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Abstract

Today, structure elucidation of complex organic molecules relies heavily on the
application of proton-detected heteronuclear NMR techniques. Among these
techniques, the HMBC experiment is one of the most useful 2D NMR methods.
Carbon—proton HMBC experiments allow the assignment of structural frag-
ments through correlations between protons and carbons separated by more
than one bond, usually two or three bonds via small 'H—"C couplings, usually %/cy
and 3}CH, but also over longer bond chains, ”>3JCH, especially in conjugated
systems. In the decade preceding this review, several significant extensions to
the basic HMBC experiment have been made. The main directions of develop-
ments were widening the range of accessible long-range J-coupling constants,
improving sensitivity, refining resolution, suppressing one-bond correlations and
accurately determining long-range coupling constants. In addition, increasing
the efficiency of multi-dimensional NMR techniques, an important contempo-
rary trend in NMR, has also had its impact on HMBC, with multiplex approaches
and parallel acquisition techniques emerging. Structure elucidation and signal
assignment of proton-deficient molecules like condensed aromatics has bene-
fited most substantially from the new possibilities for a detailed analysis of long-
range correlations. In this review, we summarize the basic variants of HMBC and
discuss recent developments related to the technique, focusing on develop-
ments of new pulse sequences and processing protocols.

Key Words: NMR, Heteronuclear coupling, Long-range heteronuclear shift
correlation, HMBC, D-HMBC, 3D-HMBC, 3D-/-HMBC, CT-HMBC, ACCORD-
HMBC, IMPEACH-HMBC, BIRD-HMBC, CIGAR-HMBC, IMPACT-HMBC, COSY—
HMBC, TS-HMBC, I'-HMBC, HMSC, Clean HMBC, Multiplicity editing, Ultrafast
HMBC, Cartesian product operators, Covariance processing.
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1. INTRODUCTION

Over 2000 scientific papers mentioning the HMBC (heteronuclear multiple-bond
correlation) experiment in the title or keywords have been published between the
year 2000 and the time of writing this review, according to the Scopus database. A
rough analysis of the respective journals’ scopes shows that ca. 80% of these articles
are not NMR-centric, that is, not focused on method development in NMR. These
numbers evidence that HMBC and derivative experiments are considered crucial
by researchers in diverse fields of application. Notably, more than a third of these
articles appeared in journals dedicated to natural products research, emphasizing
that HMBC is an indispensable tool for structure elucidation of organic natural
products, in which isotopic labelling usually is not a viable alternative assignment
strategy. HMBC-type experiments are not widely used in mainstream protein
NMR, where isotopic labelling is relatively easy, and highly specialized correlation
methods exploiting the well-defined narrow ranges of heteronuclear one- and two-
bond coupling constants prevail. In this review, we focus on methodological
advances and will mention some application examples, which are necessarily not
fully representative of the method’s scope. The application examples selected are
almost exclusively carbon-hydrogen correlation experiments, which are, in prac-
tice, the most important application areas in organic and biological chemistry. '°N
long-range correlation experiments have been reviewed in this series previously.'

The HMBC experiment, which is based on multiple-quantum experiments
proposed by L. Miiller” and improved by Bax and Summers,” has developed
through many incarnations into one of the most versatile and indispensable NMR
tools for elucidating structures of organic molecules, in particular, complex natural
products. Normally used as a 2D technique, it is crucial for establishing long-range
correlations (i.e. over two or more bonds) between protons and heteronuclei,
especially for non-protonated nuclei such as condensed aromatic ring systems.
The basic HMBC experiment has a few drawbacks that have prompted the devel-
opment of a variety of new pulse sequences. Some of the more recent of these will be
discussed in this review. Previous progress in HMBC has been summarized in
earlier review chapters*> and will not be covered in detail here.

The directions of improvement of HMBC experiments can be categorized as
follows (1) extending the limited range of coupling constants, (2) enhancing the
relatively low sensitivity, (3) eliminating the influence of homonuclear couplings
and (4) using alternative processing methods. These four goals will be discussed
in context after a comprehensive summary of the spin dynamics in fundamental
HMBC pulse sequences in the next section. When comparing the sensitivity of
various pulse sequences, one must bear in mind that through the technological
advances in NMR electronics and probes (in particular, cryogenically cooled
probes), the sensitivity limit has been pushed by approximately an order of
magnitude in the past decade, which makes experiments practically applicable,
which were previously just considered “proofs of concept’.

While focusing on long-range J-coupling correlations, it should be borne in
mind that cross-correlated relaxation may cause effects, which are similar to scalar
spin-spin coupling. Such behaviour has also been observed and exploited in
HMBC spectra.®”



4 Wolfgang Schoefberger et al.

2. THEORY

The original HMBC experiment® illustrated in Figure 1 is based on heteronuclear
MQT experiments® and the heteronuclear multiple-quantum coherence (HMQC)
experiment.®

In all pulse sequence graphics within this review, we use a consistent repre-
sentation, with the following conventions as follows: Narrow and wide rectangu-
lar blocks represent 90° and 180° rf-pulses, respectively. In some sequences, even
narrower blocks are used to indicate smaller flip angles (e.g. n/4-pulses in
TANGO elements). Trim pulses and decoupling pulse trains are indicated by
hatched blocks. Besides standard delays t; (evolution time) and f, (acquisition
time), all other delays are designated by different variable names, which are
defined in the text or the figure caption. Coupling constants Jop without pre-
pended superscript denote one-bond couplings and "], long-range couplings.
Gradient pulses are represented by bell shapes. In some experiments, filled and
open blocks are used for pulses, where the open blocks denote the pulses, which
are phase-cycled for coherence pathway selection. Numbers above or below
gradient pulse symbols indicate the relative gradient strengths. The recycle
delay t,4 will be omitted from further pulse sequence graphs, to save space.

However, different approaches to long-range correlation building on the
HSQC pulse sequence,” like HSQMBC (heteronuclear single-quantum multiple-
bond correlation),' are available, as HMQC-based experiments yield, in princi-
ple, the same basic correlations as HSQC-derived ones. The differences between
the spectra obtained by these experiments pertain to sensitivity and peak shapes
and are mostly due to variations in the evolution of homonuclear couplings and
relaxation.

To highlight some of the issues associated with the HMBC experiment, we
analysed the basic HMBC sequence without low-pass J-filter (shown in Figure 2
applied to a spin system consisting of three protons (I;-I3) and one heteronucleus
(S, spin 1/2) assuming the following coupling network: I,—I;-S,-I5; that is, an
abundant nucleus I; coupled through a long-range coupling to a rare nucleus S
and via homonuclear coupling to I,; in addition, S is coupled to another abundant
spin I5. Product operator calculations using POMA'"'? show that (neglecting
relaxation and strong coupling effects) the I;-S cross-peak amplitude C obtained
from this basic pulse sequence exhibits a complex phase dependence in the
indirect dimension, which is very much depending on the homonuclear coupling:

[
R L e

t t
13C: Iy A1I 49 I 7‘ ?1 I

Figure 1 Original HMBC pulse sequence with low-pass J-filter by Bax and Summers.> With
M=2Us) ", A3=(2"s) .
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w | 1

\/\/V\/V

13C- A —_— —_
c: I 5 5 I

Figure 2 HMBC pulse sequence without LPJF, 4=(2 ;)"

C(A) = COS(tlgs) sin <7IA]175) [Sil’l(ﬂhztl + 7TA]12) (4 sin(AQl)leIZZ&;Z
+4 COS(AQl)IlyIZZS&) + COS(ﬂfhzh + 7'LA]12) (2 COS(AQ1)11XS4Z — ZSil’l(Agl)IlyS4Z)].

1)

Even in the case of an ideal match of the delay 4= (2]1/5)*1, one obtains a rather
unwieldy expression

C(A = (2]175)71> = COS(f1Qs) |:Slll<2]]1 + 7'[]121’1) (4113(122842 sm(%)

2]1s
o 12 h
+ 411yIZZS4Z CcOS < 2]1 s ) ) + c <T + 7T]12t1> (211:(841 COS (ﬁ)
21,5y, sin | - 2)
—<lyo4z S1 2]175 :

It contains mixed absorptive and dispersive as well as single and double anti-
phase Cartesian product operator terms depending on the chemical shift of I; as
well as on the ratio of the homo- and heteronuclear coupling constants and
modulated by homonuclear proton coupling during the evolution time #,;. Since
both the heteronuclear and the homonuclear coupling constants typically encoun-
tered are in the same range and also highly variable, it is impossible to obtain
pure-phase spectra in a general case. For these reasons, most basic HMBC experi-
ments are only displayed in magnitude mode. The anti-phase character precludes
decoupling during acquisition. In addition, homonuclear I-spin couplings split or
broaden the line shapes in the indirect domain, as the heteronuclear two-spin
coherence [a superposition of zero quantum coherence (0QC, ZQC) and double-
quantum coherence (£2QC, DQC)] is evolving according to

lexsx — *4Ily12284x Sin(ﬂihztl) COS(i’lﬂs) — 4Ily12284y Sin(ﬂihztl) Sin(tlﬂs)
_ZleS4y COS(TE]lztl) sin(tle) — 211x84x COS(TC]lztl) COS(tlgs).

(3)

If homonuclear coupling modulations need to be avoided, either HSQC-based
experimentsB'14 or constant-time (CT) evolution modifications of HMBC can be
used.'® Further, due to the terms depending on the ratio of the heteronuclear and
homonuclear coupling constants in Equations (1) and (2), phase errors are all but
unavoidable. From these equations, it is also evident that additional heteronuclear
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couplings from S- to I-spins, that, like I3 in our example, are not homonuclearly
coupled to the originating spin I;, do not affect these basic spectra. Of course due
to the absence of decoupling, all homo- and heteronuclear couplings of I; also
contribute to its multiplet splitting in the directly detected dimension.

In the absence of homonuclear coupling, pure absorption line shapes can be
obtained if a refocusing delay of duration 4 is inserted before acquisition.

Broadband decoupling of the S spin can then be used to obtain singlets in f,
dimension. Many other improvements that have been proposed for HMBC and
which will be mentioned in this text, therefore attempt to reduce the coupling
constant dependence as well as improve the phase and line shapes to obtain better
sensitivity and resolution. Refocusing of anti-phase terms to allow for hetero-
nuclear decoupling during acquisition may also help, but this advantage needs to
be balanced against potential relaxation losses.

The LPJF in the original HMBC sequence (Figure 1) suppresses one-bond
couplings correlations originating from a different set of isotopomers, by convert-
ing anti-phase coherences for large coupling constants to unobservable multiple-
quantum coherence (MQC). But it does not affect the long-range cross-peak
appearance, apart from a usually negligible amplitude reduction of ca. 1% for
typical 'H-3C or '"H-"N spectra, which is due to a factor of cos(n” ]1,5(21]15)_1), as
will be shown later.

The basic HMBC as well as HMQC® experiments are considered very robust
ones due to the low number of rf-pulses, which in practice do not require a lot of
adjustment during setup, especially as there are no n-pulses on the heteronuclei.
This low complexity with just five pulses (Figure 1) leaves ample opportunity for
extensions of the pulse sequence, which are in the focus of this review.

3. BASIC EXPERIMENTS

3.1. Classical HMBC

‘Heteronuclear multiple-bond coherence’ is an NMR technique first reported by
Bax and Summers,® in which 'H nuclei are correlated to remote **C nuclei (two or
three bonds away) in a 2D experiment via their long-range heteronuclear J-
couplings ("Jch). The original experiment differs from the basic four-pulse
HMQC experiment discussed above in three ways:

1. The defocusing delay is much longer [(2 "Ten) ' >50ms vs. (2'cn) '~ 3.3ms]
to accommodate the small long-range coupling constants (~10 Hz or less vs.
~150 Hz).

2. To avoid further loss of signal due to T, relaxation during an equally long
refocusing delay, the refocusing delay at the end of the sequence is omitted.
The observed 'H signals are therefore in anti-phase with respect to the remote
13C, and decoupling cannot be used during acquisition of the FID.

3. Arn/213C pulse is inserted just 3.3ms=4=1/(2 1]CH) after the initial '"H r/2-
pulse, to convert anti-phase 'H coherence due to one-bond coupled *C into
multiple-quantum coherence (MQC), just as it is in the HMQC experiment. The
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phase cycling of this pulse ensures that coherence transfer pathways through
this coherence are cancelled out. This common pulse sequence building block is
called a ‘low-pass J-filter’,'® often abbreviated as LPJF: It attenuates or elim-
inates cross-peaks due to one-bond heteronuclear couplings. Several low-pass
J-filters can be concatenated to achieve superior suppression (see, e.g. Ref. 17).

Using Cartesian product operator calculations, the basic low-pass J-filtered
HMBC experiment (Figure 1) of a spin system consisting of a spin I; coupled
through one-bond coupling (J14= cn) to a rare nucleus S, and of another spin I,
coupled through a long-range coupling to the same rare nucleus (Jo4="Jcn) is
analysed. After the second pulse in the sequence of Figure 1, one obtains the
density matrix of filtered terms:

- mhs| o[ 22\ & ) [T
Ofilter = COS (2]175> sin (2]1&) I, — 2cos (2]1 s) (2] ) Syylox
mJ2s QG (o))
—cos| == | cos| — |Ip, —2cos| — | I1,S 4
(2]1,5) (211,5) id (2]175) 1oy @
[ )25 sin
—2sin (2]15) I1ySy, — 2sin (2]1 s) (2] ) IyS4y.

All two-spin terms represent MQC and are cancelled out by phase cycling. This
means that the only remaining terms for the defocusing delay (2"]cy) " corre-
sponds to spin I,. Using pulsed field gradients (PFGs), more efficient low-pass
filters are possible, as will be shown later in this review. The basic HMBC experi-
ment is always recorded in magnitude mode because the lack of refocusing of 'H
chemical shift evolution during the long delay leads to substantial frequency-
dependent phase shifts in the f, dimension. The obvious disadvantage of magni-
tude mode HMBC is that the peak shape is broad with long “tails’, leading to long
ridges, sometimes extending to the margins of the spectrum for the most intense
cross-peaks. Although this problem can be alleviated by the use of ‘aggressive’
window functions (e.g. a full sine bell) during processing, it represents a major
disadvantage if both high resolution and high sensitivity are required. In addition,
it is often difficult to identify weak cross-peaks, since both the signal and the noise
as well as electronic artefacts appear positive. The anti-phase structure of HMBC
cross-peaks, which is very useful for recognition of small peaks, is lost when
calculating the magnitude, and this structure makes weak cross-peaks ‘stand
out’ from noise.

3.2. Decoupled HMBC

HMBC suffers from relatively low sensitivity as compared to one-bond hetero-
nuclear correlation techniques. The detection of cross-peaks becomes especially
difficult with multiply split methylene proton signals, particularly if signals are
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broad. Furihata et al. used the standard HMQC experiment, relabelled as
decoupled HMBC (D-HMBC), to overcome such problems and obtained spectra
with improved signal-to-noise ratio.'®'” This improvement is due to the refocus-
ing of the heteronuclear coupling as the generation of in-phase signals allows
decoupling during acquisition, leading to narrower signals. Thus, the spectra can
be acquired in the phase-sensitive mode by suppressing the decrease of signal-to-
noise ratio due to poor digital resolution. The only difference to the previously
described HMBC experiment is that wide-band decoupling sequences such as
MPF? for the '*C nucleus are employed in D-HMBC, particularly if quaternary
carbonyl signals appearing at the highest frequencies must also be decoupled. The
decoupling bandwidth required is wider (more than 230 ppm) than that used
normally for HMQC, which can pose implementation problems on higher field
instruments. A LPJF is not part of the original sequence, but can be implemented
easily, if considered necessary. It is claimed that D-HMBC facilitates observation
of *C~'H long-range couplings with small coupling constants.'®!® As an illustra-
tive example, HMBC of the peptide derivative promothiocin B,'® yielded infor-
mation on long-range couplings between '*C and 'H separated by four to five
bonds with fixed delay times 4 of 120 ms and 500 ms, respectively, as shown in
Figure 3. In addition, very small long-range couplings through three bonds
(<2 Hz), which could not be observed by standard HMBC, were detectable by

3

Figure 3 Long-range couplings observed in the D-HMBC spectra of promothiocin B. Correlations
observed with coupling evolution time 4 = 120 ms are indicated by dotted curved arrows and
those with 4 = 500 ms by full ones. Reprinted with permission from Ref. 18.
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D-HMBC. The observation of such small long-range coupling correlations enabled
the researchers to connect partial fragments delineated by conventional NMR
techniques to the complete structure, as shown in Figure 3.

Decoupling during the acquisition time sometimes makes it more difficult to
distinguish between one-bond and long-range coupling correlations, since the
splitting information is missing. However, for certain applications like covariance
processing (see Section 13.), it is a prerequisite.

3.3. Gradient HMBC

The major artefacts in the classical HMBC are noise ridges, which extend along the
f1 axis at the f, frequencies of all the intense proton resonances. Weak cross-peaks
are therefore very difficult to detect on top of these ridges. These noise bands
result from an imperfect cancellation of the signals of protons, which are not
coupled to an indirectly detected heteronucleus and are therefore not labelled
with its frequency. Selective inversion of the protons directly bound to an NMR
inactive nucleus (e.g. via BIRD**?) cannot be used, since this would apply to all
protons of interest in a long-range correlation experiment.

An orders of magnitude improvement in the suppression of the noise ridges
and a substantial breakthrough for the routine application of HMBC experiments,
as compared to previous pulse sequences, was the introduction of PFGs,*> ™ since
PFG techniques allow one to eliminate signals from undesired coherence transfer
pathways in a single transient. The relative benefits of §radient—selected versus
phase cycle-selected HMBC have been discussed earlier.*®

In a basic "?C-HMBC, this is typically achieved by three gradient pulses: in the
first half of the evolution delay, in the second half and just before acquisition of the
FID, with relative gradient strengths of 5, 3 and 4, respectively. This scheme
selects double-quantum coherence during the evolution period and scrambles
other coherence pathways (Figure 4).

Gradient HMBC spectra are virtually free of f; ridges. As an additional advan-
tage, the receiver gain can be increased very much, because the undesired 'H
signals are cancelled within the sample. Phase cycling further reduces artefacts

t
H: J I \//\\//\\}\UAV
13G: A1I 4 I L4 I
5

A AN

Figure 4 Magnitude gradient 'H-""C HMBC experiment. The 4 delays are the same as in Figure 1.
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and accomplishes the LPJF to reject 'Jcy correlations. Since this pulse sequence is
based on the basic HMBC sequence,’ the spectra still need to be displayed in
magnitude mode.

3.4. Phase-sensitive gradient HMBC

Obtaining the advantages of phase-sensitive 2D NMR spectra requires us to avoid
any net chemical shift evolution in either dimension, except during the evolution
period. Net J-coupling evolution can only be suppressed for heteronuclear cou-
plings but not for homonuclear couplings, in particular, '"H-'"H. In an ideal phase-
sensitive HMBC spectrum, f,-cross-sections of any cross-peak should display
absorptive line shape with normal in-phase homonuclear proton multiplet
splitting, combined with anti-phase doublet splitting due to the active heteronuc-
lear long-range coupling. The large chemical shift-dependent phase errors can be
eliminated in both dimensions by refocusing all chemical shift evolution, except
during ;. The long-range HMQC pulse sequence” shown in Figure 5A uses a °C
spin-echo period after the evolution time, assisted by a gradient in each half of the
spin-echo.

A
1H: |LIL| Iﬁ L2 I I 24 b
YW e 2 2 ALAA

13 hoo 4y
c: = =4

Spoil

Andrographolide in CDCly
i -

Gradient HMBC Gradient HMBC
magnitude mode - | phase-sensitive

e asitie

173172171170169168167
Carbon (ppm)

270 260 250 240 230 70 260 250 240 230
Proton (ppm) Proton (ppm)

Figure 5 (A) Phase-sensitive gradient-selected HMBC pulse sequence.” This pulse sequence uses
a TANGO element? as a LPJF, as discussed in the next section. 4 is a gradient accommodation
delay. 4, is set as in Figure 1. (B) Juxtaposition of a magnitude (left) and a phase-sensitive cross-
peak (right) from HMBC spectra of andrographolide.’® The phase-sensitive peak shown in the right
pane ‘stands out’ from the noise much better because of its anti-phase character with positive
(grey) and negative (black) multiplet components. (B) is reprinted with permission of John Wiley &
Sons, Inc from Ref. 28.
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During the first half of the spin-echo, the desired coherence is TH-13C +2QC, so
that both 'H and '*C chemical shifts evolve [w= =+ (wy+ wc)]. The 3¢ n-pulse
converts £2QC to 0QC [w == (wy — wc)] so that at the end of the echo period the
13C chemical shifts are refocused, 'H chemical shift evolution is refocused in a second
spin-echo, which uses the entire '>C echo period as its first half. Simultaneously with
the 'H echo’s n-pulse, a '*C n/2-pulse converts 0QC to 'H 1QC, so that only 1H
chemical evolves during the second half of this outer spin-echo. A third gradient is
placed in the second half of the 'H spin-echo, ensure selection of the
+2QC —0QC —"H—1QC coherence pathway by the three gradients. Finally, 'H
chemical shifts during the long (2"])"" delay are refocused by simultaneous 'H and
3C n-pulses, but since the 'H n-pulse affects all "H nuclei, the "H-'H couplings are
not refocused. A substantial advantage of this pulse sequence is that quadrature and
phase-sensitive detection in both dimensions can be accomplished by echo/anti-
echo gradient pathway selection, simply by swapping the first two gradients while
repeating the experiment at each t; value. Product operator calculations (using the
same definitions as used for Equation (4)) show that the remaining magnetization
after combining ECHO and ANTI-ECHO pathway is either the term 21,14, or 2I,.14.:

1 T 1
Cphasefsensitive HMBC ECHO — <_ E cos (ﬁ) COS(tlgs) - _COS(t1Q5)> 12x54z

Jis 2
(5)
1 T . 1.
+ <§ cos %) sin(tQs)+ Esm(tlﬂg)) I2ySsz,
1 s 1
Cphase—sensitive HMBC ANTI-ECHO = | — 5 oS (%) cos(t1Qs) — > cos(h1Qs) | 12:Ssz
1 mas | . 1 .
—= — 11Qg) — = 1Q 15,S4.
+{ 5 cos Trs sin(t1Qs) 5 sin(t1Qs) | 12ySs:
(6)

Phase-sensitive cross-peaks are narrower than their magnitude counterparts
and have an anti-phase multiplet structure, which makes them ‘stand out’ from a
noisy background, as demonstrated in Figure 5B.?® Since curve fitting can be used
to extract long-range coupling constants from the anti-phase splittings in f, slices
from phase-sensitive HMBC, it is a valuable tool for conformational studies. This
pulse sequence was enhanced by substituting broadband adiabatic pulses for the
carbon n-pulses of the original sequence,”® which improves performance in cases
of wide "C spectral width, in particular, on high-field spectrometers. Further
improvements, in particular, for the determination of long-range couplings, will
be discussed in a later section of this review.

Phase-sensitive HMBC can also be achieved with phase cycling only, which
has advantages over the gradient version, in cases where ultimate sensitivity is
required, as discussed by Reynolds and Enriquez.*®
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4. STRATEGIES TO SUPPRESS UNDESIRED ONE-BOND
CORRELATIONS

One-bond correlations may occur in HMBC spectra, and—depending on the
application—may interfere with the intended purpose. Already, the initial
HMBC pulse sequence of Figure 1 contains a basic LPJF. HMBC variants with
improved LPJF efficiency such as the implementation of a BIRD-relaxation filter®
or a TANGO filter”*’ have been developed early. The original J-filtering
approach can also be extended for broad-banded one-bond-coupling suppression,
by using multiple n/2-pulses on the heteronucleus, as described in Refs. 17,31,32.
Of course, most schemes for low-pass J-filtering can also be combined with more
sophisticated HMBC variants than the ones presented in this section.

4.1. The TANGO HMBC experiment

The one-bond correlations can be eliminated in a single scan by inserting a basic
TANGO excitation element” with two n/4-pulses for '*C-bound 'H, followed by
a ‘spoiler’ gradient before the HMBC pulse sequence (Figure 6).> In this pulse
sequence, chemical shift evolution during the gradient pulses in ¢; and immedi-
ately preceding acquisition causes large frequency-dependent phase shifts. There-
fore, these spectra are usually displayed in magnitude mode.

Product operator calculations (using the same definitions as used for
Equation (4)) show that the remaining magnetization after the TANGO element is

1 1 ntlas 1 Tt)os 1
:I _— it PR et et I I
Cranco =l + (2 2 Ccos ( Tis ))Izy + ( 2 Ccos ( Tis 5 k=

+ \/i sin <7;]25) szS4z .

18

7)

All terms except the I, are destroyed by a spoiler gradient. The output shows that
all one-bond correlations are eliminated.

The TANGO element is followed by a magnitude gradient HMBC (as shown in
Figure 4), leading to the following remaining product operator terms:

1H. | L I Ll I I f tz
: 2yl 2IxH Uﬂil JJ llluﬂUn"
SO B E S

Spoil 5 3 4
Gz /\ A\ A A

Figure 6 Magnitude gradient HMBC with TANGO®® 4, is set as in Figure 1.
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nas Q
CeradHMBC with TANGO = COS” (2]15) cos (2]25 +t Qs) 5S4z

2 7'5]2,8 . Q
— —= — + 11Qg ) I5,S4,.
Ccos <2]1.,S> sin <Zfzs+ 1 s) 24z

4.2. The BIRD-HMBC sequence

The basic BIRD-HMBC pulse sequence, which implements efficient low-pass
J-filtering and provides narrow line shapes in spite of magnitude mode spectral
display, is shown in Figure 7.

