-state NMR), 195, 198, 202,
207-211, 285-286, 312
SSS (Short SSFP sequence), 177, 180-183
S-To-type CIDNP, 86-87
S-T,1-type CIDNP, 133
S-T,1-type CIDNP, 87-88
Stationary state, NOR and, 160-164
Steady-state free precession (SSFP), 154, 176
SSS, 177, 180-183
Stepper motors, for CIDNP, 109
Steroids, 124, 133
1H-13C heteronuclear correlation
spectroscopy for, 23
STMAS (Satellite-transition magic-angle-
spinning), 209
Stochastic Liouville equation, 92
STREAQI (Slow turning reveals enormous
anisotropic quadrupolar
interactions), 211
Strong off-resonant comb (SORC),
150, 160, 186f
Strontium chloride, 297
Substitution reactions, in CIDNP, 130
5-sulfosalicylic acid, 131
Sulphides
aliphatic, 124
monosulphides, 118
Super-WEFT, 55
Suppression bandwidth, 51
SWET (Secure Water Suppression), 67

Switched external magnetic field
(SEMF), 100

T

Temperature
linewidth and, 287-290
relaxation time and, 289t
single-crystals methods and, 289f
solvent suppression and, 41-42
TEMPO, 98, 131
Tensor interplay, 204-206
Tetranitromethane, 130
Thallium chloride, 292
3919 WATERGATE, 61-63
3D NOESY, 51
Time-resolved CIDNP, 71f, 81, 102, 103f,
116-117, 117f
signal storage and accumulation in, 107f
TNEFMS (Transient nutations in the
effective field of multiple-pulse
sequences), 150-151, 186-191
TNT (Trinitrotoluene), 164-165
TOCSY (Total correlation spectroscopy), 6,
22-23,25
Total correlation spectroscopy (TOCSY),
6,22-23
for oil, 25
Trans-anthole, 110, 111f, 131
Transient nutations in the effective field of
multiple-pulse sequences (TNEFMS),
150-151, 186-191
Transverse relaxation, 16
Tributyrin, 24
Triethylamine, 122, 123f, 124
Trilinolein, 24
Trimethylbenzoyl, 97
Trinitrotoluene (TNT), 164-165
Triphenylamine, 116, 117f, 129
Triphenylphosphine, 129
tris-sarcosine calcium chloride, 297
Tryptophan, 134
Tubes
Shigemi, 39, 41
solvent suppression and, 4041
Wilmad 535P, 41
2D INEPT, 10-11, 24
for oil, 25
2D NMR, 1-26
applications from, 21-26
artefacts in, 19-20
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2D NOESY, 4

2D-J-resolved NMR, 22

Tyrosine, 134

L-tyrosine hydrochloride, 292, 293f
Tyrosol, 24

U

Ultraviolet spectroscopy, 2

\'%

L-valine hydrochloride, 292
VASP, 212

Vinylamine, 134

Viscosity, 25-26

Visible spectroscopy, 2
Volume selection, 55-56

W

W5 WATERATE, 63
Water, 45-49
demagnetization field effects with, 47-49
exchange in, 45-46
flipback pulses for, 51
RD with, 46-47, 55
Water peak, 46
Water suppression, with WEFT, 56
Water suppression by gradient tailored
excitation (WATERGATE), 50, 57,
61-64, 62f
phase-modulated binomial six-pulse
sequences and, 64
SOGGY and, 59
Water-eliminated Fourier transform
(WEFT), 4, 51, 52, 54f, 57

Super-WEFT, 55
water suppression with, 56
WATERGATE (Water suppression by
gradient tailored excitation), 50, 57, 59,
61-64, 62f
Water-Press sequence, 55
WEFT (Water-eliminated Fourier
transform), 4, 51, 52, 54f, 55-57
Weighting. See Apodization
WET, 64-67, 65f
WET180, 66
WET270, 66-67
Wien2K, 212
Wilmad 535P tubes, 41
WSolids, 292

Y
Y-M method, 283, 286

z

Zeeman Hamiltonian, 198
Zeeman interaction, 85
Zeeman proton reservoir, 169-171
Zeeman-perturbed NQR

bromine and, 308-309

bromine-79 for, 257-266t

bromine-81 for, 257-266t

iodine-127 and, 310

of sodium chlorate, 299
Zero-quantum coherences, 6
Z-gradients

bubbles in, 40f

shimming with, 4243