Instead of the LP]F shown above, it incorporates a BIRD, element, 21 with the
delay D,=(2 Ten)™ ad]usted for direct couplings and the delay Ds=4"Jcn) !
adjusted for long-range couplings, respectively. Product operator calculations
(using the same definitions as used for Equation (4)) show that the remaining
magnetization after the BIRD element is

Q
- I, — I, + 21,.Ss..
Cerp = sin (212 s) 1x — COS (2] ) 1y + 2I2Sy 9)

Neglecting homonuclear couplings, proton signals evolve in the course of the
BIRD, element under the influence of heteronuclear long-range coupling "Jc i
into pure anti-phase coherence (I, —2"1,S;), whereas protons coupled via one-
bond coupling constants e are refocused to give pure in-phase coherence
[t I, —11 cos(2w1D3)+ L:sin(2mD3)]. In principle, and as long as the condition
Dz—(2 Jen) ! is fulfilled, solely long-range anti-phase coherence will be trans-
formed into corresponding MQCs by a carbon n/2-pulse. Subsequently, *C
chemical shifts label evolution in #;, the coherence is transferred back into proton
anti-phase coherence and could be detected immediately without '°C decoupling.
However, due to the non-uniformity of 'Jcy coupling constants, the BIRD condi-
tion for D, may be violated, and low-pass J-filtering has to be introduced imme-
diately after the BIRD, element. The best results have been achieved with a filter

BlRDy
LI A L L L
'H: I4"JXH I2JXHI2JXHI4nJXH I A A A A
D3 D2 D2 D3 PATATAY
P3
t t
13 | IIIQJXHI = =z |

5 3 4
o A ANA

Figure 7 BIRD-HMBC pulse sequence for the detection of "Jcy correlations with a single LPJF.>
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element consisting of an /2. ,—m,~7 /2, 13C composite pulse, followed by a delay
D, and applied with a one-step LPJF. The composite *C pulse allows "Jic )
signals to be labelled selectively and differently (+2"1,S;) from scan to scan, and
with the pulse and receiver phases set accordingly to be co-added. The signals of
the bulk of 'Jc 1) coherences however, evolving into anti-phase coherence in the
course of D, and, following the same pathway, detected together with the "Jc i
signals, are cancelled in subsequent scans. 'Jcy coherences, on the other hand, for
which the condition D,=(2'Jc)~ ! is violated, evolve in the course of the BIRD,
element partially and dependmg on the degree of violation into 2',S,, 2 I S, antl-
phase coherence. These 'J(c 1) coherences are labelled together with long range
coherences and would give rise to unwanted 'Jc 1) residual peaks in the spec-
trum. In the course of the filter delay D,, these ](c 1) anti-phase coherences evolve
back for the most part into in-phase coherence ('I,, '), are not transformed into
multi-quantum coherence by the '>C n/2-pulse and are filtered out. The high low-
pass filter efficiency obtained by this simple procedure may be improved even
more by implementing a second 7 /2. —n, —n /2, — D, LPJF element (Figure 8).

Taking advantage of the double-difference principle (implemented through
phase cycling), this two-stage filter achieves very good 'Jcy correlation suppres-
sion. '*C broadband decoupling during acquisition can be used if either a refocus-
ing delay of (2"]cy) ' or another BIRD, element are to be inserted prior to
acquisition.

4.3. Clean HMBC

One often-neglected problem in low-pass J-filtered HMBC spectra, which can
however lead to severe interpretation errors, is the occurrence of spurious correla-
tions caused by strong homonuclear proton coupling. This effect has been investi-
gated in detail by Wiirtz etal.** As a remedy, it is suggested that low-pass J-filtering
be applied both in the initial and terminal parts of the pulse sequence, as shown in
Figure 9.

Terminal low-pass J-filters® require additional repetitions of the pulse
sequence. They may therefore increase to the total experimental time required.

BIRD,
1 1 P4 1 y 1 t
v ke i Aflna
D3 D2 D2 D3 Vyyvy
4
o 1 e
D2
5 3 4
G,: /\ /\ /\

Figure 8 BIRD-HMBC pulse sequence for the detection of "J correlations with a two-step BIRD
low-pass filter.”®
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Figure 9 Clean HMBC pulse sequence. With 4=(2 ")is)”"; the delays for the 3rd order LPJF are
1= (1/2) [Umin + 0~07(1jmax - 1jmin):|_1y Ty = (Umax +1Jmin)_1v T3 = (1/2) [Umax - 0~07(1]max - 1Jmin)]_17 dis
the gradient delay. For a second-order terminal filter, the sequence has to be repeated for four
different values of 1, that is: 7 ={0, 7y, 73, 71 + 3}. The first two gradients can be set in an order of
magnitude weaker than the gradients used for the formation of heteronuclear gradient echoes.

This is not a problem when working with low sample amounts, since the intrinsi-
cally low sensitivity of the experiment usually requires large scan numbers
anyways. Figure 10 shows an illustrative example of spectra from an oligosaccha-
ride sample,*® where the conventional HMBC is hampered with strong coupling
artefacts, that are absent from the clean HMBC spectrum. To obtain this spectrum,
an improved adiabatic version of the terminal LPJF*” was employed.

5. HSQC-BASED MULTIPLE-BOND CORRELATIONS

5.1. Long-range HSQC and GSQMBC

Adapting the HSQC experiment for heteronuclear long-range coupling is straight-
forward and has been used earlier, for example, by Poppe and Van Halbeek® or
Mattila et al.** without assigning any special name or acronym. While Mattila
et al. used spatially inhomogeneous spin-lock pulses to disperse unwanted coher-
ences, Marek et al.* described an experiment that utilizes PFGs for coherence
selection. This experiment has been given the acronym GSQMBC (gradient-
enhanced single-quantum multiple-bond correlation experiment; Figure 11).

The main difference to the standard (HMQC-based) HMBC experiments is that
evolution of "H-"H homonuclear couplings is avoided and that the acquisition of
phase-sensitive spectra by the GSQMBC experiment allows for higher resolution
and thus the measurement of very small coupling constants. The pulse sequence
works just like a gradient-selected HSQC experiment without refocusing and
decoupling. It is advisable that the n-pulses are applied as composite pulses to
avoid off-resonance effects. The gradient ratios are adjusted using G, — Gy =(yu/
1x)Gs, with G, > G;. The sign of G is alternated to afford phase-sensitive spectra
that need to be processed according to the echo/anti-echo protocol.* A GSQMBC
example spectrum is shown in Figure 12.

Quick analysis of coupling constants can be achieved using a method developed
by Prestegard and Kim,** which avoids overestimation of coupling constants that
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Figure 10 Comparison of conventional HMBC (A) and clean HMBC (B) of a 30-residue oligosac-
charide from Francisella victoria. Spectra are overlaid in grey with HSQC spectra recorded without
¢ decoupling during acquisition of the proton dimension to indicate the positions of strong
coupling-induced one-bond artefacts. These artefacts can significantly affect the spectral
appearance even at a 'H spectral frequency of 800 MHz and are effectively purged in the clean
version (the figure is reproduced with permission from Ref. 36).

are similar to, or smaller than the line width. For this approach, the estimated
coupling constant from the mostly absorptive, anti-phase (v,) doublet and the
distance of the two extrema in the dispersive (v4, ©/2 phase shifted) doublet are
required. The coupling constant | is determined by solving Equation (10):

Jo — vt + (9/4vs — 3/20%03 — 3/403)]* + 81/6405

10
—9/16v43 — 21/320204 — 1/1605 + 05 /640> = 0. (10
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Figure 11 GSQMBC pulse sequence by Marek et al.*> A =(2 ",s) .
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Figure 12 (A) GSQMBC spectrum of strychnine in CDCl; and the 1D-slices of the correlations
H15a-C13 and H11b-C12 (D—-G). Reprinted with permission of John Wiley & Sons, Inc. from Ref. 32.
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Undesired 'Jcy correlations can be suppressed by a TANGO-spin-lock-BIRD
element®* or by a G-BIRDg, x building block to remove unwanted direct correla-
tions (see the following section).** Problems may arise from the dispersive con-
tributions to the line shapes and preclude its use for analysis of moderate to
complex multiplet structures. These dispersive contributions can be removed
with a heteronuclear z,z-filter.*>#¢ A peak-fitting approach is described by Keeler
et al.*’ for psHMBC. In long-range HSQC experiments, the simultaneous evolu-
tion of homonuclear and heteronuclear coupling constants during the fixed delays
may cause accidental disappearing of some peaks, that is, when one cos(nJt) factor
becomes zero, a problem that can be overcome by using a small flip angle proton
pulse at the end of the evolution.*®

5.2. HSQMBC

A refined version of the HSQC-based GSQMBC pulse sequence discussed above
is the HSQMBC experiment (Figure 13).">* The HSQC pulse sequence is the
fundamental building block.

The INEPT transfer produces single-quantum anti-phase coherence on the
heteronuclei. This approach effectively removes homonuclear coupling evolution
during ;. A trim pulse is used (prior to transfer of magnetization to the X nuclei)
to help diphase any unwanted magnetization and to aid with the suppression of
H,O. A 'H n-pulse in the middle of t, effectively refocuses 'H chemical shift and
heteronuclear coupling. After t;, an encoding gradient is applied, followed by a
C n-pulse to refocus chemical shift and coupling evolution during the first
selection gradient. A zzfilter gradient destroys the unwanted coherences,
which could cause dispersive contributions to the line shape. After the magneti-
zation is transferred back to protons by a n/2-pulse, a decoding gradient sequence
prepares for detection.

All HSQC-based long-range correlation experiments can easily be modified for
decoupling during acquisition, since the gradient refocusing delay can also serve
to refocus the heteronuclear couplings if simultaneous n-pulses are applied on
both nuclei and the delay 0 is adjusted to ca. t/4. Such experiments, which are

Y
T T t t 1,
1H: I—I—%I < 4 I Fy I £ >
2 2 2 2 /\A/\A
VvV
13C: I I s I ) I

Gy Gy G
Gz A A A\
9

Figure13 The HSQMBC experiment.”® The hatched bar represents a trim pulse; T = (2 "Jx )~ ; 7/2
=(4 "jx,H)q; gradient values for the HSQMBC are G;:G,:G; = 80:10:£20.
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essentially HSQC experiments with delays adjusted for long-range couplings,
have been employed in cases where a wide range of homonuclear coupling
constants cause a broadening in f; and superior resolution is required, as in
carbohydrate derivatives.”

Without decoupling, these experiments allow accurate determination of het-
eronuclear long-range coupling constants using peak-fitting.*” To increase sensi-
tivity and efficiently suppress 'Jcy correlations from the spectra, again a G-BIRDg,
x filter can be incorporated in the initial INEPT transfer to decouple remote
protons during the INEPT preparation (Figure 14).%

Based on this approach, like the G-BIRDgx-CPMG-HSQMBC pulse
sequence,’! (Figure 15) has been developed, which facilitates the direct determi-
nation of long-range couplings in the presence of homonuclear couplings by
providing a more uniform phase behaviour.

The CPMG pulse train further eliminates phase distortions due to "H-'H
homonuclear couplings. Thus, the phase distortions arising from 'H-"H coupling
evolution for both ?Jcy; and ?Jcyy cross-peaks to quaternary carbons can be sup-
pressed.’”" This leads to very clean absorptive multiplet patterns for small
molecules with extended homonuclear (proton) coupling networks, as exempli-
fied by Figure 16, where coupling constants were determined with an accuracy of
within £0.5 Hz.

o
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Figure 14 The G-BIRDR-HSQMBC experiment. Gradient ratios are G1:G,:G3:G4:Gs =
2.5:—2.5:81:42.32

Gy G, Gs Gy Gs
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Figure15 The G-BIRDg x—CPMG-HSQMBC pulse sequence.51 Gradient ratios are G;:G,:G3:G4:Gs =
2.5:2.5:8:1:4+2, A =200 ps, the delay 0 is optimized for long-range coupling evolution.
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Figure 16 2D G-BIRDg x—CPMG—HSQMBC spectrum of a substituted cyclopentane derivative.
(A) 2D spectrum; (B) expansion of the spectrum showing the H4a—C1 and H4i—C1 correlations;
(C) slices through the H4a—C1 and H4—C1 correlations, showing the measurements of the *jcy
coupling constants. The delay for long-range polarization transfer 0 was set to ~31 ms, the trim
pulse to 2 ms duration. The values of 23 were determined from direct measurement and
subsequent manual peak-fitting analysis.*’” The figure is reproduced from Ref. 51 with permission.

In the context of accurate determination of residual dipolar couplings (RDC)
superimposed on "J-couplings, a highly optimized variant of this sequence has
been developed,” which will be discussed further below.

6. EXTENDING THE SCOPE OF LONG-RANGE
COUPLING CONSTANTS

Depending on the settings for the long-range coupling evolution delay, impor-
tant cross-peaks may be rather weak or may even be lost. One challenge for
improved HMBC is therefore covering a wide range of long-range coupling
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constants, which can span a range from ca. 1-25 Hz, in a single experiment. A
common approach to increase the coupling constant band width is by systemat-
ically varying the originally fixed delay, for heteronuclear coupling evolution,
alongside the evolution period.'® Experiments like ACCORD-HMBC>® with
carbon decoupling and using purge pulses to remove direct 'Jcyy suffer from
an undesirable skewed line shape caused by evolution of homonuclear cou-
plings in #;'* CT versions of this sequence have since been introduced to
improve the quality of the resulting spectra.”® The broadband HMBC experiment
introduced by Meissner and Sgrensen™ is a very straightforward and effective
method to improve the J-bandwidth of HMBC by co-adding spectra recorded
with different delays.

In another approach, 3D-HMBC,***° the coupling evolution delay is incremen-
ted independently so that each slice in such a pseudo 3D experiment corresponds
to a 2D-HMBC spectrum optimized for a specific coupling situation. Thus, the |
values are sampled by the different fixed precession periods. Albeit being
demanding with respect to time and storage space requirements, the possibility
to extract coupling information from the modulations along the third time domain
yields an additional benefit. Other modifications of the basic HMBC pulse
sequence have attempted to improve sensitivity. Furihata and Seto,'® for example,
obtained better sensitivity by refocusing the anti-phase signal and using carbon
decoupling during acquisition, in cases where extra signal loss due to transverse
relaxation during the added delay was small. This D-HMBC experiment, is de facto
equivalent to a HMQC experiment® with fixed delays adjusted for long-range
coupling.

The accordion principle used with the ACCORD-HMBC experiment to equal-
ize cross-peak intensities for different "Jcyy coupling constants could also be
incorporated. "Jc i evolution delays D5 are replaced by variable delays (v4) and
are simultaneously decremented from one t; increment to the next in the course
of the experiment. The strategy outlined above deviates from the strategy
followed with the HMBC experiment, the ACCORD-HMBC experiment and
their variants. Instead of suppressing unwanted 'Jc;; correlations by one or
several filter elements in a single scan, one-bond coherences are preserved with
the BIRD-HMBC experiment and are cancelled by subtraction from each other in
subsequent scans.

Modifications of these HMBC experiments with a delay for refocusing long-
range couplings allowing >C broadband decoupling have been proposed'® and
phase-sensitive approaches have been published.**®

Variants of the pioneering ACCORD-HMBC™> experiment like IMPEACH-
MBC®” and CIGAR-HMBC (Constant-time Inverse-detected Gradient Accordion
Rescaled long-range HMBC)™® effectively sample a wide range of long-range
couplings in a systematic fashion and in a single experiment. Nevertheless,
accordion evolution introduces modulation by 'H-'H couplings in the #;-dimen-
sion. Since noise or spurious peaks are not modulated, the skew of long-range
multiplets can advantageously be used to validate ambiguously weak responses.
However, such signal distortion can also severely impede interpretation and
assignment of accordion-type spectra.
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Figure 17 ACCORD-HMBC by Wagner and Berger,”® 4 =(2"s) ', vq4 is varied in concert with t;.

6.1. ACCORD-HMBC

Martin et al.”” compared the ACCORD-HMBC (Figure 17) to related experiments
using fixed delays, in order to assess the best way for observing a complete set of
>3] long-range "H-">C couplings in a complex molecule.

Single fixed-delay experiments are obviously optimized for only one value of
long-range coupling constant, whereas accordion-type experiments allow one to
cover a range of coupling values. Therefore, one can observe correlations, which
would otherwise be too weak to be unequivocally identifiable. The typical skewed
appearance of cross-peak multiplet patterns in accordion-type experiments due to
the scaled evolution of couplings during the accordion delay requires higher
resolution in the indirect dimension to avoid ambiguities in interpretation. This
additional fine structure can be beneficial in that it helps to differentiate ‘real
correlations’ from noise or artefacts. A good comparison of the performance of
HMBC, ACCORD-HMBC and BIRD-HMBC can be found in Ref. 33. While the
same cross-peak patterns may be obtained with BIRD-HMBC and HMBC experi-
ments, some cross-peaks are missing in the ACCORD-HMBC spectrum because of
their lower intensity.

Similarly, narrow line shapes are obtained with HMBC and BIRD-HMBC
experiments in contrast to the broadened shapes obtained with the ACCORD-
HMBC experiment.

6.2. CIGAR-HMBC

Apart from the narrow range of J-couplings, there is another drawback associated
with the PFG-HMBC experiments based on HMQC: 'H homonuclear couplings
cause splitting both in the direct and indirect dimensions. This severely limits the
achievable resolution in the indirect dimension. CT experiments are an efficient
remedy for this problem. The CIGAR-HMBC experiment, implemented by Had-
den et al.”® (Figure 18), suppresses homonuclear 'H coupling modulation during
the evolution time completely by CT evolution. This narrows peaks in the indirect
dimension, but cannot prevent intensity loss due to an unfavourable magnitude of
the homonuclear coupling. In addition, this experiment uses the accordion prin-
ciple to average over a range of "Jcyy coupling constants just like the previously
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Figure 18 Pulse sequence of the CIGAR-HMBC experiment*® designed to suppress homonuclear
coupling evolution by constant-time evolution. The overall duration of the ‘symmetric delay’ is
equal to the sum of the duration of the pulses, gradients and delays from the LPJF block and the

constant-time—variable delay block. This delay is required to refocus magnetization if broadband
decoupling during evolution is used.
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Figure 19 Accordion BIRD-HMBC experiment®® The delay D is incremented from 0 to (tmax —
Tmin — t1)X Ni, where ni corresponds to the total number of t; increments, in concert with
decrementing v4 and with the incrementing of the evolution time t;, thus making the
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discussed ACCORD-HMBC. Furthermore, a two-fold LPJF suppresses 1 Jcu corre-
lation signals effectively allowing broadband decoupling without introducing
ambiguity between one-bond and long-range correlations.

The CIGAR-HMBC experiment addresses important deficiencies in the classi-
cal HMBC experiment: ambiguously weak or missing long-range correlations,
residual 'Jcyy correlations and homonuclear coupling modulation. Modifications
that increase the total duration of the pulse sequence may be problematic if
transverse relaxation times are short. In addition, sensitivity losses due to the
accordion element have to be taken into account. Bearing in mind that there is no
single universally optimal pulse sequence for any long-range correlation problem,
CIGAR-HMBC can be considered as one of the most practically useful broad-
banded HMBC variants to date.

6.3. ACCORD-BIRD-HMBC

Furrer®® combined the accordion technique with BIRD-HMBC providing
ACCORD-HMBC-type spectra with reduced signal splitting in the indirect
dimension and superior suppression of 'Jcyy cross-peaks. Figure 19 displays the
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pulse sequence of the CT accordion BIRD-HMBC experiment. It starts with a
BIRDg x element,®' as described above (Figures 14 and 15), with the delay ¢
adjusted for one-bond couplings. The systematically decremented delay (vq)
samples a range of potential heteronuclear long-range coupling constants. The
!Jcrs correlations are suppressed as follows: The '/ anti-phase coherences evolve
together with the long-range couplings; but while the long-range couplings have
evolved into pure anti-phase coherences after the second delay (vg), the Yen-
dependent coherences are refocused into pure in-phase coherences, which are
dephased by the gradients.*

The black gradient pairs flanking the BIRD and n-pulses (drawn in black)
suppress possible MQC created by pulse imperfections. The suppression of one-
bond couplings is owed to two LPJF elements, each consisting of a n/2 ,—n—7/2,
13C composite pulse, immediately followed by a delay 6= (2']x;)~'. Due to the CT
evolution, the "H-"H coupling evolution is suppressed and only the desired long-
range heteronuclear couplings are allowed to evolve over the variable delay (vg).
Finally, after the CT period, a /2 °C pulse converts the anti-phase coherences into
double-quantum coherences, which are allowed to evolve during the evolution
time. The last n/2 '°C pulse converts the double-quantum coherences into observ-
able magnetization.

6.4. Broadband HMBC

In broadband HMBC experiments,* one avoids the problems of co-evolution and
modulations during an accordion-type delay by using a small set of numerically
optimized, to obtain a series of spectra, which are linearly combined, a posteriori.
This approach is more economical in the use of spectrometer time than a ‘brute-
force” accordion setup. If the data are stored separately at acquisition, different
linear combinations of the data allow one to control the bandwidth of the long-
range correlations and of the low-pass J-filtering at processing time, indepen-
dently. A number of advanced HMBC-variants discussed further below build
upon this principle.

6.5. J-compensated HMBC

J-compensated pulse sequences represent a totally different approach from the
accordion-type broadband HMBC experiments discussed so far in this section.
They are magnetization transfer experiments designed from composite pulses by
transferring the concept to bilinear rotations. J-compensated pulse sequences are
ideally derived from short composite pulses, where each pulse is replaced by a
bilinear rotation element of the same rotation angle, an approach first used in the
broadband INEPT pulse sequence.®**> Composite pulses that are efficient in the
presence of B;-field inhomogeneity lead to J-compensated sequences that are effec-
tive over a wide range of ] values.®* J-compensation building blocks can replace the
delay for spin-spin coupling evolution in many existing pulse methods. They
effectively transform initial z-magnetization to heteronuclear anti-phase coherence
over a wider range of J-couplings than the standard pulse-delay block at the
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Figure 20 J-compensated HMBC.% The setting of the delays is discussed in the text.

beginning of the HMBC pulse sequence. This is similar to a composite pulse being
more efficient in an inhomogeneous field than a single n/2-pulse. The pulse
sequence of [-HMSQC is similar to the HSQC sequence, except for the two delays,
1, which are initially set equal to 7. Torres et al.®® introduced the long-range version
LR-HSMQC and the improved J-compensated HMBC sequence shown in Figure 20.

The conversion of in-phase to anti-phase coherence by spin—spin coupling can be
conceived as a composite bilinear f pulse (f = yB;t, with the magnetogyric ratio y
and the amplitude of the rf-field B;, and pulse duration 1) usually set to n/2. The
shortest composite pulse that can be used is a two-step pulse train of the form (af)¢
(bp),, where a and b are amplitude coefficients of the first and second rf-pulses with
nominal rotation , while @ and ¢ denote the corresponding phases. The three most
popular composite pulses of this form are the Bo(2B)120°*% Bo(B)ao™® and fo(28)90. 5”7

Torres et al.*® also implemented this approach for common composite pulses
and designed shorter versions for [-compensation by optimizing their efficiency in
generating transverse magnetization.

Figure 21 compares theoretical and experimental signal-intensity profiles
obtained with the standard pulse sequences and different J-compensated
sequences from Ref. 66. The theoretical intensity profiles are presented for each
sequence as a function of 5, while the experimental profiles are shown for HMBC
and corresponding J-compensated HMBC sequences as a function of f'. The
experimental HMBC signal-intensity profiles were obtained by measuring anti-
phase proton CH signal intensity from CHCl; for which f or © were set values
relevant to the direct CH coupling (‘e = 209.3 Hz). As can be seen in Figure 21,
there is very good agreement between the theoretical and the experimental pro-
files. In the experimental comparison of HMBC sequences, sodium acrylate
(Figure 22) served as a test sample, because it provides a wide range both for
the Jcy values to the carboxyl carbon and for proton—proton coupling. Figure 22
compares cross-sections from the regular, and different J-compensated, HMBC.
C1-H2 and C1-H3a correlations are visible in the standard HMBC experiment,
but the C1-H3b (*Jcims = 14.1 Hz corresponding to f ~ =) is missing.
All J-compensated sequences show this correlation, although its amplitude
depends on the particular variant of the method.
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Figure 21 Comparison of the theoretical and experimental performance by relative signal
amplitudes of regular and J-compensated HMBC sequences. Anti-phase coherence amplitude
profiles for CHCl; were created from evolution of in-phase proton magnetization due to direct CH
J-coupling using the HMBC pulse sequences presented in Figure 20. In all HMBC experiments, the t
delay was set for one-bond coupling (/e = 209.3 Hz) instead of long-range coupling. (A)
Conventional HMBC (solid line), HMBC-/45 + 90A (dashed line), HMBC-/45 + 90B (dotted line). (B)
Conventional HMBC (solid line), HMBC-/90 + 90 (long dashed line), HMBC-J90 + 45 (dotted line),
HMBC-J90 + 30 (short dashed line) and HMBC-J90 + 22 (broken solid line). Reprinted with
permission from Ref. 66.

7. HMBC EXPERIMENTS FOR DETERMINING COUPLING
CONSTANTS

Accurate determination of long-range couplings is of prime importance for con-
formational analysis.”'7* Proton-detected experiments have provided a tremen-
dous advantage in this field, but the complex splitting pattern and mixed phase of
HMBC cross-peaks also required considerable efforts to develop methods that
allow or facilitate the extraction of accurate heteronuclear coupling constants from
HMBC-type spectra. Usually, they are used in conjunction with fitting
procedures.
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Figure 22 Selected f, slices from 2D maps of HMBC and J-compensated HMBC experiments
with sodium acrylate. Each slice was obtained from the carboxyl carbon (C-1) cross-peak of the
relevant spectrum. The f; slices are plotted at the same absolute intensity. Reprinted with
permission from Torres et al.®®

7.1. J-resolved HMBC

Furihata and Seto” developed a modified HMBC sequence, the J-resolved
HMBC-1, which became the basis for a number of advanced techniques. It starts
with a J-resolving building block and ends with a HMBC sequence. In J-resolved
HMBC-1, t; is extended over 300-500 ms to enable the measurement of proton—
carbon spin coupling constants in the f; dimension, and the spin evolution time
(42) of the basic HMBC pulse sequence is replaced by a J-scaling element (nt;/2—
TE(H,C)_ntl /2) (Figure 23)

As a result, the magnetization is evolved with t;, (n+1)t; and nt; for chemical
shift, proton—proton spin couplings and proton-carbon couplings, respectively,
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and thus, the spin couplings, Ji; and oy, appear in the fl dimension as splittings
of (n+1)Jun and "Jcp. In 2D-J-resolved spectroscopy, t1max must be larger than
1/]. If t) max is smaller than 1/], a condition required by the sampling theorem is
not satisfied and the coupling constants cannot be determined. In J-resolved
HMBC, the scaling factor n must be set so as to give an #tmax > 1//, as in the
evolution time of 2D-J-resolved spectroscopy. This requirement severely affects
the sensitivity of the experiment, as compared to ‘normal’ HMBC.

The alternative experiment, J-resolved-HMBC-2"° (Figure 24), introduces a
‘variable delay—constant-time’ element for balancing the homonuclear and hetero-
nuclear coupling evolution.**”%77

The positioning of the n-pulses in the ‘constant-time—variable delay” achieves
refocusing of both the homonuclear and heteronuclear couplings within an accor-
dion-type pseudo-evolution time. The heteronuclear anti-phase magnetization is
transferred back to the protons prior to detection. The scaling of homonuclear and
heteronuclear coupling constants can be controlled independently by varying the

J-resolved - HMBC

f
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Figure 23 J-resolved HMBC-1 pulse sequence by Furihata and Seto”® G;:G, = 211, G, # G; # G..
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Figure 24 The J-resolved-HMBC-2 experiment.” The timing of the ‘constant-time—variable delay’
is detailed in the text, G;:G, = 2:1.
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values of n and m in the two variable delay periods. When m is set to n+1,
homonuclear couplings are decoupled due to a net CT period throughout the
accordion and t;-elements. If m is set less than #, the heteronuclear couplings are
scaled up by a factor n and homonuclear couplings are scaled down by ((n—1) —
m). Although an increase in signal-to-noise can be attained by using a value of m
smaller than n, in practical terms, the evolution of the homonuclear couplings
could severely complicate the spectral analysis, generally not making this a
preferred parameter selection. This problem is largely resolved in the recent
selective J-resolved-HMBC experiment,”® which employs a selective proton 7-
pulse to allow couplings to the affected spins to evolve in the J-resolving period
and a CT evolution period to remove the [y splitting (Figure 25).

The selective J-resolved HMBC pulse sequence can be seen as being composed
of a J-resolving building block and a CT-HMBC”” part. In the J-resolving block
(between points a and b in Figure 25), a selective-shaped 'H rn-pulse is used, which
must be adjusted such as not to affect protons that should be decoupled, while
keeping its duration as short as possible to limit signal loss due to T, relaxation. In
J-resolved HMBC-1, the remaining two 'H hard n-pulses cannot be replaced by
selective ones, because application of a selective 'H pulse in the evolution period
would cause splitting due to the one-bond coupling to protons not involved in the
MQC. In the CT-HMBC part (between points b and c in Figure 25), the "H-"H spin
couplings have no net evolution enabling straightforward determination of long-
range CH coupling constants.

The cross-peak splittings are illustrated in the experimental spectra in
Figure 26, where [-resolved HMBC-2 and selective J-resolved HMBC spectra are
compared.

This figure not only illustrates the differences in multiplet patterns but also
underscores the improved resolution in the carbon dimension of selective J-
resolved HMBC.”® The interpretation of small ] values from these spectra is not
fully quantitative but usually suitable for conformational analysis. Larger long-
range Jcp are easily determined from the spacing of doublet cross-peaks, while
cross-peaks with the long-range *Jc;; <3 Hz appear as singlets, indicating gauche
conformation of the pertinent fragment. Another important advantage of the
selective [-resolved HMBC experiment is its higher sensitivity.

fmax—t fnax—t | t,
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Figure 25 The selective J-resolved HMBC pulse sequence.”® G;:G, = 2:1, G, # G3 # Gy, G, # G4 #
Gy, Gy # Gs.
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Figure 26 (A) The J-resolved HMBC-1 and (B) the selective J-resolved HMBC spectra of
monazomycin. Reprinted from Ref. 78 with permission from John Wiley & Sons, Inc.

7.2. J-IMPEACH-MBC

The J-IMPEACH-MBC experimen’c80 (Figure 27) was derived from IMPEACH-
MBC” by omitting the refocusing prior to t,. This allows for the scaled evolution
of the heteronuclear couplings in f;, while preventing homonuclear coupling
evolution by using a CT delay. The spectra obtained with this pulse sequence
are similar to those from the J-resolved HMBC-2. However, this experiment
simplifies the J-resolved-HMBC-2 pulse sequence in that it merges several n-
pulses throughout the experiment, yielding an increase in overall S/N. The key
innovation in this experiment is the inclusion of a ‘constant-time—variable delay
element’ [D/2-n(**C) — D /2 —vg4]. This makes homonuclear couplings evolve in
CT, thereby suppressing modulations that occur in the ACCORD-HMBC experi-
ment discussed above.

At the same time, the CT element allows the evolution of heteronuclear
couplings during t;. By that varied delay and successive increments, a range
of long-range couplings can be sampled. Subsequently, HMQC is created by a
n/2 °C pulse. After this point, gradient selection and back transfer of magnetiza-
tion to protons for detection are performed in the same way as for the normal
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Figure 27 Pulse sequence for the J-IMPEACH-MBC experiment.?°

gradient HMBC experiment (Figure 4).% An example spectrum of strychnine with
expanded cross-peaks is shown in Figure 28.

The scaling of |, which is achieved by setting v4 a multiple (typically 30) of the
maximum t;, has perhaps an unexpected consequence. On low-field spectro-
meters, a long v4 is required, which causes relaxation lasses, while the sensitivity
is better on higher field instruments, where v4 can be shorter. The J-resolved-
HMBC-2 and the J-IMPEACH-MBC experiments are limited to a qualitative
interpretation of the small heteronuclear. Both J-IMPEACH-MBC and the J-
resolved HMBC-2 experiments allow data interpretation at a glance and are useful
for semi-quantitative J-based conformational analysis, if sufficient sample is avail-
able (and soluble).®!

7.3. IMPACT-HMBC

Improved and accelerated constant-time heteronuclear multiple-bond correlation
(IMPACT-HMBC),** has recently been derived from the band-selective, CT-
HMBC experiment introduced by Claridge and Pérez-Victoria.'> The pulse
sequence (Figure 29) starts with a 'H cross-polarization (ASAP—acceleration by
sharing adjacent polarization) period to accelerate recovery of longitudinal 'H
magnetization and to transfer polarization from close protons.* The ASAP ‘mix-
ing’ reduces the ‘fy rid%es’, a common problem with short recovery delays.

A third-order LPJF precedes the long-range coupling evolution period 4. The
CT element for t;-evolution avoids homonuclear proton and allows for phase-
sensitive HMBC recording,**thus delivering very good "°C resolution. ASAP® is
also used in this sequence.

Figure 30 compares a standard low-pass filtered gradient-selected HMBC
spectrum of cholesteryl acetate using the IMPACT-HMBC experiment.

The artefacts (f; ridges and residual 1 cp correlations), which can interfere with
true long-range correlations, are significantly reduced in the IMPACT-HMBC
spectrum as a consequence of the ASAP period and the J-filtering.
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Figure 28 2D J-IMPEACH-MBC spectrum of strychnine in CDCl;; (B) expansion of the 2D J-IMPEACH-
MBC spectrum with the H-15a to C-13 correlation, showing the determination of the 3jC,H coupling
constant; (C) expansion of the 2D J-IMPEACH-MBC spectrum showing the H-11b to C-12 correlation
and the determination of the ¥/, coupling constant. Reprinted with permission from Ref. 32.

7.4. Determination of RDCs

The emergence of RDC-based geometry determination also for small molecules®
has spurred new applications of HMBC-derived NMR methods that allow accu-
rate determination of small heteronuclear coupling constants. In principle, all the
methods described above can be used for that purpose; however, the special
accuracy requirements of RDC-experiments, and in addition, the need to deter-
mine the signs of the RDCs, require special attention.

The most accurate experiments for extraction of RDCs are based on the idea of
using a reference experiment, where the coupling of interest does not cause a
splitting.%® The advantage of such an approach is that one does not need to
determine the mixed phase contributions and pulse imperfection artefacts
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Figure 29 The IMPACT-HMBC pulse sequence.®? The first pulse on the 'H channel is shown as a
sine shape and its length can be set according to the Ernst angle. The shaped 7-pulse on the *C
channel can be set as a broadband or band-selective pulse. o,y correlations are suppressed using a
third-order LPJF and the delays as previously described in** 4=(2 "j;s)~". The delays 4, are
decremented as t, is incremented such that the period T remains constant. Delay { is set to
prevent *C chemical shift evolution for the first t; value, { = t;(0) + my, (duration of H -pulse). The
standard relaxation delay is replaced with a mixing sequence of length 7., flanked by field
gradients pulses and relaxation delays d.® Gradient ratios are G;:G:G3:G4G5GsGy =
5:3:4:2.5:1:0.5:1.5 (odd experiments) and 3:5:4:2.5:1:0.5:1.5 (even experiments). Further details can be
found in the original publication.®?
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Figure 30  Aliphatic carbon region of HMBC spectra of cholesteryl acetate using (A) the standard
low-pass-filtered gradient-selected HMBC and (B) the IMPACT-HMBC experiment. The enlarged
cross-peaks in the inset boxes demonstrate the improved peak shape in the presence of strong
homonuclear coupling. The traces above the spectra are 1D cross-sections at the position of the
horizontal arrows showing the long-range correlations of the methyl C18. An f; noise ridge is
indicated by the vertical arrow in (A) and residual "¢ artefacts are denoted by asterisks and the
dashed box.®? Reproduced from Ref. 82 by permission of The Royal Society of Chemistry.
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separately, since they are the same in the reference experiment. Based on an earlier
method by Verdier et al.¥”” Kobzar and Luy” have developed a particularly
accurate set of experiments consisting of a CT-HMBC experiment, together with
a reference CT-HSQC experiment, as shown in Figure 31.

The special advantage of their approach is that both line shapes and ampli-
tudes can be used in the fitting procedure. On account of the CT evolution, the
peaks are narrow in the indirect dimension and the line shapes are independent of
the carbon chemical shift, as can be appreciated from the comparison in Figure 32.

The cross-peaks in HMBC and corresponding reference HSQC spectra only
differ by the heteronuclear long-range splitting; therefore, the fit procedure only
needs to vary this parameter. However, the sign of coupling constants cannot be
determined in general cases with these experiments.”

8. I'-HMBC

Schwalbe and co-workers® developed a method called I'-HMBC, in which glyco-
sidic torsion angles are determined from *Jci couplings, together with dipolar
cross-correlated relaxation rates I' CIH[,CiHjC. It relies on an original pulse sequence
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Figure 31 (A) Constant-time HMBC optimized for accurate determination of heteronuclear long-
range couplings from proton multiplet patterns in conjunction with the reference HSQC experi-
ment of exactly the same duration shown in (B). The gradient ratios are G;:G»:G3=33:50:—30
(echo)/33:30:—50(anti-echo). 4 is adjusted for long-range evolution (ca. 62.5 ms).
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Figure 32 Comparison of typical phase-sensitive cross-peaks obtained with a conventional
HMBC and the constant-time HMBC experiment from Figure 31. Reprinted from Ref. 52 with
permission.
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Figure33 Pulse sequence on which the I'-HMBC experiment is based.?® The following parameters
were used by Ilin et al.%: A=(2))", CT=30ms, G;=0.20 T/m, G,= 0.15T/m, G3= 040 T/m, G, =
0.10 T/m. CT is the constant-time delay.

Figure 34 Numbering of atoms in a glycosidic fragment. The dashed ovals indicate the cross-
correlated dipolar interactions causing the HMBC-like correlation in I'-HMBC.

(Figure 33) by Vincent and Zwahlen®®, in which coherence transfer between
hydrogen and carbon atoms across the glycosidic linkage is achieved by C-H-
dipolar cross-correlated relaxation.

In this experiment, an initial anti-phase operator 2H1',C1’, (for numbering See
Figure 34) evolves into the operator 2H,,C1’, through cross-correlated dipole—
dipole relaxation between two C-H dipoles centred on C1'.
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During the CT delay, the Cartesian product operator term 2H4,Cy, evolves
modulated by the 3 c1ma coupling constant, which can then be determined by
fitting cross-peaks multiplets with simulated line shapes. The method was used to
determine the conformation around glycosidic bonds in a glycopeptide.® Cross-
correlation effects between the CSA and DD relaxation mechanisms have also
been observed in HMBC spectra.”

9. MULTIPLICITY EDITING OF HMBC SPECTRA

An improved edited HMBC experiment splits into two sub-spectra according to
the number of protons attached to '*C nuclei being odd or even.'”#**° Represen-
tative pulse sequences from Ref. 90 implementing this technique are depicted in
Figure 35.

To produce the edited spectra, one combines the sub-spectra in the following
manner: 13Cq and *CH, = 2A — (B + C) and "*CH and "*CHj; = 2A + (B + C). For
optimal results, the sub-spectra should be acquired in an interleaved manner
using twice the number of scans for A than for the others. In Figure 36, the 13CCl
and "*CH, spectrum (red) obtained with the method of Figure 35 is overlaid with
the ">CH and ">CHj spectrum (blue) of strychnine in CDCls.

10. INDENTIFYING TWO-BOND CORRELATIONS

Distinction of two- and three-bond H-C and H-N couplings is considered a very
worthwhile goal. Although impossible for quaternary heteroatoms, it has become
feasible in chains of protonated carbons through development of the concepts
used in ACCORD-HMBC, IMPEACH-MBC and CIGAR-HMBC.

10.1. ¥ *-HMBC

The ?J,>J-HMBC experiment® shown in Figure 37 includes a modification of the
constant-time-variable delay, which was introduced in the IMPEACH experi-
ment,” the so-called STAR (Selectively Tailored Accordion F; Refocusing) opera-
tor, which is an extension of the ‘constant-time-variable delay’ mentioned
previously.

Due to differential behaviour of the two- and three-bond correlations, the
corresponding 2D cross-peak multiplets vary in their shape. The differentiation
of two- and three-bond heteronuclear couplings is based on the coevolution of the
homonuclear proton couplings of directly attached protons during the STAR(R)
operator building block. Since in a chain of three CH-groups Ty are usually
much smaller than 3]HH, only the homonuclear vicinal coupling 3]HH causes a
skewing of the spitting about the chemical shift of the carbon to which the proton
has a ?Jcy heteronuclear coupling. By contrast, the *Jcy; heteronuclear correlation
cross-peak is not skewed, since *Jjy is usually small (Figure 38).
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Figure 35 Pulse sequences for multiplicity editing of broadband HMBC spectra.” (A) Standard
HMBC sequence, (B) Up—down— sequence, (C) Up—down+ sequence. The dashed boxes indicate
GARP decoupling. All use a third-order LPJF,*® with the delays 71 =12 [Yenin + 0.07(Yrmax — Umin)]_]y
T =175 = (Ymax + Jmin) " and 75 = ¥2 [Ymax & 0.07(Ymax — Jmin)]™ adjusted for effective suppression
of one-bond correlations over a range Ymin—Jmax Of coupling constants. 4 is adjusted for the
evolution of long-range heteronuclear coupling. Separate sub-spectra for odd and even numbers
of directly attached hydrogen atoms are obtained as the sum or difference, respectively, of (A)
with (B) or (C). The delays O (duration of a gradient pulse), ¢ (minimum t; time plus the duration of a
proton n-pulse) and ¢’ (¢ 4 the duration of a carbon 7-pulse) are minor adjustments. The
amplitudes of the initial four gradients of the LPJF may be an order of magnitude less than the
other gradients. In sequences B and C, ®CH and "CH; peaks are inverted relative to the standard
experiment. Recommended phase cycles are detailed in Ref. 90.

The different appearance of the cross-peaks occurs since the BIRD
element only affects the two-bond correlation. This is further illustrated by the
%] J-HMBC spectrum of strychnine in Figure 39, where the expansion showing the
H110-C13 and H11 o -C12 correlations represents a typical example of a *,%]
distinction.
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Figure 36 Multiplicity edited HMBC spectrum of strychnine using the pulse sequences in
Figure 35 in an interleaved manner and with the GARP scheme”' used for decoupling. Reprinted
from Benie and Sgrensen®® with permission (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of this chapter.).
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Figure 37 Pulse sequence of the %,*J-HMBC experiment.”
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by the skew of cross-peak multiplet patterns in %,*-HMBC experiments. Reprinted with
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Figure 39 %,*-HMBC spectrum of strychnine with molecular structure diagram accordion
optimized for long-range couplings between 6 and 10 Hz acquired with a J-scaling factor of 16.
The expansion on the left illustrates how two- and three-bond heteronuclear correlations can be
discriminated by the skew of the cross-peak multiplets. The delays within the constant-time STAR
operator were varied in the following way: 4; was incremented to 16 times t;,,, While 4, was
decremented to O synchronously. These manipulations keep the overall duration of the STAR
operator constant over the course of the experiment. The delays D and v4 were controlled such
that for the final increment of the evolution time D = 33.3 ms and v4 =50 ms. Reprinted from Ref.
92 with permission.
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10.2. H2BC

The heteronuclear 2 bond correlation (H2BC) experiment by the group of
Sorensen®®”* takes a different approach to tackle the challenge of selective two-
bond heteronuclear correlation. Strictly speaking, it is not an HMBC-type experi-
ment, but the concept is based on a HMQC-COSY ‘hyphenation” and therefore
also restricted to C-H-chains. The information obtained is complementary to
HMBC and even provides two-bond correlation information, if *cg is vanishingly
small. The experiment can also be extended to a 3D version by allowing for
chemical shift evolution of protons during a second split evolution period.*
This experiment has also been combined recently with HMBC to the hybrid
sequences HAT-HMBC.*” The authors recommend it as an experiment to be
performed after H2BC and regular HMBC to resolve possible open ends left by
the spectra from these two experiments.

11. 3D NMR METHODS INVOLVING HMBC

While most 3D NMR methods find their primary motivation in reducing spectral
overcrowding, in the case of HMBC (which often features sparsely populated 2D
maps), a sensitivity issue was prevailing.

11.1. 3D-HMBC

The amplitude of HMBC cross-peaks is reduced significantly if a proton has
multiple coupling partners; this being especially crucial with methylene proton
signals in a complicated proton spin system. This phenomenon is caused by the
fan-out of proton signals of concern due to cou4p1ing to many proton signals
during the evolution period. Furihata and Seto™* addressed this problem in a
somewhat counter-intuitive fashion by developing the conventional 2D-HMBC
into 3D-HMBC. The delay time 4, and t; in the 2D-HMBC (Figure 1) are replaced
by evolution times t; (J-dimension) and t, (chemical shift dimension), respec-
tively, in the 3D-HMBC pulse sequence, with 4; being set to 3.5 ms. Their results
clearly show that 3D-HMBC is apparently more sensitive than it's 2D predecessor.
In addition, the technique is very useful when the connectivity information of
broad proton signals is obscured due to complex splitting patterns and due to fast
transverse relaxation of methylene groups. Furihata and Seto™ observed a sub-
stantial increase of the signal. It should be noted that in their original spectra, only
four scans were used for taking each increment in the 3D experiment, as opposed
to 64 scans per increment for the 2D experiment.

1.2. 3D-J-HMBC

In 1999, Sze et al.”® published the so-called 3D-J-resolved HMBC. Application of
this 3D-J-resolved HMBC experiment should facilitate spectral assignment and
the measurement of long-range 'H-'C couplings, particularly in systems with
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poor sensitivity and severe overlaps. The preparation period of the 2D-HMBC
experiment is replaced by an evolution period for one-bond and multiple-bond
J-couplings. Two advantages of this arrangement arise over the method proposed
by Furihata and Seto®*: The chemical shifts during the ] evolution period are
refocused so that the spectral width of this dimension is reduced to 'Jcy;. Thus,
possible peak cancellations due to spectral folding are avoided and the resolution
is increased. The spectral width in the J-dimension can be further reduced to
optimize the sensitivity per time and resolution as long as folded 'Jcy peaks do
not overlap with "Jcy cross-peaks.

Another advantage is that 2D HMQC and HMBC spectra, which are optimal in
sensitivity for a wide range of e and *Jcy values, can be obtained by summing
the sections of the 3D spectrum along the f;-dimension corresponding to the well-
separated one-bond and long-range J-couplings.

2D-HMBC spectra obtained in this way are free of interference from the one-
bond correlation peaks. The separation of the one- and multiple-bond correlation
peaks is more effective than that with the traditional LPJF methods, which cannot

urge all one-bond 'H-"°C correlation peaks completely due to the variations in
Jcu coupling constants.

11.3. COSY-HMBC

HMBC usually requires large spectral width in the indirect dimension. Apart
from posing challenges for rf-pulse performance, the resolution requirements in
the indirect dimension often preclude including an HMBC element in a 3D pulse
sequence, except for 3D-J-resolved HMBC (described above), which require rela-
tively few data points in the J-dimension. Random sampling (or non-uniform
sampling—NUS)**®* in combination with processing methods like multi-dimen-
sional Fourier transformation or maximum entropy”® is advantageous for the
processing of large multi-dimensional NMR data sets, particularly with sparse
peak distribution.”” This approach enables one to obtain highly resolved, aliasing-
free 3D spectra at very low sampling density. Misiak et al. applied this technique
to perform 3D COSY-HMBC experiments (Figure 40) and achieved complete
assignments of organic molecules.” %
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Figure 40 3D-COSY-HMBC pulse sequence.”® 4=(2Ys)™", 1=(2"is) ", ¢ is used to
accommodate the gradient pulses Gy:G, =+(yu+yc):—(yn — yc) and —(yn — yc):+(yu+yc) for
echo and anti-echo, respectively.



42 Wolfgang Schoefberger et al.

A B
20
He H5 H42 HO
- Ca2 D 00 QO co
125
£ £
g - C5 g
o o
@ &)
W 39 W 1255
-Cs . @ € c2
35
130
5 4 3 2 2.2 2.1 2.0 1.9
Fy-"H (ppm) Fy-"H (ppm)

Figure 41 2D cross-sections from the 3D COSY—HMBC spectrum of the natural abundance
prenol-10 recorded with the pulse sequence of Figure 40: (A) 'H/™C plane for F3('"H) = 5.124 ppm
(H-6); (B) '"H/™C plane for F3('H) = 1.990 ppm (H-4). Reprinted from Ref. 100 with permission.

In Figure 41, cross-sections of the 3D-COSY-HMBC spectrum of prenol-10 are
displayed. This compound has many near degenerate chemical shifts and there-
fore represents a challenging assignment 0problem, which is conveniently solved
by the application of 3D-COSY-HMBC.'°

Random sampling of the evolution time space (NUS) used in this method
allows one to obtain an excellent resolution, which is extremely important in
cases of crowded spectra.

Another 3D experiment deserves to be mentioned here: 3D HSQC-
HSQMBC'" aimed at complex molecules with many protonated carbons and a
narrow spread of '*C chemical shifts like complex carbohydrates; it does not
provide correlation of quaternary carbons, though. This type of experiment is
likely to benefit much of the upcoming non-uniform sampling techniques.

12. NEW TECHNIQUES FOR EFFICIENT ACQUISITION

Considerable efforts have recently been made to make NMR spectroscopy more
efficient, particularly for routine analysis. Among these approaches, multiplex
spectra derive information from raw data containing super-positions of different
types of information by a linear combination of subsets. Since these techniques
require no additional hardware, they can be easily implemented on practically all
modern pulse spectrometers.

12.1. Heteronuclear multiple-bond and single-bond
connectivities (HMSC)

The first multiplex-type experiment delivering HMBC information as well as
HSQC one-bond correlations was the MBOB experiment (Figure 42) by Meissner
and Sgrensen.*>®



Recent Developments in Heteronuclear Multiple-Bond Correlation Experiments 43

! 1 N

1H: |T1
PAVATAYAS

o by
13C: ITxI 5 ?i(’)‘l5l
1

I
1
™
~a

>N
|
=
= "
>

13C: T1I I? ?i5l5l

G, é\/\
Vv

Figure 42 MBOB pulse sequence for simultaneous observation of one-bond and long-range
correlations.*®

Burger et al.'* developed the similar HMSC technique for simultaneous deter-
mination of long-range and one-bond heteronuclear connectivities. The pulse
sequence used for HMSC is identical to the one for BIRD-HMBC (Figure 10), but
different data manipulation (i.e. separate storage of phase cycle steps) is required.
Compared to two standard HSQC and HMBC experiments applied one after the
other, the measuring time of the HSQC spectrum is economized, since the lower
sensitivity of the HMBC experiment determines the total measurement time. At the
same time, usually a higher SNR for the HSQC spectrum is achieved at no addi-
tional costs. The efficiency of the new pulse sequence and the quality of the
resulting spectra were demonstrated using strychnine.'”” For HMSC, the pulse
sequence originally developed for BIRD-HMBC (Figure 11) is used, but for each
value, two t,-FIDs with different phase settings @, =y, —x are acquired and stored
separately (‘interleaved” mode of detection). The residual phases in the experiment
are cycled as follows: @1 = y(—v); @3= x2(—x); Pruc = X2(— X)>.

Figure 43 shows one-bond and long-range correlation spectra of tetracycline
obtained with a single MBOB experiment. The excellent discrimination between
"Jcr and 'Jcp cross-peaks achieved with the optimized MBOB experiment with no
residual cross-peaks of the other type left in the corresponding sub-spectra is evident.

12.2. Time-shared (TS) experiments

Other implementations of the multiplex principle, where different frequencies are
allowed to precess simultaneously, have been dubbed ‘TS” NMR experiments,
recently reviewed by Parella and Nolis.'” TS experiments have been proposed for
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Figure 43 MBOB spectra of tetracycline hydrochloride in CD;OD recorded with the pulse
sequence in Figure 42A. A third-order J-filter was applied. Parameters: relaxation delay 2.4 s;
7y =3.91ms, 7, = 3.45 ms, 73 = 3.08 ms (i.e. Jmin = 125 Hz and J .o = 165 Hz); 4 = 97.4, 80.0, 67.8 and
59.0; t; (max) = 4.21 ms; t, (max) = 376.7 ms; 8 scans per 4 value. Sine-shaped gradients of 1.0-ms
duration and a unit strength of 5.0 x 10~ 2 T/m followed by a gradient recovery delay of 0.3 ms
were applied. Two data sets, even and odd, were recorded and combined. The MBOB long-range
correlation spectrum (top) results from addition of the odd and even data sets. The MBOB one-
bond correlation spectrum (bottom) was obtained by subtraction of these two data sets. The
signals are split by Yy in the F, dimension. Single-pulse 1D 'H and "C are printed in place of
projections next to the 2D spectra. Reprinted from Ref. 89 with permission.

different multinuclear applications, such as simultaneous '°N and "°C editing in
NOESY-HSQC-type experiments,'**'% simultaneous H, and Hy detection in
triple-resonance experiments'”® and simultaneous methyl and amide TROSY
experiments of large deuterated proteins.'”
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Figure 44 Pulse-sequence building blocks for time-shared experiments: (A) simultaneous
evolution of J(CH) and J(NH) during a fixed defocusing period (B) simultaneous but independent
frequency labelling by »C and N chemical shift evolution.'®®

The TS CN-HMBC experiment achieves simultaneous correlation of *C—"H
and ""’N-'H in HMBC spectra in such a multiplexed fashion.'” The basic building
blocks of TS NMR experiments are depicted in Figure 44. The pulse sequence
element shown in Figure 44A allows the simultaneous evolution of the two
different Jcry and Jnp couplings during a fixed defocusing period. The experiment
can be optimized separately for different ey and Jny by adjusting 4= (4 Jepy) ™!
and A'=(4 Jan)

The pulse sequence building block in Figure 44B is designed for the simulta-
neous, but independent frequency labelling by '°C and "N frequency labelling
during the incremented t; and #," evolution periods of the 2D experiment.

Spectral widths in the indirect dimension are independently adjustable for
each heteronucleus. The t;-increment is in the wider spectral width dimension
(usually carbon) and is set to the reciprocal of the spectral width. The increment of
the additional evolution period A4t is set to the difference of the reciprocal
spectral widths of both nuclei. Other important aspects of time-shared experi-
ments in general have recently been reviewed by Parella and Nolis.'”

In TS experiments, the coherence pathways can be independently selected for
13C and "N at natural isotope abundance, since the majority of protons coupled to
13C is not coupled to °N.

The FID resulting from TS-HMBC experiments contains both 'H-">C and
"H-"°N data that are encoded by phase cycling and can be unravelled by forming
linear combinations of separately stored FIDs, thus delivering a multiplex advan-
tage for the two correlation spectra. Two complementary data sets acquired with a
7 phase difference between C and N coherence pathways (controlled by the phase
¢; and @, in the element in Figure 35B) are acquired. The separate C and N sub-
spectra are obtained by addition and subtraction of these data, respectively.
Maximum sensitivity is retained through the multiplex advantage, as illustrated
in Figure 45.

Time-shared experiments are special cases of multiplexed experiments,
which also include the MBOB and HMSC experiments described above. The
analogy of ‘time sharing’ in computer science does not serve these experiments

109-112
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Figure 45 Scheme of data acquisition and data-processing procedures for nucleus editing in
TS experiments. Two equivalent data sets (A and B) are separately collected in an interleaved
mode with inversion of the phase @, (see Figure 44). After proper linear time-domain data
combination, individual C and D spectra are obtained, retaining maximum sensitivity.'®®

i
‘L

right, since the term implies that the spectrometer time is shared between the
experiments, dedicating only a fraction of its performance to each; but in these
multiplex NMR experiments, the information from the parallel pathways is col-
lected at the same time retaining the sensitivity of the individual experiments
from which they are composed.

The fundamentals of the time-shared HMBC experiment shall be explained by
way of a 'H ®C and 'H "N TS-HMBC experiment (Figure 46). The single
evolution delay 4 is optimized for a single 6-8 Hz coupling value because both
long-range ]CH and "Jyu (n>1) Couphn% constants are in the range of 0-12 Hz. A
LPJF only for 1*C, that is, 41=(2"Jcn) ", is used to minimize direct correlation
cross-peaks. Optionally, a '’N-LPJF could also be incorporated.

The number of pulses and the duration of the sequence are exactly the same as the
regular "’N-HMBC, and the major difference is the addition of a t;’ period as com-
pared to the basic *C-HMBC experiment. PFGs are placed and adjusted to simulta-
neously select both '*C and "N coherence transfer pathways. The general equations
for optimal refocusing condition in the TS-HMBC pulse sequence are described by
Parella and Nolis'® in their recent review article. A version with an optimized
gradient ratio for both nuclei has been published by the same research group.'"

A gradient ratio of 6:3:5:6 is one possible solution fulfilling the required
relationships. The exact calculations of the gradient ratios are crucial when apply-
ing the TS-HMBC experiments for other nuclei. When setting up a TS-HMBC
experiment, it may be necessary to adjust the relative resolution between the
heteronuclei in the indirect dimension. A reduced "N spectral width (higher
resolution) is achieved by increasing the At;’ period, but this can incur *C
sensitivity losses as compared to the standard experiment. By larger '°N spectral
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Figure 46 'H-"C and 'H-">N TS-HMBC experiment.'® The 4 and A1 delays are optimized to
1) (6 — 8Hz) and 1Y (s_s ) (145 Hz), respectively. Gradients G, and G; are optimized to select Bc
magnetization, whereas all four G,—G, gradients select the equivalent >N coherence pathway:
G1:Gy:G3:G,4 = 60:50:30:60. Two different data sets are acquired and processed using the nucleus
editing procedure described.'®

widths, that is, shorter At,’ periods, '>C sensitivity losses due to relaxation can be
minimized. In practice, a compromise needs to be made.

TS-HMBC experiments are recorded with the pulse sequence of Figure 46. Two
complementary data sets are acquired in an interleaved fashion. The first experiment
uses the same relative phases for ¢, and ¢, (data set A), while the second experiment
inverts the phase ¢, with respect to ¢, (data set B). Addition (A + B) and subtraction
(A — B) will afford the separate °C and "N spectra, retaining maximum sensitivity
for both. Figure 47 shows the resulting TS-HMBC spectra for strychnine.

The relative sensitivity gains per time unit when running TS parallel acquisi-
tion versus separate acquisition of approximately \2 (141%) predicted by theory
are confirmed by the experiments. Figure 48 underscores the total sensitivity per
time gain achieved by using a two-nucleus TS-HMBC (CN-HMBC) experiment.
The signal-to-noise ratio is the same as of two separate HMBC experiments
requiring twice the total time.

Most variants of HMBC pulse sequences can be adopted as TS experiments
(e.g. TS-HSQMBC*). The advantages of TS experiments can be combined with
those of other independently accelerated NMR methods. With the MATS tech-
nique,"'* TS experiments can be combined with the multiple FID acquisition
within the same scan to perform simultaneous acquisition of multiple and com-
plementary NMR spectra, thus offering important spectrometer time savings.
Figure 49 shows the MATS-HMBC pulse sequence that records 2D 'H-'C and
'H-N HMBC as well as 'H-C and 'H-""N HMBC-COSY spectra
simultaneously.
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Figure 47 2D TS-HMBC (CN-HMBC) spectra of strychnine obtained using the sequence of
Figure 45. HMBC spectra of strychnine showing the basic acquisition and processing steps: (A, B)
Two complementary data sets are acquired with relative phases ®; = x and ®; = —x, respectively.
Appropriate linear combinations (A + B) followed by conventional processing provide the two
separate (C) C-HMBC and (D) N-HMBC spectra with enhanced sensitivity. Reprinted with
permission from Ref. 108. Copyright 2007 American Chemical Society.

An example of four 2D spectra obtained by parallel acquisition using MATS-
HMBC is shown in Figure 50.

It was reported that the measuring time with MATS is reduced by 75%, as
compared to the separate acquisition of each data set by using conventional
single-FID pulse programs.''*

In principle, more than two parallel evolution channels are possible on spectro-
meters equipped with the appropriate probes and multi-channel receivers. Paral-
lel acquisition (i.e. in the direct dimension) has recently become available on
commercial spectrometers through parallel receivers and multiple detection
coils. Recently, a series of experiments under the acronym PANSY (Parallel
Acquisition NMR spectroscopy) have been proposed, allowing the simultaneous
acquisition of FIDs of different nuclei. Simultaneously, proton-detected and
fluorine-detected HMBC spectra have been demonstrated.''>"'® The highly multi-
plexed and parallelized PANACEA-experiment,''” which promises ‘Molecular
Structure from a Single NMR Experiment’, also includes a 3D--HMBC
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Figure 48 1D row sections taken at C-10 (172 ppm) and N-9 (151 ppm) of Figure 47. (A) individual
slices extracted from 2D C- and N-HMBC spectra acquired separately; (B) individual slices
extracted from the 2D CN-HMBC spectrum acquired with the same number of scans as each
individual HMBC experiment shown in A; (C) Individual slices taken from the 2D CN-HMBC spectra
acquired with the same total measuring time as both spectra in A. Reprinted with permission from
Ref. 108.
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Figure 49 MATS-HMBC experiment, a basic single-pass pulse sequence for simultaneous
recording of complementary HMBC spectra. The mixing process could be a COSY or a TOCSY
process. Thus, multiple FID signals can be collected separately and stored in different memory
blocks. Complete experimental details can be found in the original Ref. 114.
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experiment. The verdict about the practical applicability of such parallel methods
is however still missing due to the small number of spectrometers that are
equipped in this manner.

12.3. Ultrafast HMBC

Ultrafast-NMR (UF-NMR) spectroscopy''® alone or coupled with other pulse
sequence building blocks has shown its capability of delivering virtually any
type of multi-dimensional NMR spectrum in a single scan, exploiting spatial
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Figure 50 Complementary (A) 'H-"C HMBC, (B) 'H-"C HMBC-COSY, (C) 'H-""N HMBC and (D)
'H-""N HMBC-COSY spectra of strychnine obtained simultaneously by the MATS approach.
Adopted from Ref. 114. Copyright Wiley-VCH Verlag GmbH & Co. KGaA. Reproduced with
permission.

encoding of the indirect domain modulations.'"” Thus, real-time monitoring of
dynamic chemical reactions by multi-dimensional NMR can be achieved on a time
scale below one second, provided there is sufficient sensitivity.'** The UF-HMBC
experiment provides for real-time observation reactions.'”' It is most useful for
reactions involving non-protonated centres such as of ketones or carboxylate-
derivatives.

The pulse sequence depicted in Figure 51 consists of a continuous spatial
encoding ultrafast HSQC sequence,'** in which the delay d is set to accommodate
long-range couplings.'?! In single-scan multi-dimensional NMR, contrary to tra-
ditional approaches, the spectral widths of the spatially encoded and of the
directly detected dimensions are not independent of each other. The greater the
spectral width in the spatially encoded dimension, the poorer the resolution
becomes in the direct domain.''®!?* Furthermore, the spectral width and therefore
the resolution in the indirect domain depend on the available gradient strength G,
and the duration T, of the decoding gradients, which are both limited by practical
and fundamental considerations. Because a wide spectral range in the indirect
domain needed to be covered to detect the possible intermediates, Herrera et al.'*!
monitored two different spectral windows by using two different indirect dimen-
sion frequency offsets on alternate transients, while monitoring the progress of
the reaction.
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Figure 51 Ultrafast 2D HMBC used to monitor changes on the carbonyl carbon atom.'

Using this sequence, a total of 219 UF-HMBC spectra for each spectral window
were recorded over a total time of 112 min. Each single spectrum was measured
for 5.37 s, and a measurement was repeated every 10 s. Figure 52 shows a series of
six representative 2D UF-HMBC spectra recorded (spectra 1-6).

These spectra correspond to the first frequency window studied. The
ranges examined were 210-150 ppm for '*C, which covers the carbonyl region
and 9-2 ppm for 'H. Spectra were numbered 1-6 (referred to as HMBC-1, etc.).
Spectrum HMBC-1 (0.0 min) corresponds to the solution of ketone 1 (bold numer-
als in this paragraph refer to substances in Figure 52) in deuterated acetonitrile
before the addition of Tf,0. HMBC-1 shows a cross-peak at 198.9/2.56 ppm due to
the 2] coupling between the carbonyl carbon and the methyl protons of 1 (red
arrow). The addition of Tf,O produced a small change in the position of the cross-
peak from 1. In HMBC-2, taken 1.02 min after the addition, a new cross-peak
appeared at 195.2-3.26 ppm (green arrow). This peak intensified in HMBC-3 (1.53
min), decreased clearly in HMBC-5 (33.2 min) and remained close to the detection
limit in HMBC-6 (76.4 min). Simultaneously, the cross-peak (167.4-8.38, blue
arrow) that belongs to the pyrimidine 5 increased its intensity (HMBC-3 to
HMBC-6). The signal from 1 decreased (HMBC-1 to HMBC-5) and is absent in
HMBC-6. The cross-peak emerging in the course of the reaction (green arrows) in
Figure 52 belongs to the complex 2 formed from ketone 1 and triflic anhydride.
The rise and fall of 2 during the reaction clearly shows its character as an
intermediate. Structures of 1 and 2 are similar and therefore produce cross-
peaks close to each other. Further mechanistic detail of that reaction can be
found in the paper by Herrera et al."*!

The full potential of single scan multi-dimensional NMR can probably only be
realized in combination with dynamic nuclear polarization (DNP). Giraudeau
et al.'** have recently published a first example of a DNP-enhanced ultrafast
HMBC experiment.
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Figure 52 A series of six UF-HMBC experiments (1-6) taken at different times throughout the
reaction and shifts from the participating reactant 1, product 5 and intermediate 2. Cross peaks
colours match the corresponding atoms. Spectra reprinted with permission from Ref. 121. Copy-
right 2010 American Chemical Society. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this chapter.)

13. COVARIANCE PROCESSING OF HMBC SPECTRA

Covariance spectra resulting, for example, from 'H-">C HMBC experiments,
provide information similar to 13C-13C INADEQUATE sI:>ect1‘a.125’126 Blinov
et al.'” have obtained "*C-'*C COSY-like spectra using covariance processing of
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HSQC-TOCSY experiments, which show connectivities between protonated car-
bons only. Furthermore, they introduced unsymmetrical indirect covariance pro-
cessing and used it for the generation of carbon—carbon long-range correlation
data from GHSQC and GHMBC spectra as well as HSQC-COSY-like correlations
from COSY and HSQC experiments.'*® Zhang et al.'* have already described the
possibility of using the frequency domain response for calculation of the covari-
ance matrix. While they used an INADEQUATE experiment for the source data, in
our case, the covariance spectrum is computed from a long-range HSQC experi-
ment after 2D Fourier transform. Both '>C-'°C and "H-'H multi-bond correlation
spectra are thus obtained from a single experimental data set. To obtain the 'H-'H
multi-bond correlation spectrum, it is necessary to transpose the long-range
HSQC data prior to covariance processing. To demonstrate the potential and
assess the scope and limitations of this new processing protocol, it was applied
to a derivative of emodin (Figure 53).130

The experimental data were obtained from a single decoupled long-range HSQC
spectrum with decoupling to avoid homonuclear "H-'H J-splittings in ;. The raw
data were Fourier-transformed in both dimensions and phase-corrected for pure
absorption peaks. The dual absorptive quadrant S(w,, w,) of the hypercomplex data
matrix is then subjected to the covariance analysis as follows: The covariance matrix
C(wq, 0y) is derived from the spectrum matrix S(w1, @,) in the following way:

C(wl,wo = JS(wl,wz)S(w;,a)z)dwz =567 (11)

In practice, this equation is computed as the discrete sum of products of matrix
elements. The elements of C(wq,@;") then contain the covariance coefficients
between pairs of rows of the original data set S(w;, w,). To obtain the covariance
spectrum, the square root of C is determined as follows: The positive definite
Hermitian matrix C can be diagonalized by a unitary matrix U:

C = U'diag(41,...,4)U. (12)

Here, A4,..., 4, are the eigenvalues of C. The square root of the matrix C is
computed as

C2 = Udiag(y/71, .., \/7)U. (13)
OCH; O OCH,

Figure 53 Structure and numbering of compounds of methyl-3-(1,6,8-trimethoxy-
9,10-anthraquinon-3-yl)-propionate.
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This operation yields the final covariance spectrum F(w,, w;") = C'/2, which is
symmetric, and thus correlates resonance frequencies sampled during the indirect
detection period t; with each other via their common proton frequencies in t,. The
analogous procedure with interchanged w; and w, axes (i.e. starting with the
transposed HMBC data matrix) can be used to obtain a covariance spectrum of
the direct domain resonances F(ws, @,'). An example '*C~"*C-correlation spectrum
derived from a single long-range HSQC with decoupling is shown in Figure 54.

The analogous procedure with interchanged w; and w, axes (i.e. starting with
the transposed HMBC data matrix) can be used to obtain a covariance spectrum of
the direct domain resonances F(w,, @,’). In the resulting covariance spectra, one
can see connectivities between spins with common heteronuclear long-range
coupling partners, as exemplified in Figure 55.

We have recently used this approach also with a standard decoupled gradient-
selected HMQC experiment for the >C assignment of very sparsely protonated-
phenolic compounds and marine pigments. !

Asymmetrical covariance processing of multi-dimensional spectra of different
nuclei with one common dimension allows for novel highly efficient strategies in
structure elucidation; for example, 13C_15N correlation has been achieved by
unsymmetrical indirect covariance processing of 'H-">C HSQC and 'H-""N
IMPEACH."*

H7 H4 1-0CHg  8-OCH,

.3 C- -7C+ 8-0CH,3-0CH,
HE  H2 30CH, HA4 H-12 H11 3 o1 G709, PO
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Figure 54 2D NMR spectra of the compound in Figure 53 1: (A) '"H-"C HMBC spectrum with
'H-assignments given along the top edge; (B) “C—"C covariance spectrum derived from A with >C
assignments given along the top edge. (C) Expanded region from (B), containing cross-peaks from
—OCHs; to aromatic *C. (D) Expanded region from (B), containing cross-peaks between the
aromatic C-7 (118.9 ppm) and the aliphatic carbons of the ~CH,COOCH; moiety (CHs: 33.5 ppm and
CH,: 30.6 ppm). Reprinted with permission of John Wiley & Sons, Inc. from Ref. 130.
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Figure 55 (A) Indirect 'H-"H covariance correlation spectrum derived from the same long-
range HSQC spectrum as in Figure 54, with 'H-assignments given on the top edge. The dashed
box indicates the location of the enlarged region shown in (B) showing cross-peaks in the
aromatic/OCH; region of the "H-HMBC covariance spectrum. Reprinted with permission of John
Wiley & Sons, Inc from Ref. 130.

14. OTHER NUCLEI

Besides '°C- or '"N-"H-HMBC, it is also possible to exploit and determine long-
range coupling constants between protons and other heteronuclei, for example,
19 133,134 29g; 135,136 31p 137,138 77,4 139,140 119G, 141,142 1257139 1 187()¢ 143 A shown
for tin,'** this is straightforward by using the original pulse sequence proposed by
Bax and Summers® and changing the delays to the values determined from the
corresponding coupling constants. '*F-"*C-CIGAR-HMBC experiments have been
found to be a very useful tool for investigating fluorinated polymers.'*> More
recently, measurement of long-range 'H-*Si couplings using a gradient-
enhanced HMBC pulse sequence (as shown in Figure 4) without LPJF was carried
out."® Tt should also be noted that in organometallic compounds *C—"H, HMBC
is a very useful technique to determine 'H-metal and C-metal coupling con-
stants from the splitting patterns, for example, in tin complexes of crown ethers.'*®

In situations where routine application of multiple HMBC spectra with differ-
ent nuclei are required (e.g. ’F-">C and '"H-'"°C), the newly introduced parallel
acquisition techniques mentioned above may prove particularly useful.'*®

To conclude this short chapter, we wish to draw the attention on applications
of the HMBC experiments for the determination of more unusual long-range
coupling constants between a heteronucleus to other heteronuclei like *°]
(296i-13C) 136147149 237(119G,_29g3 141 21 207py,_29G;)150,151 (1. 2,317 207py, 119G, 31p,
775e, 183\, 195py) 152

Further examples of applications involving metal nuclei can be found in a
recent review in this series.'>
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15. CONCLUSION AND OUTLOOK

From the basic HMBC technique, derivative pulse sequences have been devel-
oped and are still being developed incorporating many of the building blocks
developed for other pulsed NMR applications. HMBC has become a pivotal and
indispensable tool in the molecular structure analysis by NMR techniques for
research and routine applications in academic labs and industry. Among the
variety of NMR pulse sequences used today, the HMBC technique is a key tool
for resonance assignment and structure elucidation, especially for compounds
with non-protonated carbon or nitrogen. Currently, one can witness an increasing
number of developments towards time-saving strategies in NMR, using
approaches like multiple receivers,'">''® multiplexed coherence transfer path-
ways'” and non-uniform sampling.”* Ultimately, these developments will lead
to more efficient HMBC-type NMR experiments allowing users to utilize the
NMR spectrometers more economically.

In addition to these ‘economical’ improvements, the introduction of dynamic
nuclear polarization (DNP)'**"*” as a means of enhancing NMR-signals by orders
of magnitude in concert with ultrafast NMR techniques, as introduced by the
groups of Frydman'*®'** and Bodenhausen,'® will not only speed up structure
elucidation but also allow the real-time analysis of chemical reaction intermedi-
ates, as shown in very recent publications. A particularly elegant way of parallel
encoding and ultrafast acquisition enhanced by DNP has been demonstrated by
Giraudeau et al.,'** which is considered a promising new instrument for improv-
ing the understanding of the pathways of chemical reactions involving non-
protonated carbon or nitrogen atoms in diverse application areas like inorganic,
organic and biological chemistry.
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Abstract

The number of permitted single quantum (SQ) transitions in the 'H NMR
spectra of scalar-coupled spins increases rapidly with the increase in the
number of interacting spins, thereby posing a challenge for their analyses. The
numerous two-dimensional methodologies are available in the knowledge
bank of NMR for the determination of spectral parameters and to obtain
information on the molecular structure and conformation. The indirect
detection of forbidden higher quantum NMR transitions, that is, other than
those allowed by the normal selection rules for the detection of SQ frequen-
cies, is one of the significant steps in this direction. The detection of higher
quantum transitions of coupled spin 1/2 nuclei has been extensively
employed for the study of molecules oriented in strong and weak aligning
media, not only to simplify the analyses of complex NMR spectra but also to
determine the molecular geometries. In this chapter, we discuss our recent
studies on the development and applications of higher quantum correlation
and resolved techniques for the analyses of complex 'H NMR spectra of
scalar-coupled spins. The behaviour of magnetization in the spin-selected
and non-selected higher quantum is discussed using both product operator
and polarization operator approaches for a weakly coupled AMX spin system.
Subsequently, applications of these methodologies for the analyses of com-
plex 'H NMR spectra have been discussed with specific examples.

Key Words: Scalar couplings, Spectral simplification, Spin system
filtering, Discerning of overlapped transitions, Signs of the couplings,
Multiple quantum, Double quantum J-resolved, Spin-selective excitation,
2-Fluoropyridine, Halogenated benzanilides.

1. INTRODUCTION

The NMR spectroscopy is an indispensable technique for the elucidation of
molecular structure and conformation.'™ The usefulness of the technique arises
from the fact that the nucleus is very sensitive to any microscopic perturbation of
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the electronic distribution around it. The significant shift in the resonance fre-
quencies arising due to any such perturbations can be precisely detected. The
detected frequencies and the intensities in the high-resolution single quantum
(SQ) NMR spectra of diamagnetic materials depend on various interactions expe-
rienced by the spins such as chemical shifts (J;), dipolar couplings (D;;), scalar
couplings (J;) and quadrupolar couplings (Q;). While dealing with the NMR
spectra of spin 1/2 nuclei in solution state, the information on the molecular
structure and conformation is generally obtained using chemical shifts and scalar
couplings, whereas the relaxation parameters provide information on the dynam-
ics of the molecules. For N non-equivalent spin 1/2 interacting nuclei, there are
?NCy_; theoretically possible transitions from which N chemical shifts and N*
(N —1)/2 scalar couplings are required to be determined. The number of spectral
parameters required to be derived and the detected transitions depend on the
chemical or magnetic equivalence of the nuclear spins in the molecules. The
analysis of such spectra could be either first order or second order depending on
whether the spin system is strongly or weakly coupled. The definition of strong
and weak coupling is governed by the ratio of the spin—spin coupling to that of the
chemical shift difference between the coupled spins. In weakly coupled spin
systems, where the chemical shift separation between the interacting spins is
several orders of magnitude larger than the spin-spin couplings, the spectra are
first order and the simple and straightforward analyses give chemical shifts and
spin—spin couplings.

For the measurement of homo- and heteroscalar couplings in small organic
molecules or biomolecules, there are several reported methodologies, viz.
J-resolved,”® E-COSY ’fype,w_16 two-dimensional (2D) and quantitative J correla-
tion'”*! experiments, polarization-based resolved and correlation experiments®*>*
with several modified sequences for suppression of artefacts and to enhance
sensitivity.”° The derived spectral parameters, especially three bond Jijs, are
utilized for obtaining the dihedral angle restraints.' For the determination of
the magnitudes and relative signs of the coupling constants, there are several
techniques such as spin tickling,*® double and triple resonance,”” Z-COSY** and
soft-COSY.* The phase-sensitive and spin-state-selective double quantum (DQ)
and zero quantum (ZQ) coherence*®™* studies, where the couplings evolve as
sums and differences, respectively, also provide the magnitudes and signs of scalar
couplings.

As the number of interacting spins in the molecule increases, there is also a
stringent requirement on the spectral resolution, implying that the extraction of
such information from very complex NMR spectra is always a challenging task.
Usually detected SQ NMR transitions are highly redundant." As an example in a
network of six coupled spins, theoretically there are 792 allowed transitions from
which only 6 chemical shifts and 15 scalar couplings are to be derived. All the
transitions are not necessary to derive the spectral information. One of the ways of
simplifying the spectrum is to detect few transitions that are sufficient to yield the
desired information. This is achieved by the indirect detection of multiple quan-
tum (MQ) NMR frequencies which are generally forbidden according to the well-
known selection rules for NMR transitions. This reduces the redundancy in the
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number of SQ transitions, thereby simplifying the analyses of complex NMR
spectra. This method has found excellent applications in the study of structures
of molecules oriented in liquid crystalline media.**** In the isotropic solutions,
the network of scalar-coupled spins is usually smaller and the MQ technique finds
little use as far as the spectral simplification is concerned, although there are
reported studies on spin topology filtering.**” Nevertheless, the concept of MQ
is employed in several multidimensional experiments such as INADEQUATE,
where the correlation between coupled natural abundant '°C spins is detected. For
deeper discussion on the principles and applications of MQ NMR techniques,
readers are referred to excellent reviews.”'>*

In this chapter, our recent studies utilizing spin-selective and non-selective
MQ correlation and resolved techniques are described. These methodologies
when applied to scalar-coupled homo- and heteronuclear spin systems not only
break the spectral complexity but also provide the relative signs and magnitudes
of the couplings. After a very brief introduction to MQ, spin-state selection, pulse
sequences for spin-selective and non-selective excitation and the application of
these methodologies are discussed with specific examples.

1.1. Multiple quantum NMR

MQ coherence is a coherent superposition of energy states for which the total spin
quantum number is anything other than £ 1. The allowed ZQ, SQ and DQ transi-
tions for a weakly coupled two spin system are pictorially depicted in Figure 1.
The ZQ and DQ excitation and detection fall under the category of MQ experi-
ments. The spins that undergo transitions between the two states are referred to as
active spins and all the remaining spins are said to be passive. The nature of the
coherence depends both on the order of the quantum and on the properties of
active spins and their nature of interactions with the passive spins. The collection
of all the active spins can be construed as a super spin and the remaining passive
spins as spectator spins. The active and passive spins in a group of coupled spins
for single and multiple quantum excitations are pictorially depicted in Figure 2.

BB (1)

V/_\ s

B (0) ZQ

I B (0)
Q

oo (1)

Figure 1 The energy level diagram for an AX spin system and the allowed zero quantum (ZQ),
single quantum (SQ) and double quantum (DQ) transitions. The ZQ and DQ transitions represented
in the circle are forbidden according to the selection rules of NMR transitions and are indirectly
detected.
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Figure 2 (A) The cartoon representation of an N coupled spin system. When a single spin
represented in an inner circle is allowed to flip, the single quantum transitions are detected.
The single spin is referred as active spin and the remaining ones are passive. (B) The schematic
representation of higher quantum. In the inner circle, there is more number of spins compared to
that in (A). When all these spins are allowed to spin simultaneously, multiple quantum coherence is
detected. The group of active spins is called a super spin. As the number of active spins increases,
correspondingly the number of spectator spins available for interaction with active spins and
thereby the scalar fields get reduced.

In SQ, any one of the spins is flipped in the presence of scalar fields of the
spectator spins (Figure 2A). Then the scalar fields from all the remaining spins
are available for this single spin. As the size of the super spin increases, the
number of spectator spins decreases and consequently the available scalar fields
for interaction with active spins are reduced (Figure 2B). Hence, the multiplet
pattern gets simplified at higher quantum. The number of allowed transitions for
ZQ and MQ of N interacting spin 1/2 nuclei is given by

_1

Z
07>

[*NCy —2N], (1)

2N!
(N —m)/(N + m)!’

Zy = (2)
where Z,, refers to ZQ and Z,, refers to m™ quanta for non-zero m. Thus, for N non-
equivalent spin 1/2 system, N=m gives the highest quantum and it pertains to a
situation wherein all the spins are participating spins and there will not be any
spectator spins. This is a situation where all the N spins flip simultaneously from
the spin state |o) to spin state |B) or vice versa. This implies that there is no scalar
field to influence the spectrum. According to Equation (2) this results in a single
transition. Therefore, the highest quantum coherence is a situation where all the
spins are active and results in flipping at their respective chemical shift positions.
The single transition of the highest quantum thus resonates at the sum of their
chemical shifts.

N —1 quantum is a situation in which N —1 spins are active and a single left
over spin is a spectator. The super spin is then split by the scalar field of a single
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spectator spin, resulting in a doublet centred at the sum of the chemical shift
positions of the active spins. The doublet separation corresponds to the cumula-
tive additive values of couplings between active spins and the passive spins. For N
chemically non-equivalent spins, there are N doublets in the N —1 quantum. The
N —2 quantum coherence is a situation where N —2 spins flip at a time in the
presence of the remaining two spins. This will have more number of transitions
than N—1 quantum, but significantly less compared to SQ transitions. The
number of transitions and thereby the complexity of the spectrum increases on
going to lower quantum. Furthermore, the precessional frequency of any higher
quantum coherence is proportional to its order. Consequently, the field inhomo-
geneity also proportionally gets scaled up. Thus, the m™ quantum order is broad-
ened by m times. However, the ZQ coherence is insensitive to the field
inhomogeneity. Several reports discuss the excitation and detection of higher
quantum coherence.”>°

1.2. Spin-state-selective detection

Another method of reducing spectral complexity is to detect transitions based on
the spin states of the coupled nucleus. In the spin-state-selective detection of two
coupled spins—the high-field and low-field components of the doublets—is
either separated or individually detected. An example of the spin-state-selective
detection for an AX spin system is pictorially represented in Figure 3. This method
has been employed for the measurement of scalar couplings in biological
macromolecules and also in high-resolution solid-state NMR studies. Spin-
state-selective techniques are well documented in the literature.®’ ™

J, AX JAX
fe——] [————]
ox Bx A Pa

I /\ I /\
Oy op
Bx Ba
T A I /\
A X

Figure3 Schematic representation of spin-state selection in an AX spin system. The transition of
a particular |a) of |B) spin state is selectively detected.
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1.3. Non-selective excitation of MQ

All the MQ experiments employ a three-pulse sequence. The MQ orders are
created during the evolution period and are subsequently converted into detect-
able SQ coherence. Appropriate excitation and detection pulse sequences are
constructed based on the information to be derived. Excitation and detection
sequences are designed by using either spin-selective or non-selective pulses.
The pulse sequences generally employed in spin-selective and non-selective MQ
experiments are given in Figure 4. The detailed discussion on MQ spectrum of
different types of spin systems is available in the literature.” For a homonuclear
three-spin system of the type AMX, all the possible double and zero quantum
transitions are depicted in Figure 5. This spin system is interesting as it has exact
number of DQ and ZQ transitions as depicted in Figure 5A and B. One can non-
selectively excite all the three possible DQ transitions, viz. AM DQ (where A and
M spins are active spins), AX DQ (where A and X spins are active spins) and MX
DQ (where M and X spins are active spins). In the DQ-5Q correlation experiment,

90(1)1 180 @, 93(1)2 t 90(1)2
1
~ [] [] 1™
°. SRR NN L™
G,  Gy(=nGy)
B
90 180 90 90
D, D, D, t [0 t
- J\, < S s
& = S AN A U 5
1
Gy Gi(=nGy)
C
90(1>1 180(1)1 90(1)2 12
< >
Gz - T nQ I\ W‘J‘,"w
Gy Gz(

Figure 4 (A) The pulse sequence used for the non-selective MQ—-SQ correlation experiments.
The delay, 7, has to be optimized for the excitation of homonuclear MQ. The phases are @;=(p)x,
&, =P+ (n/2), Pg(receiver phase) =x, where p is the order of coherence. (B) The pulse sequence
used for the spin-selective MQ-SQ correlation experiments. All the pulses are selectively applied
on chosen spins. (C) Pulse sequence used for MQ-J-resolved experiments, which is identical to (B),
but the 180° pulse in the middle of the t; period, is non-selective.
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Figure 5 The schematic representation of energy states of an AMX spin system and the possible
(A) DQ transitions and (B) ZQ transitions. AX, AM and MX transitions represented by double-
headed vertical arrows correspond to simultaneous flipping of two chosen spins. In this specific
spin system, there are two possible transitions for each DQ and ZQ coherences.

the DQ dimension provides three sets of doublets at the sum of the chemical shifts
of the two active spins. The separation of the doublets pertains to the sum of
passive couplings, viz. Jaxmx Jami+mx and Janax, respectively, for AM, AX and
MX DQ. Each component of these doublets corresponds to the |a) and |B) states of
the respective passive spin. The cross sections taken along the SQ dimension for
any of the spin states of the passive spin give all the 12 transitions expected for an
AMX spin system, whose intensities depend on the flip angle.** Thus in a non-
selective detection, each |a) and |B) spin state of passive spins correlates to all the
allowed transitions in the SQ dimension.
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1.4. Spin-state-selective detection of MQ

In the example of an AMX spin system discussed in the preceding section instead of
non-selective excitation, if a pulse is applied selectively on any two spins and no
pulse is applied on the third spin, then the states of the passive spin remain
unperturbed both in DQ and in SQ dimensions. It may be emphasized that in the
selective excitation, the spins must be weakly coupled. Due to large chemical shift
difference, the heteronuclear spins are weakly coupled. The non-selective excita-
tion of homonuclear highest quantum coherence in heteronuclear spin systems
retains the spin states of heteronucleus undisturbed. This is analogous to the spin-
selective excitation in a homonuclear spin system. In both the situations the passive
spin(s) provide spin-state selection. Then the spin state of the passive spins in the
DQ dimension encodes the spin states involved in the SQ transitions that arise only
due to coupling among active spins and results in the selective detection of SQ
transitions. The cross section taken along SQ dimension for any one of the passive
spin states has less number of transitions compared to the normal SQ spectrum but
suffice to determine the chemical shifts of active spins and the couplings among
them. Thus in the selective AM DQ excitation of AMX spin system, the cross section
taken along SQ dimension for each spin state of passive X spin provides only four
transitions instead of eight. Therefore, the spin-state selection has a power of
reducing the spectral complexity. The interesting feature of the experiment is that
it also achieves, in homonuclear spin systems, separation of passive couplings and
active couplings in the MQ and SQ dimensions, respectively. In the heteronuclear
spin systems, it achieves separation of homo- and heteronuclear couplings in direct
and indirect dimensions, respectively.

The selection of particular higher quantum is achieved by the application of
pulse field gradients before and after the last pulse (G; and G, in Figure 4), which
converts MQ coherence to detectable SQ coherence. The gradient ratio n (G2/G)
defines the order of the quantum to be detected. This also implies that ZQ
selection is impossible by the application of gradients. The detection of ZQ
coherence is achieved by phase cycling. In the following sections, the theoretical
description of spin-selective MQ, applications for spectral simplification, spin
system filtering and the utilization of higher quantum J-resolved techniques for
the determination of scalar couplings of smaller magnitudes are discussed taking
specific examples.

2. THEORETICAL DESCRIPTION OF SPIN DYNAMICS IN
MQ EXCITATION

2.1. DQ excitation of an AMX spin system

For conceptual understanding of the spin dynamics in spin-selective and non-
selective MQ, a weakly coupled AMX spin system is chosen because it gives
identical number of ZQ and DQ transitions. The spin-selective and non-selective
excitations of DQ in an AMX spin system have been reported.®*® While the DQ
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coherence precess at the sum of the chemical shifts of two active spins, the two
spin ZQ coherences precess at the difference of their chemical shifts. Except for
this difference, the selective excitation of the ZQ coherence of any two spins—AM,
AX or MX—and its correlation to SQ provides the spin-state selection analogous
to that of DQ coherence. It is thus possible to separate active and passive cou-
plings and derive the information which is possible from the selective DQ-5Q
correlation spectrum. In the following sections, the dynamics of the spins under
the application of the selective and non-selective pulses and the appearance of the
ZQ and DQ spectra will be discussed using both product operator and polariza-
tion operator approaches. Subsequently, the experimental demonstration of such
experiments is also discussed.

2.2. Product operator approach

The product operator formalism® is employed to discuss the evolution of magne-
tization at different stages of the pulse sequences given in Figure 4. The pulse
sequences (Figure 4A and B) are utilized, respectively, for non-selective and
selective excitation of both DQ and ZQ.

2.2.1. DQ excitation
In the pulse sequence given in Figure 4A, immediately after the second 90° pulse
there are three kinds of DQ coherences, viz. AM, AX and MX, from the anti-phase
magnetization. In the DQ dimension, the magnetization evolves at the sums of
their respective chemical shifts under the additive value of the couplings of the
active spins to the passive spin. For the conceptual development of theory, the
discussion is restricted to AM DQ-SQ coherence. However, the discussion is
equally valid for other two DQ coherences also.

The magnetization —2IayxImyy immediately after the second 90° pulse is
written as a linear combination of DQ and ZQ terms of A and M spins as

2 Iy — —(DQEM — ZQgM). (3)

The evolution of DQ part under chemical shifts and couplings is relevant for
the present discussion.
The chemical shift evolution of DQ terms in the DQ dimension is

—(DQAM)Y - — [DQ@M cos(Qa + Qu)t — DQYM sin(Qa + Om)t]
= — [DQ@M COS(QAMtl) — DQQM sin(QAMtl)} .

where Qanvi=Qa + Q.
The evolution of DQ terms under the sum of the passive couplings to X spin
Kam=/]ax+mx is

— DQYM cos(Qamtr) cos(nKamtr) — ZDQQMIOQZ cos(Qamtr) sin(nKamt1)

- DQ)A(M sin(QAMtl) COS(TEKAMtl) - 2DQ¢MI<X>Z Sin(QAMi’1) Sil’l(?'EKAMtl).
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The expanded DQy*M and DQx*M terms of the above equation are rewritten as

U(A)XI 1y + IiayyIvx] cos(Qamtr) cos(nKamtr)
-2 [I Mx — I )YI(M>Y]I(X>Z cos(Qamt1) sin(nKamtr)
—[Tapxdomx — IiayyIvyy] sin(Qamtr) cos(nKamtr)
—2[I )XI( sy + L] Iz Sin(Qaitr) sin(TK ).

(6)

2.2.11. Case I: When all the three pulses are non-selective: When all the pulses are
non-selective, all the three possible DQ coherences are present and at the end of
the third 90° pulse, the product operator terms present in the direct dimension of
Equation (6) are

[I(A)XI M)z + I(A ZI(M ] OS(QAMtl) COS(NKAMtl)

-2 [1 Mx — I )ZI(M)Z} (_I(X)Y> cos(Qamt) sin(nKamt1)
— U(A)XI(M)X — I(A)ZI(M)Z} sin(QAMtl) COS(TCKAMtl)
—2[IaxIwz + Iiayzlmx] (—Ixy) sin(Qamtr) sin(nKamt ).

Using trigonometric identity, Equation (7) is rewritten as

7)

1
-5 Tz + Iiazl x| [cos(Qam + nKam)t + cos(Qam — nKam) ]
—[Iaxdomx — Iiayzlowz] (=Ioy) [sin(Qam + nKam)t — sin(Qam — nKam)H]

1 . .
~5 [T omx — IazIonz] [sin(Qam + 7Kam)t + sin(Qam — tKam)H]

— [I(A)XI(M)Z + I(A)ZI(M)X] (—I(X)y)[COS(QAM — RKAM)tl — COS(QAM + ﬂKAM)tﬂ.
(8)

The term [I a)xIovyz +I(a)zlmyx] is observable during t, and generates cross-peaks
at Q4 and Q) in F, dimension with anti-phase splitting of Jan. The term I ayxIvyz
has an in-phase splitting of Jox in F» dimension. Both these peaks are shifted in F;
dimension by Qa +Qy and are referred to as direct peaks. The direct peaks have an
in-phase splitting of Kanm in F; dimension. Therefore, the term I ayxIpvyz in Fa
dimension is the doublet of a doublet. This is anti-phase with respect to Jan and in
phase with respect to Jsx at the chemical shift of A. Similarly, the term I a)zInx in
F, dimension is a doublet of a doublet, anti-phase with respect to Jap and in phase
with respect to Jyx at the chemical shift of M.

The term I ayzI(myzI(x)y Tepresents an Iy coherence anti-phase with respect to I
and I, in F, dimension and has doubly anti-phase dispersive line shape. The
cross-peak has a chemical shift of Qx in F, and is modulated at the frequency
Qa+Qy\in Fy dimension. This is also dispersive in F; dimension and is denoted as
a remote peak. In effect, the non-selective pulses create all the three DQ coher-
ences and generate cross-peaks from all the coupled spins at both the spin states of
the passive spin in the DQ dimension.
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2.2.1.2. Case 2: When all the three pulses are applied on two selective spins: The
discussion is restricted to the A and M spins selected DQ. However, the discussion
is equally valid for AX- and MX-selected DQ excitations also. In the AM spins
selected DQ coherence, all the three 90° pulses are applied only on A and M spins.
It retains AM DQ term and the remaining two MX and AX DQ terms are absent.
After the last selective 90° pulse, we have the following terms

1
— 5 [I(A)XI(M)Z + I(A)ZI(M)X] [cos(Qam + TKam)t + cos(Qam — nKam)t]

—[Iaxdomx — Layzowz] (=Ixz) [sin(Qam + 7nKam)t — sin(Qam — nKam)t]
1

5 Tapxdx — LazImz] [sin(Qam + tKam)t + sin(Qam — nKam)t]

— [I(A)XI(M)Z + I(A)ZI(M)X] (—I(X)Z)[COS(QAM — TL'KAM)h — COS(QAM + RKAM)tl].
©)

It is obvious from the second term of Equation (9) that the relay peak from AM to
X spin is absent in this situation.

Now the spectrum is a sum of the first and the fourth terms unlike in the non-
selective case, where the spectrum is a result of first and second terms of
Equation (8). The second and third terms are not detectable.

Assuming [Jam>/ax, the appearance of the spectrum from the first term is
schematically represented in Figure 6B. This spectrum displays the A part of the
direct peak of a non-selective experiment. The doublet of doublet in SQ dimension
is present in both the cross sections corresponding to the two DQ transitions in #;
dimension. The identical spectrum appears in both the cross sections. The appear-
ance of the spectrum from fourth term of Equation (9) is shown in Figure 6C. The
final spectrum is the result of the sum of these two spectra which appears as shown
in Figure 6D. The doublet of doublet of A is reduced to two doublets each in a
different cross sections. Each doublet corresponds to the same spin state of the
passive spin X. In other words, the spectrum of A is a doublet because of the |o) and
IB) spin states of spin M. There are two such doublets because of |a) and |B) spin
states of spin X but now they are present in separate cross sections rather than in a
single cross section. This is because the spin states of the X spin are undisturbed in
both the dimensions, a consequence of the spin-selective last 90° pulse of the
sequence and retention of couplings to X spin in both dimensions. The selective
pulse leads to spin-state-selective coherence transfer from DQ coherences to SQ
coherences or in other words transfer is possible only between connected transi-
tions. In energy level scheme shown for the three-spin system in Figure 6A, we have
two DQ transitions A and A’ corresponding to |o) and |B) spin states of spin X. Now,
the DQ-SQ conversion leads to correlation between only DQ coherence
corresponding to |a) spin state of X and the SQ coherence corresponding to the
same spin state of X, that is, A to A; and A,. Similarly, the |B) DQ coherence
correlates to only |B) SQ coherences, that is, A’ to A; and A, . Now, the spectrum
in the SQ dimension can be visualized as two sub-spectra according to |a) and |B)
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Figure 6 (A) The energy level diagram shown for the three-spin system. There are two DQ
transitions A and A’ corresponding to |o) and |B) spin states of spin X. Spin-state-selective DQ-SQ
correlation leads to correlation between only DQ coherence corresponding to |a) spin state of X
and the SQ coherence corresponding to the same spin state of X, that is, A to A; and A,. Similarly,
the |B) DQ coherence correlates to only |B) SQ coherences, that is, A’ to A and A;". Thus
correlation between only connected transitions is observed. (B) The schematic representation of
the appearance of the spectrum from the first term of Equation (9), (C) appearance of the
spectrum from the fourth term of Equation (9) and (D) the spectrum from the sum of the first and
the fourth terms of Equation (9). The figure on the right side of (D) is the displacement vector J*
"X connecting peaks of like signs. Tilt angle can be used to predict the relative signs of the passive
coupling (reproduced with permission from American Institute of Physics).
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spin states of spin X. Thus, reduced multiplicity resulting in high resolution and
spectral simplification can be achieved in the cross sections along SQ dimension.

Another point to be highlighted is that the Jax passive coupling can be
measured from the displacement of the two doublets at the chemical shift
position of A spin. Such a measurement is more precise because peak-to-peak
separation is not subjected to systematic errors associated with the finite
line width® and permits the determination of scalar couplings that are much
smaller than line width. Similarly, J\ix passive coupling can be measured from the
displacement of the two doublets at the chemical shift position of M spin. The
entire discussion above for the detection of A part is also applicable for the
detection of M part.

A displacement vector ] ¥, connecting peaks of like signs, as shown on the
right side of Figure 6D, indicates the sign of passive coupling Jx. If the angle @5
between the vector [av and ] @X is less than 90°, then J4x has a positive sign, else
it has a negative sign. This approach can be utilized to determine the relative signs
of hetero- and homonuclear couplings. It may be pointed out that this is analogous
to an E-COSY spec’rrum,ll’14 where it has also been mentioned that similar infor-
mation can be obtained from a small angle MQT. The small flip angle MQT suffers
from considerable loss of signal intensity and provides intensity-dependent spin-
state selection. However, such problems are not encountered in the present
sequences as the applied flip angles are selective 90° resulting in no loss of
sensitivity.

23. Polarization operator approach

Another approach to understand the spin dynamics is by the polarization opera-
tors.® The magnetization immediately after the second 90° pulse in Figure 4A
is —2LALM. In terms of polarization operators, the terms LA, KM and EX are
written as

1 1 1
A_ LA A M _ M M X _ X | X
B=s (412, B = (0 —Mand E¥ =2 (B + 1), (10)
Using the above SQ terms, the MQ (including ZQ and DQ) terms are written as
1 1
(BB + RINEY = = (B0 — M+ AR - M) 2 (4 1). ()

The term (I?IYIT* of the above equation has a coherence order p=2(a DQ
coherence) and is converted into SQ by the last 90° pulse of the sequence. The
effect of the application of a non-selective and a spin-selective pulse on this term is

discussed below.

23.1. Effect of non-selective DQ-SQ conversion pulse
A non-selective DQ-5Q conversion by the application of hard 90° pulses on an
AMX spin system leads to the following terms:
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IAMIX % 22 (12 - 1) % [+ M (1 - 1)

L S[B i - )] = [1 B M i (B - 1))
FIARE 4 AP A (- ) (10— )R (10— 1)
P (1 - 1 )i(B - 1| % B+ B (- 1)),
(12)
From the above terms, the SQ terms with the coherence order p = —1 is obtained as

i[é (124 - 115‘4) % (15 + zg), (13)

which has the frequency modulation:

exp(i[Qa — tam]){ exp(i[Qa — nJax]) + exp(i[Qa + 7fax])}

14
—exp(i[Qa + nfam]){ exp(i[Qa — 7Jax]) + exp(i[Qa + 7Jax])}- )
The overall transformation is given by
1 1
A Laa () L x X
AR — 1 (B - 1) : (5 +15). (15)

It can be observed from the frequency modulation that the cross section
contalrung SQ frequencies in the direct dimension arising from DQ transition
Iﬁ‘ Mpx provides [av active coupling and Jax passive coupling, which has anti-
phase line shape with respect to Jam coupling and in-phase line shape with
respect to Jax coupling. In other words, both |o) and |B) spin states of X spin are
present in the cross section corresponding to DQ transition I2IYI.

Similar analysis can be carried out for the DQ transition pertaining to |B) state
of X spin, I} NI

1 1
A — 5 {Iﬁ YA 4 1(1;* - 1@)] -

1
M M < T™M M
> 2[1++1,+1(1a —IB)}—

S [B i =i - 1))
(16)

Here again, we arrive at the conclusion that the cross section containing SQ
frequencies in SQ dimension arising from DQ transition I AI MI B provides [ anactive
coupling and [ ax passive coupling, which has anti-phase hne shape with respect to
Jam coupling and in-phase line shape with respect to Jox coupling. In other words,
both |o) and |B) spin states of X spin are present in the cross section corresponding
to |B) spin state of the passive spin in DQ dimension. It implies that the non-
selective DQ-SQ correlation results in non-selective DQ-SQ coherence transfer
and does not provide any spin-state selection and spectral simplicity.
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23.2. Effect of spin-selective DQ-SQ conversion pulse
AM spin-selective 90° pulse does not interact with the spin X. Therefore, in such a
situation one obtains

X
IAPMPX % 22 (1 - 1) % [P M (B - Igﬂ)y“. (17)
The term 114 (Ig’[ - I§4> 1(IX) represents a coherence order of p=—1 and has

the frequency modulation:
exp(i[Qa — nam — 1fax]) — exp(i[Qa + nJam — 1/ax]), (18)

which implies that the cross section containing SQ frequencies in the direct
dimension arising from the DQ transition I?I}IX provides Janm active coupling
which has anti-phase line shape with respect to Jam coupling. However, the Jax
coupling is absent in this cross section. In other words, only |a) spin state of the X
spin is present in this cross section. Thus, the |a) domain of A spin SQ transitions
is obtained from |a) domain of DQ transitions and gets separated from the |B)
domain of A spin SQ transitions.

Similar analysis can be carried out for the term I?IMIY. The term
1A SIQ/[ — I}") 3 (I ) represents a coherence order of p=—1 and has the frequency
modulation:

exp(i[Qa — n/am + 1Jax]) — exp(i[Qa + Jam + Jax]), (19)

which again implies that the cross section containing SQ frequencies in the direct
dimension arising from the DQ transition Iﬁlljflg provides Jan active coupling
which has anti-phase line shape with respect to ] ap coupling and the J5x coupling
is absent in this cross section. In other words, only |B) spin state of the X spin is
present in this cross section. The Jax coupling can however be determined from
the relative displacement of the doublet between the |o) and |B) cross sections.
Both these product operator and polarization operator approaches can also be
employed for understanding the spin dynamics of spin-selective ZQ-5Q correla-
tion experiments.

3. DQ EXPERIMENTS ON 2,3-DIBROMOPROPIONIC ACID

3.1. Non-selective DQ excitation

To corroborate the theoretical description for an AMX spin system, the'H NMR
spectrum of the molecule 2,3-dibromopropionic acid has been studied.*>®® The
chemical structure and numbering of interacting spins of this molecule given in
Figure 7A form a spin system of the type AMX. The 1D proton spectrum of this
molecule reported in Figure 7B exhibits 12 transitions as expected for an AMX-
type spin system with four transitions of equal intensity for each spin at their
respective chemical shift positions. The non-selective DQ-SQ correlation spec-
trum of this molecule is reported in Figure 8. All the three types of DQ coherences
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Figure 7 (A) The chemical structure and labelling of interacting spins in 2,3-dibromopropionic
acid. The protons of the molecule form a weakly coupled spin system of the type AMX and the
protons are accordingly labelled by alphabets. (B) The 500-MHz one-dimensional proton spectra
of 2,3-dibromopropionic acid in the solvent CDCl; (reproduced with permission from American
Institute of Physics).
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Figure 8 The 500-MHz two-dimensional spectrum correlating DQ coherence to its SQ coher-
ence in 2,3-dibromopropionic acid. The corresponding F; and F, projections are also given. The DQ
dimension pertains to the non-selective excitation of all the three double quanta using the pulse
sequence given in Figure 4A. Q,, Qy and Qy correspond to chemical shifts of the protons A, M and
X. Sum of the chemical shifts in the F; dimension identifies the different double quanta. The AX
DQ-SQ spectrum has the doublet in the DQ dimension but is unresolved due to very small
difference between Jau and Jax which are of opposite signs (reproduced with permission from
American Institute of Physics).
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(AM, AX and MX) are detected and the DQ dimension show doublets with
separations corresponding to the sums of respective couplings of active spins to
the passive spin. The F, cross section for any transition in the DQ dimension
results in a conventional 1D spectrum. In all the three DQ coherences, each
doublet component shows correlation to all the SQ transitions indicating the
absence of any spin-state selection. It is interesting to note that AX DQ exhibited
a singlet confirming that [am+ /Mmx is negligibly small. This implies that each of
these two couplings is either negligibly small or larger with nearly equal strengths
of opposite signs. The determination of the signs of the couplings using spin-
selective DQ (SSDQ) experiments resolves this ambiguity.

3.2. Spin-selective DQ-SQ excitation

It is possible to determine all the three scalar couplings of this molecule by the
selective detection of 'H SQ transitions using homonuclear proton DQ coherence
edited with passive proton spin states. Any one of the possible three DQ-5Q
experiments is sufficient to extract this information. For example, in an AM-
selective DQ-5SQ experiment, the doublet taken at any of the active spins provides
Jam. From the relative displacement of the peaks between the cross sections, the
magnitudes and the relative signs of the couplings between active spins (A and M)
and the passive spin (X), Jax and Jux could be determined. However, for the
determination of the relative signs of Jap and Jax or Jam and Jyx, any one of the
remaining two spin DQ-5Q experiment is essential.

The selective excitation of AM DQ results in all the protons evolving at the sum
of the resonance offset (2 + 2n) under sum of passive couplings (Jax +/mx) in
the DQ dimension. In the DQ dimension, AMX spin system behaves like an AX
spin system, where proton A is the super spin (active spins A and M) and third
proton X is the spectator (passive) spin. The DQ spectrum pertains to A part of this
AX-type spectrum. In the spin product basis set, the spin states of X coupled to
AM DQ states of proton |aaong) and |BaPm) are written as |ax) and |Bx). The two
transitions of the A spin in the DQ dimension correspond to these two passive
spin states.

Figure 9A shows AM-selective DQ spectrum of 2,3-dibromopropionic acid
along with F; and F, projections. The F, projection, the cross sections taken
along SQ dimension at different spin states of DQ, and the selected region of the
1D spectrum are reported in Figure 9B. Each of these cross sections pertains to
selectively detected SQ transitions originating from the initial second quantum
state which has X spin, either in |ox) or in |Bx) state, and ends up in states where
single proton spin (A or M) flips but still has X spin in its initial |ax) or |Bx) state.
An example of such a transition is between the states |aaoox) and |Pacivox)-
Each cross section is a doublet, from which [y can be determined. It implies that
as far as the determination of Jan is concerned, the interference from passive
coupling is removed. Both Jox and Jyx can be extracted from the displacement of
the cross-sections. The values of the scalar couplings determined (in Hz) are
]AX:4'2/ ]AM:101 and ]MX:112
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Figure 9 (A) The 500-MHz two-dimensional spectrum correlating AM spin-selective DQ coher-
ence to its SQ coherence in an AMX spin system in 2,3-dibromopropionic acid along with the
corresponding projections. The doublet separation in the F; dimension corresponds to Jax +Jmx-
|ox) and |Bx) correspond to spin states of X in the DQ dimension. The cross sections along the SQ
dimension for any spin state of X in the DQ dimension provide the active coupling Jam Which is
marked for one of the cross sections. The displacements of the doublets between the two F; cross
sections provide passive couplings Jax and Jux which are also marked. Tilts of the displacement
vectors for both A and M shown by dotted lines indicate that the relative signs of Jax and Jyx are
same. (B) (i) The 500-MHz 'H spectrum of 2,3-dibromopropionic acid plotted for the spins A and M,
(ii) the projection along SQ dimension of (A), (iii) the cross section taken along SQ dimension at the
spin state |o) of spin X in the DQ dimension and (iv) the cross section taken along SQ dimension
at the spin state |Bx) of spin X in the DQ dimension (reproduced with permission from American
Institute of Physics).
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It is obvious from Figure 9A that the directions of the displacement vectors at
the chemical shift positions of both A and M are identical, indicating that the
relative signs of [ox and [yx are same. Therefore, in the AX DQ coherence, which
evolves with the sum of the Japm and Jux, the doublet separation in the DQ
dimension should be 21.3 Hz. However, in the non-selective DQ-5Q experiment
(Figure 8), a singlet was detected for AX DQ. This implies that the signs of these
two passive couplings must be opposite resulting in a singlet, which is nothing but
an unresolved doublet with a separation of nearly 1 Hz. Another DQ-5Q experi-
ment unequivocally establishes the relative signs of couplings. A DQ experiment
with the selective excitation of spins M and X has therefore been carried out and
this spectrum is reported in Figure 10. The analysis of this spectrum provided
active (Jux) and passive (Jax and Janm) couplings. But the interesting point to note
is that the tilt of the displacement vector is negative at X spin chemical shift and
positive at M spin chemical shift, indicating that Jay is opposite in sign with
respect to Jax and Jyx. Combining the information from both AM and MX spin-
selected DQ-5SQ correlation experiments, the sign of Jan has been assigned to be
negative (Jam=—10.1 Hz). The added advantage of this spin-selective excitation
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Figure 10 The 500-MHz two-dimensional spectrum correlating MX spin-selective DQ coherence
to its SQ coherence in 2,3-dibromopropionic acid with the corresponding projections. The doublet
separation in the F; dimension pertains to Jam +Jax. [%a) and |Ba) correspond to the two spin
states of spin A in the DQ dimension. 2, and Qy refer to the chemical shift positions of spins M
and X, respectively. The cross section along the SQ dimension for any spin state of spin A in the
DQ dimension provides the active coupling Jux which is marked for the cross section
corresponding to the spin state |as). The marked displacement of the doublets at chemical shift
positions provides passive couplings Jam and Jax. The tilts of the displacement vectors for Jam
and Jax are opposite, indicating that their relative signs are opposite (reproduced with permission
from American Institute of Physics).
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is that the total experimental time required for two experiments (0.5 h+4-0.5 h) is
less than one non-selective DQ experiment (3 h). This is due to the fact that in a
non-selective experiment, the large spectral width is required to be covered in DQ
dimension and demands more number of #; points. In the spin-selective experi-
ment, only particular region is excited and the required number of t; points is less.

3.3. Spin-selected ZQ experiment

As discussed earlier in the theoretical section, the MX spin-selected ZQ experi-
ment also exhibits spin-state selection. All the spectral information including the
signs of the couplings that are derived from the MX DQ spectrum could be
determined in these ZQ-SQ experiments also. The MX-selected ZQ-5SQ correla-
tion spectrum®” is reported in Figure 11. It is interesting to note that in spite of the
fact that spins evolve with the difference of Jax —Jam in the ZQ dimension, the
doublet separation is larger than that in the DQ evolution. This is attributed to
opposite signs of the passive couplings and the separation now corresponds to
Jax —Jam=4.2 —(—10.1) =14.3 Hz. This further supports the earlier interpretation
of the negative sign for Jam.

4. FILTERING OF SPIN SYSTEMS

The proton spectra could be complex due to numerous scalar couplings experi-
enced by each interacting spin. The closely resonating protons present in the same
molecule under different chemical environments result in severe overlap of tran-
sitions. Discerning of these overlapped transitions is a prerequisite for the spectral
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Figure 11 The 500-MHz two-dimensional ZQ—-SQ spectrum of 2,3-dibromopropionic acid with
selective excitation of spins M and X along with the F, and F, projections. Although the ZQ evolves
with the difference of the passive couplings, as the signs of Jax and Jau are opposite, the doublet
separation in the ZQ dimension is larger than that in Figure 10. This confirms that Jay and Jax are
opposite (reproduced with permission from American Institute of Physics).
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analyses. One of the ways of simplifying the analyses is the identification of spin-
coupled networks of different topologies using MQ experiment.***° The reported
pulse schemes can distinguish molecular fragments containing same number
of spins but different coupling topologies. It is also possible for the filtering of
different spin systems in the molecules by employing non-selective excitation of
highest quantum, provided the cumulative additive values of the chemical shifts
of active spins are substantially different among different spin systems. Addi-
tional spectral simplification can also be achieved by the blend of the spin system
filtering and spin-state selection.

4.1. Spin-selective homonuclear MQ in heteronuclear systems

In a heteronuclear spin system, the homonuclear spin-state selection is achieved
by the pulse sequence depicted in Figure 4B. For the conceptual understanding of
the methodology, an example of a selective excitation of proton DQ (spins A and
K) in a weakly coupled spin system of the type AFKPX (where X=""F and the
remaining spins are protons) is considered. Proton is detected in both F; and F;
dimensions with '°F decoupling in the F; dimension. The DQ excitation of spins A
and K results in two energy states corresponding to |a) and |BB) spin states. This
is schematically depicted in Figure 12A. In the DQ dimension, each of these spin
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Figure 12 The schematic representation of energy level diagram depicting the proton-detected
DQ-SQ correlation and the spin-state selection in a five-spin system of the type AFPKX, where X
spinis "F and the remaining spins are protons. (A) Homonuclear active spin states in DQ dimension
with the selective excitation of spins A and K, (B) spin-state selection resulting only from passive spin
states |0z0tp), |0eBp), | Brotp) and |BeBe) of protons Fand P in the DQ dimension as "°F is decoupled by a
refocusing pulse and (C) each spin state in (B) splits into o) and |B) states of '°F in the SQ dimension.
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states is further split into four energy states corresponding to four possible spin
states |aar), |aP), |Ba) and |BB) of spins F and P, giving rise to two domains D1 and
D2. The DQ dimension provides only four transitions, as depicted in Figure 12B.
Consequent to "F decoupling in the F; dimension additional splitting is not
detected. The protons F and P provide spin-state selection in the DQ dimension
as the SQ transitions of each domain correlate with the corresponding spin states
of A and K spins. However, when '°F is allowed to couple with protons, each of
four transitions in DQ is further split into doublets as depicted in Figure 12C,
resulting in total of eight transitions. In the F, dimension, all the couplings are
present and there will be 16 transitions for each A and K spins.

4.2. Non-selective homonuclear MQ in heteronuclear systems

In an AFKPX spin system discussed in the preceding section, the homonuclear
highest quantum achievable is 4Q, where all the four protons are allowed to flip
simultaneously. This pertains to a spin-selective excitation of 4Q. The hetero-
nuclear spin provides spin-state selection and is depicted by an energy level
diagram in Figure 13. All the active protons can be regarded as a super spin
with two possible orientations, that is, |aaao)y and |BBRP)y (Figure 13A). The two
4Q spin states are further split into a doublet due to |o) and |B) spin states of
passive '°F (Figure 13B). The absence of any pulse on '°F leaves its |o) and |B) spin
states unperturbed in both F; and F, dimensions. In 4Q dimension, the scalar
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Figure 13 The schematic representation of energy level diagram depicting the 4Q-SQ correla-
tion and the spin-state selection achieved in an AFKPX spin system, where X spin is '°F and the
remaining spins are protons. (A) 4Q excitation with simultaneous flipping of the spins AFKP,

(B) spin-state selection resulting from the passive spin states |o) and |B) of '°F in 4Q dimension and
(C) each |o) and |B) spin states of '°F in 4Q correlates to its corresponding |o.) and |B) states in
the SQ dimension giving rise to spin-state selection. (D) Demonstration of spectral simplification
by the passive spin states of 'F.
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coupling is absent among the protons and the spins do evolve at the cumulative
additive values of individual chemical shifts. However, the active spins evolve
with the sum of prevailing passive heteronuclear couplings (sum of Jygs). From
the first-order interpretation of spectrum, it is obvious that there are 16 transitions
possible for each proton. The |o) and |B) spin states of '’F in 4Q dimension
correlate, respectively, to the corresponding |o) and |B) spin states of '°F in the
SQ dimension as depicted in Figure 13C. Thus for each proton, eight possible
transitions are detected for each |o) and |B) spin states of '°F. Therefore, the SQ
cross section for particular spin state of '°F results in half the number of transi-
tions, thereby reducing the redundancy in the number of SQ transitions by a factor
of 2 as depicted in Figure 13D.

5. APPLICATION TO AROMATIC RING SYSTEMS CONTAINING
A HETEROATOM

In single aromatic ring systems with a substituted NMR active heteronucleus,
such as >'P or 'F, the spectral simplification is achieved by the non-selective
excitation of homonuclear highest quantum coherence of protons. This is a situa-
tion where F or *'P acts as a passive spin providing spin-state selection. Such an
application is discussed for five-spin systems of the type AFKPX.#>%

5.1. 4Q detection in 2-fluoropyridine

The protons and '°F of the molecule 2-fluoropyridine, whose chemical structure
and the numbering of interacting spins are given in Figure 14, form a weakly
coupled five-spin system of the type AFKPX (where X pertains to '°F and the
remaining spins are protons). The 'H-detected spectrum corresponds to AFKP
part. The 2D spectrum correlating homonuclear fourth quantum (4Q) coherence
of protons to its SQ coherence is reported in Figure 14 along with the
corresponding projections on both the dimensions.®>® The 4Q excitation results
in flipping of all the protons simultaneously.

For the analysis of 4Q spectrum, all the four protons can then be treated as a
single spin A (super spin) and the fluorine as X spin. The spin system in the 4Q
dimension can then be treated as the weakly coupled two spins of the type AX.
The 'H-detected 4Q is the A part of this AX spin system. The eigenstate of the
active spin A is split due to scalar couplings with the passive spin (X), whose two
possible spin states are |o) and |B) resulting in a doublet for 4Q spectrum. The
magnetization evolves in the #; dimension, under J3+04+05+0J¢ and
J23+J24+J25+ ] 26.

The cross sections taken along the SQ dimension at two different spin states in
the 4Q dimension can be visualized analogous to that in 2,3-dibromopropionic
acid. The projection along SQ dimension gives four groups of peaks at the
chemical shift positions of the four protons. Previous published work® assisted
in the assignment of chemical shifts of protons. Each proton has two cross sections
corresponding to |a) and |B) spin states of '°F and the number of selectively
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Figure 14 Molecular structure and numbering of interacting spins in 2-fluoropyridine and its 'H
4Q-SQ spectrum recorded 500 MHz. Two signals along 4Q axis (F; dimension) corresponded to
the |o) and |B) spin states of '°F separated by the sum of all J;. The assignment to different
protons is also marked. It is evident from the 2D spectrum that the cross section taken along F,
dimension reduces the spectral complexity by a factor of 2 due to spin-state selection (repro-
duced with permission from American Institute of Physics).

detected transitions in each cross section is half the normal spectrum but sufficient
for the determination of all oy and Jiy. Thus, the experiment separated homonu-
clear and heteronuclear couplings in two dimensions. Although 4Q excitation is
carried out with hard pulse, the situation is analogous to selectively excited DQ
coherence of AMX spin system discussed earlier because the pulse is ineffective
on 'F and its spin state remains the same. Thus, the theoretical interpretation of
selective excitation given earlier is applicable in this case also.

The displacement of the cross sections due to |o) and |B) spin states of '°F
provides Jir. The straight lines joining the displacement of the cross sections for
both the spin states of the '°F are reported in Figure 14. From the directions of the
tilt, it is evident that the slope of the line is positive for the protons numbered
4 and 5 and negative for the protons numbered 3 and 6. This gives an idea of the
relative signs of the couplings. Attributing the positive and negative signs, respec-
tively, for the positive and negative slopes, the determined individual hetero-
nuclear couplings (in Hz) are J,3=—2.69, [,4=8.4, J,5=2.64 and [,,=—1.15.

The doublet separation of the 4Q dimension corresponds to 7.1 Hz, which is
equal to J23+ J24+ J25+ J26. This value is in agreement with the above determined
values when the appropriate signs are assigned for the couplings. If the sum of the
heteronuclear couplings measured from the 4Q dimension is assigned the nega-
tive sign (—7.1 Hz), accordingly the signs of the individual Jyr given above are
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reversed. The significant advantage of this experiment is the determination of the
relative signs of the heteronuclear couplings in a single experiment unlike in some
experiments where two experiments such as ZQ and DQ are added or subtracted.

5.2. 4Q detection in 1-chloro-2-fluorobenzene

The protons and fluorine in the molecule 1-chloro-2-fluorobenzene, whose chemi-
cal structure and the numbering of interacting spins are given in Figure 15, form a
weakly coupled five-spin system of the type AFKPX.*>® The "H-detected spectrum
pertains to AFKP part of AFKPX system. The homonuclear 4Q-SQ 2D spectrum is
reported in Figure 15 along with the corresponding projections on both the dimen-
sions. The analysis of this spectra is similar to the one discussed in the preceding
section. The spectrum is well dispersed and the chemical shift of each proton has
been assigned utilizing the reported values from the literature.”” All the four
groups of transitions are plotted with the expanded scale in Figures 16 and 17.
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Figure 15 (A) Molecular structure and numbering of interacting spins in 1-chloro-2-fluorobenzene
and its 'H 4Q-SQ spectrum recorded at 500 MHz. Two signals along 4Q axis (F; dimension)
corresponded to the |o) and |B) spin states of '°F separated by the sum of all J. The assignment
to different protons is also marked. It is clearly evident that the cross section taken along F,
dimension reduces the spectral complexity by a factor of 2 due to spin-state selection (repro-
duced with permission from American Institute of Physics).
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Figure 16 Expanded regions of spectrum corresponding to protons numbered H5 and H3 in
Figure 15. The spectrum on the right side is the further expansion of part of the spectrum at one of
the spin states in the 4Q dimension. From the separations marked (i), (ii) and (iii) on the right side of
(5), one can determine Js, J45 and J3s. From the separations marked (i) and (ii) on the right side of (3),
one can determine J34 and Jss. It is difficult to determine J3¢ due to negligible strength which is
comparable to line width (reproduced with permission from American Institute of Physics).

The additional expansion of the parts of the spectrum from the cross section of one
of the spin state of '°Fis also given in Figures 16 and 17. The homonuclear couplings
could be easily extracted from the cross sections as marked in the figures. The
displacement vectors of various multiplets provided the signs and magnitudes of
the heteronuclear couplings, viz. J,3=9.6 Hz, [,4=4.98 Hz, J,5=—0.85Hz and
J26="7.6 Hz. In this molecule also one of the heteronuclear couplings (J»5) has been
shown to be negative. The doublet separation in the 4Q dimension is 21.3 Hz which
is in agreement with the sum of heteronuclear couplings derived from the displace-
ment vectors (9.6 +4.98 + (— 0.85) + 7.6 =21.38).

6. APPLICATION TO MOLECULES WITH TWO OR MORE
PHENYL RINGS

In systems with limited spectral complexity, a single COSY spectrum allows the
identification of coupled spin networks and also permits the measurement of all
the coupling constants. In larger or complex spin systems, often COSY spectrum
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Figure 17 Expanded regions of spectrum corresponding to protons numbered H4 and Hé in
Figure 15. The spectrum on the right side is the expansion of part of the spectrum at one of the spin
state in the 4Q dimension. From the separations marked (i), (ii) and (iii) on the right side of (4), one
can determine /34, J45 and J4¢. From the separations marked (i) and (ii) on the right side of (6), one
can determine Js¢ and J44 (reproduced with permission from American Institute of Physics).

alone is not sufficient for the analyses. Such situations are most often encountered
in molecules possessing more than one aromatic ring, where there will be severe
overlap of numerous multiplet components arising from too many couplings of
different magnitudes experienced by each interacting spin.”>** As an example,
the 1D 'H spectra of difluorinated benzanilides and their chemical structures
are reported in Figure 18. Figure 18B-D contains the 1D spectra of 2-fluoro-N-
(2-fluorophenyl)benzamide, 2-fluoro-N-(3-fluorophenyl)benzamide and 2-fluoro-
N-(4-fluorophenyl)benzamide, respectively. In all these molecules, the coupling of
NH proton with the remaining spins is undetectable and thus the proton NMR
spectrum of each molecule pertains to the 10 interacting spins with 8 chemically
inequivalent protons and 2 fluorines. The absence of symmetry element in the
molecules indicates that the 'H spectrum must display eight distinct proton
chemical shifts. It is evident from Figure 18 that all the spectra are complex with
many degenerate or near degenerate transitions from two phenyl rings, in addi-
tion to many short- and long-range scalar couplings experienced by each proton.
Furthermore, many protons are resonating over a narrow spectral range.
The severity of the spectral complexity is obvious from the 1D spectra
(Figure 18C and D), especially in Figure 18D where the multiplets from five
protons resonate within a spectral width of less than 0.12 ppm, depicting the
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Figure 18 (A) The basic framework for the structures and numbering of interacting spins in
difluorinated benzamides. The molecules are 2-fluoro-N-(2-fluorophenyl)benzamide (1), 2-fluoro-
N-(3-fluorophenyl)benzamide (2) and 2-fluoro-N-(4-fluorophenyl)benzamide (3). In the basic
molecular framework, for molecule (1) X=F and Y =Z=H, for molecule (2) X=Z=H and Y =F and
for molecule (3) Z=F and X =Y =H; (B-D) 500-MHz 'H NMR spectra of 1, 2 and 3, respectively, in
the solvent CDCl;. The expansions of the crowded regions are depicted by arrows (reproduced
with permission from American Chemical Society).

significant loss of resolution and the challenging task in the resonance assign-
ments. However, the interesting point is that the interacting spins between the two
phenyl rings are separated by seven bonds and do not exhibit any detectable
couplings among them. Hence, the spectrum of each molecule can be construed as
an overlap of two independent five-spin spectra, one from each phenyl ring.
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Nevertheless, for the unambiguous analyses, the identification of resonances
pertaining to each phenyl ring and the unravelling of the overlapped transitions
of four chemically inequivalent protons of each phenyl ring is a requirement.
The well-known 2D COSY spectrum can be employed to identify the coupled
partners. The typical COSY spectrum of 2-fluoro-N-(4-fluorophenyl)benzamide
(Figure 18D) is reported in Figure 19A. Though the COSY spectrum identifies the
coupled partners it fails to discriminate the spin systems, especially those resonat-
ing in the high-field region. This is clear from the expanded region of the spectrum
marked with a broken rectangle represented in Figure 19B. Since all the spins in
each phenyl ring are coupled partners, the problem remains invariant even in the
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Figure 19 (A) The homonuclear 'H-"H COSY spectra of 2-fluoro-N-(4-fluorophenyl)benzamide
(structure in Figure 18A) in the solvent CDCl;, along with F; and F, projections. (B) The expanded
region marked with broken rectangle in (A) indicates the spectral complexity and difficulty in
identifying the coupled partners (reproduced with permission from American Chemical Society).
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Therefore, the assignment of proton chemical shifts and the determination of
coupling constants in such molecules are challenging tasks. Other techniques like
soft-COSY, Z-COSY, etc., provide reduced multiplicity, but the problem of over-
lap of 'H resonances from the two aromatic rings continues to persist. The MQ
pulse sequence for spin topology filtering can also be explored. But the creation of
MQ coherences is inhibited when the system departs from the specified topology.
Also, MQ sequences for topological filtering can distinguish molecular fragments
containing same number of spins but different coupling patterns and are applica-
ble to molecules such as 3-fluoro-N-(4-fluorophenyl)benzamide. When the spin
topological network of coupled protons is identical in both the rings as in the
molecule 3-fluoro-N-(3-fluorophenyl)benzamide, the spin system filtering is diffi-
cult. Fluorine decoupling simplifies the spectrum but overlap of the spectra from
two phenyl rings cannot be removed. In the following sections, several such
examples where the MQ techniques can be exploited for the simplification of
the analysis of such complex 'H spectra are discussed.

6.1. Molecules containing two phenyl rings of identical spin topology

The two isomers of benzanilides, viz. 2-fluoro-N-(2-fluorophenyl)benzamide and 3-
fluoro-N-(3-fluorophenyl)benzamide, fall under this category. The chemical struc-
tures with the numbering of interacting spins of these molecules are reported in
Figure 20. The highest homonuclear MQ excitation possible in each of the two
independent five-spin systems is fourth quantum of protons. The non-selective
proton 4Q-SQ spectra of both the molecules are given below the respective chemical
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Figure 20 (A) The 500-MHz 'H 4Q-SQ correlation spectra of the 2-fluoro-N-(2-fluorophenyl)
benzamide along with F, and F, projections. (B) The 500-MHz 'H 4Q-SQ correlation spectrum of
3-fluoro-N-(3-fluorophenyl)benzamide along with F; and F, projections. The four transitions in
the 4Q dimension pertain to two spin states of '°F of each phenyl ring marked as |o) and |B),
respectively. Chemical structure and numbering of interacting protons are given at the top of the
2D spectrum. Assignments of chemical shifts for different protons are also marked (reproduced
with permission from American Chemical Society).
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structures in Figure 20. Each molecule contains two phenyl rings of identical spin
topology. The proton spectrum of the molecule pertains to 11 interacting spins with 9
protons and 2 fluorines. The NH proton of the molecule does not display any
coupling with protons or fluorines, indicating that 'H spectrum arises due to the
interaction of eight chemically non-equivalent protons and two fluorines. The 1D 'H
spectrum does not display eight distinct chemical shifts in both the molecules (F,
projections in Figure 20). For the unambiguous analyses of the spectrum, the unra-
velling of the overlapped transitions is a prerequisite. Being separated by seven
bonds, the couplings between inter-ring spins are undetectable and hence the
spectrum of each molecule can be construed as an overlap of two independent
five-spin spectra. In both the molecules, four coupled protons and the fluorine of
each phenyl ring pertain to the weakly coupled spin systems of the type AFKPX,
where X is the '°F spin and the remaining spins are protons. The 'H-detected
spectrum is the AFKP part of this AFKPX spin system. The 4Q-SQ correlation
spectrum clearly identifies the sub-spectrum for each phenyl ring. In addition to
filtering of the sub-spectrum for each spin system in the 4Q dimension, there is also
additional splitting arising due to two spin states of '°F. The sub-spectrum of each
cross section contains only one-fourth the number of transitions compared to that of
the 1D 'H spectrum. Assignments to individual protons are significantly simplified
after the separation of spectra for two independent spin systems. The assignment of
peaks to the individual protons of the phenyl rings is straightforward and is marked
in the figure. For both the molecules, cross section taken parallel to F, dimension at
either |a) or |B) spin state of '°F for each phenyl ring position provides dy; and Jyyy
pertaining to the particular phenyl ring.

In 2-fluoro-N-(2-fluorophenyl)benzamide (Figure 20A), the doublet near
6.88 ppm in the indirect dimension has been assigned to the phenyl ring with
protons numbered H1-H5. Accordingly, the other doublet near 6.54 ppm is
assigned to the phenyl ring with spins numbered H6-H10. The difference in the
cumulative additive values of all the proton chemical shifts between two phenyl
rings [(5Hl + 5H2 + 5H3 + 5H4) — (5H7+ 5Hg + 5H9 + 5H10)] is 17154 Hz and the
corresponding value in the 4Q dimension is 171.43 Hz. The respective doublet
separations in the 4Q dimension for these rings are 23.06 and 23.23 Hz. These
values are the algebraic sums of all Jyr with appropriate sign combination.
Similarly, for 3-fluoro-N-(3-fluorophenyl)benzamide (Figure 20B), the difference
in sum of the chemical shifts [(0y¢+ 0o+ 010+ Ons) — (Or1 + Ons + Oz + Om3)]
between the phenyl rings is 435.11 Hz and the corresponding value in the 4Q
dimension is 435.74 Hz. The doublet near 7.94 ppm is assigned to the phenyl ring
which has protons numbered H1-H5 and the other doublet near 7.07 ppm is
assigned to the phenyl ring which has protons numbered H6-H10.

6.2. Molecules containing two phenyl rings with different
spin topologies

This section is focused on the analyses of the spectra of molecules with different
spin topologies of the two phenyl rings. The chemical structures and the number
of interacting spins, the corresponding 1D '"H NMR spectra of molecules
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belonging to this class, are already reported in Figure 18. The 4Q-5Q spectra of
these molecules are reported in Figure 21. In 2-fluoro-N-(3-fluorophenyl)benza-
mide (Figure 21B), the nomenclature of spin systems in both the phenyl rings
is AFKPX but with different topological network of coupled protons. However, in
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Figure 21 (A-C) The 500-MHz 'H 4Q-5Q correlation spectra of the molecules 2-fluoro-N-(2-
fluorophenyl)benzamide, 2-fluoro-N-(3-fluorophenyl)benzamide and 2-fluoro-N-(4-fluorophenyl)
benzamide, respectively, along with F; and F, projections (structures are given in Figure 18A). The
assignments of chemical shifts for different protons are also marked for each molecule. The four
transitions in the 4Q dimension pertain to two spin states of °F of each phenyl ring marked |o)
and |B), respectively (reproduced with permission from Elsevier).
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3-fluoro-N-(4-fluorophenyl)benzamide (Figure 21C), the spin systems are of the
type AA'MM'X and AFKPX. It may be pointed out, though, that in spite of overlap
of transitions the distinctly different peaks for both the phenyl rings have been
filtered out in this molecule also. The first-order analyses of the spectra corres-
ponding to both the phenyl rings in the molecule 2-fluoro-N-(3-fluorophenyl)
benzamide and the ring with fluorine in the meta-position in the 3-fluoro-N-(4-
fluorophenyl)benzamide molecule have been carried out analogous to the mole-
cules discussed in the preceding section. The protons of the phenyl ring with
fluorine in the para-position form “‘nearly’” an AA'XX’ spin system due to acci-
dental equivalence of protons and the first-order analysis of the spectrum of this
strongly coupled spin system is not possible. The cross section taken along the SQ
dimension at any spin states of '°F in the 4Q dimension has provided a decep-
tively simple spectrum with only four transitions of significant intensity.
Although heteronuclear couplings with the relative signs have been determined
precisely for this ring, three homonuclear couplings have only been estimated.

6.3. Application to dihalogenated benzanilides

In this section, we concentrate on the spectra of dihalogen-substituted benzani-
lides. The molecules chosen for the study are 3-chloro-N-(2-fluorophenyl)benza-
mide,  3-bromo-N-(2-fluorophenyl)benzamide,  2-chloro-N-(2-fluorophenyl)
benzamide and 2-bromo-N-(2-fluorophenyl)benzamide. Though the Dbasic
molecular framework is similar to difluorinated benzanilides discussed in the
previous sections, the substitution of different halogens at different positions of
the phenyl ring drastically alters the spectral complexity.”* This is evident
from the 1D spectra of these molecules given in Figure 22, especially for
3-chloro-N-(2-fluorophenyl)benzamide and 2-bromo-N-(2-fluorophenyl)benza-
mide. Moreover, the identification of peaks corresponding to the fluorinated
phenyl ring is another task in these classes of molecules. The 4Q-5Q spectra of
these molecules reported in Figure 23 have been employed to simplify the ana-
lyses of the 1D spectra.

The analyses of the MQ spectra of these molecules are similar to those dis-
cussed earlier. However, it may be pointed out that the spin-state selection is
achieved only for the ring with '°F substitution and is absent for the phenyl rings
substituted with halogens. The 4Q dimension has three peaks, one of which is
from the non-fluorinated ring and other are the doublets arising due to hetero-
nuclear splitting with '°F. This enables the discrimination of the peaks for fluori-
nated and non-fluorinated rings. The first-order analyses of these spectra are
pretty straightforward and all the parameters have been determined precisely.

Therefore, in all the examples discussed in the previous sections, the higher
quantum correlation studies have several distinct advantages, viz., (a) filter the
sub-spectra for different spin systems, (b) identify the transitions belonging to
fluorinated and non-fluorinated rings, (c) reduce the redundancy in the SQ
transitions for each spin state of '°F, (d) provide relative signs of couplings and
(e) simplify the complexity of the spectrum by a factor of 2, as far as the
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Figure 22 Molecular frame and the numbering of interacting spins, where X=Cl for the mole-
cules 3-chloro-N-(2-fluorophenyl)benzamide (1) and 2-chloro-N-(2-fluorophenyl)benzamide (3)
and X=Br for the molecules 3-bromo-N-(2-fluorophenyl)benzamide (2) and 2-bromo-N-(2-fluor-
ophenyl)benzamide (4). The 400-MHz one-dimensional 'H NMR spectra of molecules (A) 3-chloro-
N-(2-fluorophenyl)benzamide and 3-bromo-N-(2-fluorophenyl)benzamide and (B) 2-chloro-N-(2-
fluorophenyl)benzamide and 2-bromo-N-(2-fluorophenyl)benzamide. The expansions of the
crowded regions are depicted by arrows (reproduced with permission from Wiley Interscience).

determination of the scalar couplings between the protons of the '*F-substituted
phenyl ring is concerned. All these advantages simplify the spectral analyses.

6.4. Relative signs of the couplings in halogenated benzanilides

The expanded regions of the 4Q-5Q spectrum (Figure 20B) pertaining to protons
numbered H9 and H10 and for the protons numbered H1 and H5 are reported in
Figure 24 for the molecule 3-fluoro-N-(3-fluorophenyl)benzamide. The opposite
directions of tilts in (i) and (ii) in Figure 24A indicate that the relative signs of two
Jur (J70 and J7,10) values are opposite. This is true even in Figure 24B and the signs
of couplings ], and J,5 are opposite. However, due to negligibly small strengths of
couplings, the opposite directions of tilts are not clearly evident in (i). Figure 24C
contains the cross sections taken parallel to the F, dimension corresponding to
spin states |o) and |B) of '°F of phenyl rings where the displacements of cross
sections for peaks (i), (ii), (iii) and (iv) are for the spins numbered H10, H9, H6 and
H8, respectively. In Figure 24D, the cross sections taken parallel to the F,
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Figure 23 (A-D) The 400-MHz 'H 4Q-SQ correlation spectra of molecules 3-chloro-N-(2-fluor-
ophenyl)benzamide, 3-bromo-N-(2-fluorophenyl)benzamide, 2-chloro-N-(2-fluorophenyl)benza-
mide and 2-bromo-N-(2-fluorophenyl)benzamide, respectively, along with F, and F, projections.
The two transitions in the 4Q dimension pertaining to two spin states of '°F of the phenyl ring are
marked as |o) and |B), respectively. The assignments of chemical shifts for different protons are
also marked (reproduced with permission from Wiley Interscience).

dimension corresponding to spin states '°F of phenyl rings for the protons num-
bered H1-H5 are reported. The marked directions of displacements (i), (ii), (iii)
and (iv) correspond to protons H1, H5, H2 and H3, respectively. The directions of
tilt of the displacement vectors indicate that two Jyr are opposite in signs with
respect to others. Another example of the molecule whose 4Q-SQ spectrum is
reported in Figure 23B is plotted with an expanded scale in Figure 25. It is clear
that even in this molecule, the tilt of the displacement vector for the proton H3 is
opposite to that of the remaining three, indicating that the coupling J»s is opposite
in sign relative to [15, J35 and Jus.

7. SPIN-STATE-SELECTED DQ-J-RESOLVED SEQUENCE

In the previous sections the spin system filtering and the spin-state selection aided
the analyses of the spectra and permitted the precise measure of spectral para-
meters. When the couplings are very small and comparable to line width, it is
difficult to extract them from the cross sections of the 4Q spectrum due to the
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Figure 24 (A, B) Expansion of regions marked with broken rectangles in Figure 20B. (A) Expanded region for the protons numbered H9 and H10 and (B)
expanded region for the protons numbered H1 and H5. The opposite direction of tilt in (i) and (ii) in (A) indicates that the relative signs of these two Ji¢
are opposite. This is true even in (B), but due to negligibly small couplings the opposite direction of tilt is not clearly evident. (C) The cross sections
taken parallel to F, dimension corresponding to spin states |) and |B) of '°F of phenyl rings where the displacements of cross sections for the peaks
marked as (i), (ii), (iii) and (iv) are for the spins numbered 10, 9, 6 and 8, respectively; and (D) the cross sections taken parallel to F, dimension
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(ii), (i) and (iv) correspond to protons H1, H5, H2 and H3, respectively (reproduced with permission from Wiley Interscience).

Fs



98 N. Suryaprakash

H1 H2
ppm M ppm _MW\NM.N\/V

] : Jay
7.4 7.4 !
] J
‘ 460 @ | = | %00 &d 00 |=
] ! _!JI :_(_ ] :-t—-:h
] 1 4
4 @@ * = 10 om =
7.5 7 |— P TN i e
] 1 Jag '
J12 1 J13
L] 'I T L T T 'l T I
8.20 8.15 ppm 7.55 ppm
H3 H4
ppm J \ /A )"\ ppm _M_)”U'\_J‘LJ
Jiz
7.4 —] — 7.4 —
0o © © ] Jbs 0@ @0
1 4 . ] — e
4 [ ] ' Jog
3 D OO | ] @ @
7.5 —_ @I_‘ =d, - - 7.5 —: > >!
1 Jog J4 ] Jay
L [ T T T T T T T I T L T T
7.35 ppm 7.20 ppm

Figure 25 (A-D) The expanded regions of Figure 23A corresponding to protons HI-H4. The cross
sections taken at the two spin states of °F and the displacements of cross sections giving Jir are
marked. It is clear that the tilt of the displacement for the proton H3 is opposite to that of the
remaining three, indicating that this coupling is opposite in sign (reproduced with permission from
Elsevier).

presence of all the homonuclear couplings and the complexity of the multiplet.
However, it is possible to measure very small displacements between multiplets
in different cross sections. In the spin-state-selective correlation experiment, the
passive couplings are responsible for the displacements of the multiplets rather
than splitting. Therefore, one of the approaches in measuring small couplings is to
make these couplings passive and responsible for the displacement of cross
sections. In achieving this goal, a method has been developed to separate the
homonuclear couplings. The technique cited as DQ-J-resolved has been applied to
many spin systems to determine scalar couplings of very low magnitudes.®®® The
pulse sequence employs the DQ detection of any two proton spins. In the mole-
cules containing '°F, the complete decoupling of fluorine to all the protons in the
DQ dimension will be an added advantage. This is achieved by a non-selective 'H
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pulse in the middle of DQ dimension, which however retains their couplings to
passive proton spins for spin-state selection. In such a situation, the remaining
two passive protons mimic the heteronuclei. The application of such pulse
sequences is feasible in situations when the excitation profile does not interfere
with the closely resonating spins.

7.1. Application of DQ-J-resolved experiment to 2-fluoropyridine

The DQ-J-resolved experiment with selective excitation and detection of DQ of
protons H3 and H5 in 2-fluoropyridine (structure in Figure 14) and the simulta-
neous application of a non-selective 180° pulse on protons in the middle of f;
dimension has been carried out. This retains only the sum of passive couplings to
protons H4 and H6, while the sum of passive couplings to fluorine spin is
refocused. Figure 26 shows this selective DQ-J-resolved spectrum. The experi-
ment results in the spin-state selection of protons H4 and H6. The DQ dimension
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Figure 26 The 500-MHz two-dimensional spin-state-selected DQ-J-resolved spectrum of
2-fluoropyridine in actone-dg. The protons numbered H3 and H5 are selectively excited and
detected for DQ-SQ correlation. A non-selective 180° pulse is applied on protons in the middle of
t; dimension to retain only the sum of passive couplings to protons numbered H4 and Hé, while
the sum of passive couplings to 'F is refocused. The region of the spectrum is plotted only for H3
and H5. Two doublets in DQ dimension provide J35+Jss and J34+J45 as indicated. The two
displacement vectors indicated for proton H3 provide /34 and J3¢. The displacement vectors
indicated for proton H5 provide J,45 and Js¢ (reproduced with permission from American Institute
of Physics).
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provides the couplings of active protons H3 and H5 to passive protons H4 and H6.
Each of these protons has spin states |o) and |B) and in the spin product basis has
four eigenstates |o40), |04Pe), |Ba%s) and |BaPs), where the subscripts refer to
protons H4 and H6, respectively. The DQ dimension in such a case is a doublet
of a doublet with the large doublet separation providing J34+ Js4, while small
doublet separation provides 3¢+ J5¢ at the chemical shift positions of spins H3
and H5. In the SQ dimension, there are two displacement vectors for each of
the spins H3 and H5. At the chemical shift position of H5, two displacements
can be utilized to determine individual values of J5¢ and J45 as shown in Figure 26.
The displacements at the chemical shift position of H3 can be exploited to derive
individual values of J35 and Jz4. Therefore, from a single experiment, the individ-
ual couplings Js¢, J32 and Js4 have been determined in the SQ dimension in
addition to [z, which was difficult to extract from both 1D and 4Q-SQ
experiments.

Application of 180° pulse in the middle of t; dimension removes the field
inhomogeneity contributions. The DQ-J-resolved pulse sequence has several dis-
tinct advantages, viz., (a) separates very small proton couplings by sum of passive
couplings, (b) reduces complexity by spin-state selection, (c) simultaneously
decouples the fluorine to all the protons in DQ dimension, (d) displacement
vectors provide relative signs of the homonuclear couplings and (e) overcomes
the problem of field inhomogeneity. This technique has been further extended to
complex molecules and they are discussed in the following sections.

7.2. DQ-J-resolved experiments on molecules containing
two phenyl rings

In the 4Q-5Q spectrum of the molecule 3-fluoro-N-(3-fluorophenyl)benzamide
reported in Figure 20B, the F, cross section at |o) or |B) positions of '°F reveals a
triplet pattern for proton H9. The topology of the spin system suggests that *Jgq
and 7 10 are of comparable magnitudes and can account for such a triplet. The
long-range coupling °Js9 responsible for additional splitting is not detected
because of very small magnitude and hidden within the natural line width. This
implies that cross sections of 4Q-SQ spectrum do not permit the measure of such
smaller remote couplings. To measure all the remote couplings, two independent
SSDQ-J-resolved experiments have been performed on this molecule. Figure 27A
contains the SSDQ-/-resolved spectrum with selective excitation of protons H9
and H10 and with the simultaneous application of a non-selective 180° pulse on
protons in the middle of ¢; dimension. In the DQ dimension, the pulse sequence
retains only the sum of passive couplings to protons H6 and HS (i.e. Jg9+ [610 and
Jso+Js,10), while the couplings to fluorine spin are completely refocused. Each H6
and HS8 has spin states |o) and |B) and in the spin product basis has four eigen-
states |a0s), |06Bs), |Bsos) and |PePs), where the subscript refers to protons H6 and
H8. Thus, the DQ dimension will have four transitions with the large doublet
separation providing Jg9+Js10, While the smaller doublet separation provides
Jeo+J6,10- The separation in the DQ dimension would be identical at the chemical
shift positions of both the active spins. In the SQ dimension, there are two
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Figure 27 The SSDQ-J-resolved spectra of 3-fluoro-N-(3-fluorophenyl)benzamide in the isotropic
solvent CDCls. (A) Spectrum corresponding to the selective double quantum excitation of protons
H9 and H10. The displacements providing the coupling information are a=Js 10, b=J79, c=Js9,
d=Js9, @=Jg10 and f=J10. The marked spin states in the DQ dimension correspond to the passive
spins H6 and H8. (B) The spectrum corresponding to the selective excitation of protons H1 and H5.
The marked spin states in the DQ dimension correspond to the passive protons H2 and H3. The
displacements providing the coupling information are g=J,s, h=J35, i =J35, j=hs, k=hs, =)z and
m=J;5s. Notice the advantage of the experiment in measuring the precise values of the smaller
couplings ()13, J2s, Js9 and Jg 10) which were difficult to measure from the other experiments
(reproduced with permission from Elsevier).

displacement vectors for each of the protons H9 and H10 which provide both
active and passive couplings. The two displacements at the chemical shift position
of proton H9 can be utilized to determine individual values of Jso and 9. The
displacements at the chemical shift position of proton H10 can be exploited to
derive individual values of Jg 19 and Js 10. Thus from SSDQ-J-resolved experiment,
the couplings which were difficult to extract from the 4Q-SQ experiment have
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been determined more precisely. Figure 27B contains similar DQ-J-resolved
experiment with selective excitations of protons H1 and HS5. In this situation the
protons H2 and H3 are passive. The different displacements providing the cou-
pling information from both these experiments are marked with alphabets.
Figure 28 contains the two different DQ-J-resolved spectra, with selective
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Figure 28 (A) The SSDQ-J-resolved spectra of 2-fluoro-N-(2-fluorophenyl)benzamide (structure
is given in Figure 20) in the isotropic solvent CDCl; with the biselective excitation of protons H1
and H3. The marked spin states in the DQ dimension correspond to the passive spins H2 and H4.
The separations providing the coupling information have been marked. Notice the smaller values
of the coupling (/14) that could be measured from this experiment which were hindered in the 4Q—
SQ correlation experiment. (B) The SSDQ-J-resolved spectra of 2-fluoro-N-(3-fluorophenyl)ben-
zamide in the isotropic solvent CDCl; with the selective excitation of protons H1 and H5. The
marked spin states in the DQ dimension correspond to the passive spins H2 and H3. The separa-
tions providing the coupling information have been marked. Notice the smaller values of the
couplings (/13 and J,5) that could be measured from this experiment which were hindered in the
4Q-SQ correlation experiment (reproduced with permission from Elsevier).
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excitations of protons H1 and H3 and also H1 and H5 of another molecule, 2-
fluoro-N-(2-fluorophenyl)benzamide (Figure 20A). In the first experiment
(Figure 28A), the passive spins are H2 and H4 and in the second experiment
(Figure 28B) the passive spins are H2 and H3. The separations and the displace-
ments of cross sections providing various couplings have been marked in the
figures. These experiments also permitted the determination of negligibly smaller
couplings.

8. SPIN-SELECTED 3Q-J-RESOLVED EXPERIMENTS

As discussed in the preceding section, the DQ-J-resolved experiment provided
remote couplings in case of phenyl rings in 2-fluoro-N-(2-fluorophenyl)benza-
mide.”>”* For the extraction of remote couplings among protons in one of the
phenyl rings is very tedious due to severe overlap of the transitions from the
protons H7, H8 and HO. Therefore, the selective excitation of any two protons of
this ring is impossible without disturbing the remaining protons. However, selec-
tive excitation of three protons H7, H8 and H9 is not precluded. Therefore,
analogous to SSDQ-J-resolved experiment, another spin-selective 3Q (S53Q)-J-
resolved experiment has been carried out’** on both of these molecules. The
decoupling of '°F by the n pulse in the #; dimension provided a doublet in the 3Q
dimension due to splitting from the |o) and |B) spin states of passive proton H10
with a separation equal to [710+Js10+ /9,10 The displacement of cross sections
aided the direct measurement of *Jiy, *Jriy and °Jig to proton H10. The displace-
ments and the peak separations providing the couplings are marked in Figure 29.
The inspection of the directions of the tilts marked in the figure also reveals that
3, Yun and %y have similar signs. The application of 4Q-SQ correlated,
SSDQ-J-resolved and SS3Q-J-resolved spectra has provided the precise values of
long-range couplings in the investigated molecules.

9. OPTIMIZATION OF 7 DELAY IN SSMQ-J-RESOLVED EXPERIMENTS

The complex situations are encountered in the molecules 3-chloro-N-(2-fluoro-
phenyl)benzamide and 3-bromo-N-(2-fluorophenyl)benzamide for the selective
excitation of any two protons without disturbing the spins from the other ring as
the transitions are severely overlapped. For example, in the 4Q-5Q spectrum of
molecule 3-bromo-N-(2-fluorophenyl)benzamide (Figure 23D), the transitions
from the protons H2, H3 and H4 of one ring, H7, H8 and H9 of the other ring
are severely overlapped. Thus, the derivation of remote couplings by selective DQ
excitation in such a situation is challenging. In combating this difficulty, the
knowledge of approximate coupling strengths has been utilized for the optimiza-
tion of the t delay for selective excitation of protons in the crowded region.”* The
bunch of resonances (H7 and H8) is dominated by scalar coupling 75 (nearly 8 Hz)
rather than J,4 (nearly 2 Hz). The t delay has been appropriately optimized for the
DQ excitation of protons H7 and HS8. There is an excellent suppression of the
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Figure 29 (A, B) The SS3Q-J-resolved spectra of 2-fluoro-N-(2-fluorophenyl)benzamide and
2-fluoro-N-(4-fluorophenyl)benzamide (structures are given in Figure 18), respectively, in the
isotropic solvent CDCl; with the selective excitation of protons H7, H8 and H9. The marked
spin states |o) and |B) in the 3Q dimension correspond to the passive spin states of proton H10.
For 2-fluoro-N-(2-fluorophenyl)benzamide, the separations providing the coupling information
have been identified. Notice the smaller values of the coupling (J710) that could be measured from
this experiment which was difficult to obtain from the other experiments. The direction of the
tilts indicates that the couplings J; 10, Js10 and Jg 10 have similar signs (reproduced with permission
from Elsevier).

transitions pertaining to the protons H2 and H4 as the strength of coherence
transfer is insufficient to enhance the signal intensity. This is clearly evident
from the 2D spectrum given in Figure 30A. Moreover, the signals along DQ
axis are distinctly separated to provide the required coupling information.
Precise long-range couplings that were difficult to extract from the 1D
spectrum have been determined. Similar experiment on the molecule 3-chloro-
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Figure 30 (A) The spectrum corresponding to the selective excitation of protons H7 and H8 in
the molecule 3-bromo-N-(2-fluorophenyl)benzamide (structure is given in Figure 22). The marked
spin states in the DQ dimension correspond to the passive spins H6 and H9. The marked
separations provide the couplings, viz. Js7, Jss, J78 and Jgs. Notice the advantage of the experiments
in measuring the precise values of the smaller couplings (Jsg) which are difficult to measure from
other experiments. (B) The SSDQ-J-resolved spectra of molecule 3-chloro-N-(2-fluorophenyl)
benzamide with the selective excitation of protons H2, H4, H7 and H8 adapting the strategy of
optimizing the 7 value for excitation of coherences of selected coupled partners (reproduced with
permission from Wiley Interscience).

N-(2-fluorophenyl)benzamide has also been carried out on protons H7 and HS.
The chemical shift difference between two protons is much less compared to the
previously discussed molecule and the DQ excitation of these protons is even
more challenging. The 7 delay was optimized for the simultaneous and selective
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excitation of H7 and HS8 as well as H2 and H4 protons, although the intensity for
the DQ excitation of H2 and H4 protons is relatively weak. This spectrum is
reported in Figure 30B. The measurable couplings are marked in the figure.

10. CONCLUSIONS

Excitation of homonuclear highest quantum coherence in a heteronuclear spin
system or by N—1 or lower order (N#1) spin-selective excitation of MQ in
homonuclear N spin system results in a situation where each state of the passive
spins in the MQ dimension encodes the spin states involved in the SQ transitions
that arise only due to coupling between active spins. This results in the spin-state-
selective detection of SQ transitions based on the spin state of passive spin(s) in
MQ dimension. The cross section taken along SQ dimension for any one of the
passive spin state has sufficient number of transitions essential to determine the
couplings between the active spins. Further active and passive couplings are
separated from each other in different dimensions. The individual passive cou-
plings can be determined from the displacements of the multiplets in the SQ
dimension. Thus, the redundancy in the number of transitions required to extract
the active couplings is significantly reduced. The dynamics of the spins in the
spin-selective and non-selective excitations of DQ is discussed for a weakly
coupled AMX spin system using both product operator and polarization operator
formalisms. The effect of magnetic field inhomogeneity has also been suppressed
in the selective excitation experiments. The pulse sequence for double and triple
quantum selective J-resolved experiments not only decouples the heteronuclei but
also permits the measure of small proton couplings in the MQ dimension. The
experiments serve as invaluable tools to simplify the analyses of complex 'H NMR
spectra of scalar-coupled spins.
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1. INTRODUCTION

In an initial review prepared some 8 years ago,’ we described the initial stages of
development of a novel marriage of the specificity afforded by high-resolution
NMR experiments with the line-narrowing advantages of magic angle spinning
(MAS) from solid-state techniques. Over the ensuing time, this marriage has
fostered an explosion of interest in the application of NMR spectroscopy to the
study of heterogeneous systems that lie between pure solution and pure solid
phases. The diversity of information available from elucidating molecular details
in these complex matrices, ranging from swollen polymers to human tissues, has
proved valuable to our understanding of the physics, chemistry and biology that
underpins their unique behaviour, whether it is beneficial, in the case of a sup-
ported catalyst, or detrimental, as encountered in many diseases including cancer.
Particular emphasis has arisen in the use of high-resolution magic angle spinning
(HRMAS) as a complement to in vivo magnetic resonance spectroscopy (MRS), to
understand the metabolic nature of many different biological assemblies. It is the
purpose of this review to update our previous survey, chronicling the use of
HRMAS from 2003 to 2009, and capture the great diversity in application with
which HRMAS has contributed to our growing knowledge of complicated semi-
solid systems.

2. NATURE OF THE SAMPLES AND SPECTROSCOPY

Originally applied as a means to provide high-resolution spectra of polymer-
supported species such as those encountered in solid-phase organic and peptide
chemistry, HRMAS is now widely applied to a wide range of samples exhibiting
moderate line broadening resulting from magnetic susceptibility differences and
residual dipolar couplings. Covering a diverse spectrum from viscous ionic
liquids to whole cells and mammalian tissues, such samples share an unstruc-
tured matrix of relatively rigid and more freely flowing constituents that cannot
be treated as purely solution or solid-state phases. The restricted motion inherent
within these matrices ensures that the dipolar coupling between the magnetic
nuclei in the sample is not completely removed by diffusion and tumbling. In
addition, though often less considered in NMR experiments of single-phase
samples, the magnetic susceptibility of the samples changes at the interfaces
between components of the samples, whether they are particles, polymers, mem-
branes or fluids. As there are many such interfaces within these samples, these
susceptibility differences cause broadening of the resulting NMR signals, particu-
larly if the most abundant nucleus, 'H, is chosen as the preferred NMR probe,
often the case for reasons of sensitivity and simplicity. In the vast majority of
articles covered in this review, 'H HRMAS NMR is indeed the technique of
choice—where it is not, the nucleus of interest will be emphasized. The challenges
resulting from the observation of this strong and abundant nucleus in these types
of samples are summarized and resolved in brief here; more extensive discussion
is available in the previous review.'
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Central to all applications covered in this review is the dependence of dipolar
and magnetic susceptibility broadening on P, ( cos0) = 1 (3 cos?0 — 1), the second-
order Legendre polynomial. This function has a value of 0 when the angle 0,
which represents the angle between the dipolar vector between two coupled
nuclei and the vector representing the direction of the applied magnetic field,
adopts a value of cos™(1/v/3) or 54.74°. The technique of MAS relies on reorient-
ing a sample at this angle at a rate that is faster than the interaction which is
causing the broadening. The resulting time average from this macroscopic sample
manipulation can be understood by the property of a Legendre polynomial that it
can be decomposed into products of other Legendre polynomials. By choosing the
spinning axis to lie at 54.74° with respect to the applied magnetic field, hence
making one term zero, the product of the two factors within the time average must
be zero as well, and the broadening is removed. This is illustrated in Figure 1—the
““dashed” dipolar vector in the rotor on the left of the figure has had its orientation
dependence detailed to the right. This occurs for all vectors regardless of their
orientations in the rotor, denoted by the angle f3, as long as the rate of rotation is
greater than the strength of the interaction expressed in hertz.

Dipolar broadening arises in samples where the timescale of the random (often
Brownian) motion between two (or more) magnetic nuclei is less than timescale of
their through-space interaction as magnetic dipoles. At one extreme, in a fixed
crystalline environment common to solids, the dipolar coupling can dominate the
NMR spectra of, in particular, " nuclei, due to their high abundance and strong
magnetic moment. Restricted or oriented motion often leads a reduction in the

Dipolar
4 vector

Rotation
axis

Orientation
Time-average Magic angle dependence
f—H

<3cos2y—1> = (3cos26,,—1) (3cos2f—1)/2

Figure 1 Magic angle spinning and its effect on anisotropic interactions. The dashed vector,
denoting one particular dipolar interaction, or some other measure of molecular orientation, is
shown on the right in terms of the geometry of sample spinning. By rotating the sample rapidly
about an appropriate axis, the anisotropy or broadening experienced by the nucleus can be
reduced to zero.
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strength of the coupling from this extreme, but not enough to remove its influence
entirely (even in solution under rapid molecular tumbling, its influence survives,
though often only observable indirectly through its contribution to relaxation). It
is in this restricted regime where many of the sample types encountered in the
articles of this review fall. The challenge remains to remove, or at least substan-
tially attenuate, the dipolar broadening, but without resort to techniques such as
decoupling which would make ready observation of 'H nuclei more technically
demanding. Fortunately, MAS at relatively modest rates (2-5 kHz) is often suffi-
cient to satisfy the desired high-resolution conditions.

Broadening arising from magnetic susceptibility differences within a sample
can only be addressed by MAS. Interfaces between solution-like and solid-like
domains within a heterogeneous sample, whether it is a tissue, a cell, or a swollen
polymer, give rise to changes in magnetic susceptibility that cannot be addressed
by careful calibration of magnetic field or RF homogeneity—they are inherent to
the sample itself and not a feature of poor experimental set-up.

Hardware, in particular NMR probes and their controllers, facilitating MAS
NMR is routinely available in most NMR facilities, due to the increasing interest in
and access to solid-state NMR techniques. While specialized HRMAS probes
provide higher ultimate resolution due to more careful design and construction,
even MAS probes meant for studies of rigid solids have been used with great
success in HRMAS applications. Sample containers, or rotors, typically can be
specially ordered or modified to prevent leakage of liquid components from the
samples of interest.?

3. EXTENDING HRMAS TECHNIQUES

Attempts to improve the quality and information content of 2D HRMAS NMR
spectra have been reported by several groups, either through additional spectral
analysis or through specially tailored pulse sequences. The use of constant-time
experiments and BIRD pulses increased the quality of HMQC and HMBC spectra
for polymer-supported peptides, by reducing 'H-'"H modulation and sample
spinning artefacts.> Higher quality through-bond 2D correlated spectra were
obtained using TOBSY, a solid-state NMR symmetry-based pulse sequence, rather
than TOCSY, as was the inclusion of adiabatic inversion pulses such as WURST.*®
Measurement of apparent equilibrium dissociation constants Ky for iodobenza-
mide-based drugs to synthetic melanin has been measured via the line broadening
induced by complex formation on the HRMAS spectra.® Magnetization transfer
from bulk H,O to macromolecules in tissue samples via z-spectroscopy has been
used to identify interacting species via the asymmetry introduced to their 'H,O
line shape at MAS rates above 10 kHz.” Summaries of the ““best practices” for both
shimming® and RF pulse design’ in HRMAS have been recently provided.
Approaches that exploit the semi-solid nature of the samples that are most
commonly investigated permits application of techniques from solid-state NMR
as well as classical high-resolution NMR. Dipolar recoupling techniques'® use
coherent polarization transfer via dipolar or J-coupling, rather than relying on
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incoherent relaxation-derived exchange, as NOESY does. In fact, the dipolar and
J-coupling evolutions could be separated, providing very useful structural infor-
mation. It should be noted that this approach provides more direct information on
distances than that typically available from NOE measurements. Rotor-frequency-
driven dipolar recoupling, RFDR, common in the solid-state NMR of '°C-enriched
proteins, has been applied to both peptides bound to polymer supports'' and
membrane-bound proteins.'? This approach yielded more specific correlations
and was less dependent on the length of the mixing time for the observation of
them, compared to NOESY. Surfactant templates trapped in the pores of meso-
porous silica were best characterized with more solid-state techniques such as
rotational resonance, rather than NOESY HRMAS, due to the spin diffusion that
occurs in these more rigid frameworks.'?

Ionic liquids are a new area of application for HRMAS. A particularly good
example of its utility is provided by a recent study of organic solutes and reactions
within ionic liquids; the line narrowing afforded by MAS of the viscous systems is
quite impressive (see Figure 2).'* Line narrowing only occurs after approximately
10 min of sample rotation, indicating perhaps some mechanical or phase separa-
tion process is responsible for the narrowing, rather than an inherent anisotropy
within the sample. Solvation of CO, has shed light on the acid/base solvation
within ionic liquids using *C HRMAS. '

The availability of gradient coils in many newer HRMAS probes has brought
new applications as well. In favourable circumstances, where sensitivity is not a
limiting factor, the application of gradients can be used to permit single-scan 2D
experiments, resulting incredibly short experiment times.'® This is only advanta-
geous for samples that have very strong signals, providing all the required sensitiv-
ity in a single scan, hence likely limited to relatively uncomplicated 'H spectra.

VA I SV
WV VY
1 J\M\/ﬁk _,,}J WUMUV‘JL_

39 38 37 36 35 3.4 ppm 50 49 48 47 46 45 ppm

Figure 2 lonic liquid spectra contrasting resolution of methyl 2,3,4,6-tetra-O-benzyl-o-p-gluco-
pyranoside dissolved in three ionic liquids: 1, 1-butyl-3-methylimidazolium hexafluorophosphate;
2, 1-hexyl-3-methylimidazolium hexafluorophosphate and 3, 1-octyl-3-methylimidazolium hexa-
fluorophosphate afforded by (A) standard high-resolution and (B) HRMAS techniques. The benzylic
H signal is indicated by the asterisk. Reprinted with permission from Rencurosi et al."* Copyright
The Royal Society of Chemistry 2007.
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Foremost among the new gradient techniques has been the development of
chromatographic NMR, which uses the presence within a sample of a stationary
phase used in chromatography to permit spectral discrimination of small mole-
cules in solution by amplifying the differences in their diffusion coefficients. Use
of DOSY-type NMR techniques permits these small molecules to be “resolved”’
spectroscopically.” ™" It has also been applied to the measurement of diffusion
coefficients of liquid crystals.”® This area has been recently reviewed.”' This
approach has been extended to direct analysis of TLC spots by placing them
directly into HRMAS rotors for spectral analysis.”> A recent application of this
chromatographic NMR analysed green tea extracts for catechins, using B-cyclo-
dextrin and bovine serum albumin as resolution agents in the DOSY-based
experiments.”> More fundamental investigations of the microscopic origin of
chromatographic separations have also been performed in situ on a number of
stationary phases. p-Xylene has been found to exist in two domains when eluted
through a C18-bonded silica column, within and surrounding the alkyl chains and
in slow exchange between these two.>* Alkyl chain conformation, as determined
by 13¢C HRMAS, was the dominating influence in molecular shape recognition in
polymer-based stationary phases on silica.® Hydrophobic interactions were
believed to be responsible for observed affinities for a series of steroids with a
cholesterol-based stationary phase.?® However, molecular shape was also impor-
tant in reverse-phase HPLC separations of tocopherol isomers in C30-based
columns, as evident from saturation-transfer difference NMR experiments.27
Chiral stationary phases showed NOESY NMR changes with different analytes
consistent with selectivity for R and S isomers.**’

Some of the more novel extensions have come through modification of the
sample spinning conditions of the experiments. Bulky samples that may not be
amenable to the geometry and constraints of a standard HRMAS experimental
set-up, with rotation of the sample at 54.7°, can be subjected to similar high-
resolution conditions through projected MAS. Here, in a 2D experiment, the sam-
ple is subjected to rotation at two different but complementary angles that result
in the removal of any line broadening, under suitable evolution times at each of
the angles.®® Sample rotation rates have been a concern for several groups,
although there is little evidence so far that rotation of the samples described in
this review at moderate rates up to 6 kHz causes any degradation of them. Slow
spinning at 600-700 Hz has been proposed as a more moderate demand on
sample integrity, when combined with spinning-rate variation to identify the
isotropic peaks (spinning sidebands appears at multiple of the spinning frequency
so are readily identified if the spinning rate is varied).>'** Reliable spectra includ-
ing intensities could be obtained from such spectra compared to the spinning-
sideband-free spectra obtained at 3 kHz.

A more extreme example of slow spinning experiments has been provided by
the work of Robert Wind and his group, recently reviewed by him.* Slow MAS, at
40 Hz, in combination with the 2D PASS (phase-alternated spinning sidebands)
technique to provide the required spectral resolution, has been applied to living
bacterial cells where their survival was not compromised by rapid rotation®* and
yielded evidence of new peaks in the spectra of postmortem rabbit* and rat™
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tissue as a function of pH—signals that were not evident in normal HRMAS.
Upon even slower spinning, so-called magic angle turning, or MAT, at 1 Hz, using
a 2D technique called PHORMAT to obtain high-resolution spectra from such low
rotation rates, was applied to rat liver tissue,”” and assessed versus PASS.%®
Indeed, at such low spinning rates, live animals become accessible to this tech-
nique and a live mouse was successfully subjected to PHORMAT HRMAS at
1.5 Hz.* Greater spectral definition of the mouse organs of interest resulted
from the addition of gradients (similar to imaging experiments) to select specific
regions of the mouse under MAT, in an experiment coined LOCMAT, or localized
MAT,* one example of which is given in Figure 3. This opens the door to possible
in vivo applications of HRMAS-like conditions through, perhaps, slow turning of
the static magnetic field rather than of sceptical or uncooperative patients.

Finally, an area of much future promise in terms of sensitivity enhancement of
HRMAS experiments is that of microcoils, where very small nanolitre-volume
samples are placed directly within a microcoil that inductively couples with the
main coil of a MAS NMR probe.**** Applications to tissue samples have been
recently reported, with increases in sensitivity of a factor of 10, due to the high
filling factor afforded by this technique.*®

C
4 3 2 1 0
g F5 (ppm)
o
- 2
o D
1
8.7 6 54 3
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4 3 2 1 0 4 3 2 1 0 4 2 0
Fa (ppm) F (ppm) F1 (ppm)

Figure 3 (A) 85 MHz in vivo 'H MRI of a mouse with 8 x 8 x 8 mm volume of liver depicted in
LOCMAT spectra (B)—(E) indicated by the box; (B) 2D LOCMAT spectrum; (C) anisotropic projec-
tion of (B); (D) isotropic spectrum; (E) anisotropic spectrum corresponding to the lipid aliphatic
methylene signal, labelled 2 in (D); (F) 300 MHz ex vivo 'H PASS NMR at 40 Hz rotation of excised
mouse liver tissue, which compares well with (D); and (G) 85 MHz 'H isotropic LOCMAT spectrum
of a 6 x 6 x 6 mm volume of liver, where the signals fall to the level of noise, establishing the
functional limit of detection. Reprinted with permission from Wind et al.*® Copyright Wiley-Liss,
Inc. 2005.
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4. APPLICATIONS TO POLYMERS, POLYMER-SUPPORTED SYSTEMS
AND MEMBRANES

Characterization of polymers has been an ongoing application of HRMAS,
providing information on the distribution of segments as a function of degree of
cross-linking in both polyamidoamines** and polyethylenimine hydrochloride®
membranes. Polymerization reactions have been assessed in situ, providing reac-
tivity ratio estimates for acrylate/methacrylate copolymers* as well as side
reaction identification in the hyperbranched polycondensation of 2,2-bis(hydro-
xymethyl)propionic acid.*” Novel polymers incorporating biological feedstocks
have been characterized structurally, including the synthesis of starch-graft-—
polycaprolactone networks,*® as well as the use of phosphine-oxide-modified
vegetable oils copolymerized with acrylates in terms of their thermal and
thermo-oxidative degradation via *'P HRMAS.* Thermal properties of other
polymers have also been investigated using HRMAS, providing information on
the phase transitions of polyacrylamides composed of three different cross-link-
ing agents.”” However, it has been noted that melt-state MAS at T, +150 °C, rather
than HRMAS of the same swollen polymer, provides better quantification of
branching in poly(n-alkyl)acrylates.”"

Hydrogels, and related systems, are quite amenable to HRMAS characteriza-
tion and NMR has been used extensively in studies of these systems. A series of
hydrogels based on oxazoline polymers have been reported,”>> and extended to
amphigels and lypogels.”* Hydrogels from polyacrylamides with different cross-
linkers have been assessed.” The potential use of hydrogels from polyacrylic acid
sodium salts as clathrate hydrates for H, storage has been analysed using
HRMAS.”® Alkyne-benzylazide reactions within cryogels have been monitored
and th;ir progress evaluated by HRMAS detection of the reaction participants
in situ.

The ability of polymers to interact with other species is often an important
component of its use. For example, Hyflon® membranes are used as gas separa-
tion membranes due to their gas transport properties and moderate selectivity.
However, increasing solvent content of these membranes inhibits their selectivity
and increases gas permeability. HRMAS NMR was used to attempt to elucidate
specific interactions between this fluorinated polymer and its fluorinated solvents
but none were found.”® Degradation of a nerve agent mimic, diisopropyl fluor-
ophosphate, on specially prepared polyacrylonitrile fibre mats was assessed using
*'P HRMAS.”® The relative affinity of a template-induced methacrylate polymer to
reincorporate its template selectively compared to a non-templated but otherwise
identical polymer was determined using saturation-transfer-difference (STD)
NMR at the template site, showing the specifics of the template binding.®’

A focus of the previous review,' the use of HRMAS to characterize species
attached to polymeric supports, such as those encountered in solid-phase chemis-
try, continues to be an area of activity. Solid-phase organic chemistry, a key
component of combinatorial chemistry, makes extensive use of HRMAS to char-
acterize and perfect reaction pathways and products. A series of disubstituted
benzoates were quantified while still attached to a polystyrene support through
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reference to a convenient “internal standard”, the methylene protons from the
linker group in Wang resin.®! Direct O—§lycosylation of Na-Fmoc amino acids on
Tantagel was confirmed by HRMAS.®* Enrichment with >C labels permitted
characterization of saccharides attached to a polystyrene resin, via the increased
spectral resolution afforded by >C chemical shifts in INADEQUATE and HSQC
HRMAS spectra—information that was not readily discerned from the overlap-
ping 'H signals.®> Addition of a diffusion filter in gradient HRMAS experiments
to distinguish covalent from included products aided in the elucidation of enolate
chemistry directly on a polymer support.”* “Traceless”” solid-phase chemistry
using Te and Se linker atoms between the polymer support and reactive species
has been analysed in detail,®® where “traceless” means that the linker group
leaves no “legacy” functionality on the synthesized product due to its attachment
to the polymer. The successful extension of this technique with ““green” cleavage
agents has been subsequently demonstrated.®® A synthetic strategy to simulta-
neously attach amino acids to a tripeptide “core”” element through both its C and
N termini was followed sequentially by HRMAS to demonstrate the success of the
approach, and to identify and subsequently eliminate side reactions that occur.®”
Chiral-derivatizing agents attached to a support were characterized by HRMAS
prior to their use in a novel and simple ““one-pot”” high-resolution NMR experi-
ment that yields optical configuration without tedious purification and
separation.68

The influence of the polymer support on the HRMAS NMR spectral character-
istics, particularly increased 'H linewidths, of attached species has been demon-
strated to occur through the magnetic susceptibility of aromatic components of
polystyrene-based resins®® as well as slow resin dynamics affecting T>.”

Larger assemblies have been attached to polymer supports and successfully
characterized using, among other techniques, HRMAS, although HRMAS appears
to be the most widely applicable structural tool. Catalysts based on organotin
chloride have been prepared”’ and their catalytic reactions monitored using
HRMAS in situ.”” Diffusion filters using gradient techniques and ''*Sn HRMAS
NMR as well as 'H has been used in these and subsequent’*”* studies, to great
effect. Catalytic polystyrene resins containing prolinamide were characterized
and their utility established for stereoselective aldol reactions.”” Supramolecular
assemblies attached to polymer supports have also been prepared and character-
ized, including such moieties as catenanes and rotaxanes, ® as well as crown
ethers and porphyrins.”” The thermodynamic control of the formation of com-
plexes involving these polymer-supported assemblies was demonstrated by NMR
to conform to the behaviour of their free analogues.”® “Threading’’ of macrocycles
onto indolocarbazole ““axles” via anionic templating has been well characterized
through distinctive high-frequency shifts (~4 ppm) of the N'H signals, clearly
visible in Figure 4.”

Analogies between free solution structure and structure of polymer-supported
species have received some interest. Vancomycin bound to a solid support was
validated as a useful screening technique upon confirmation by HRMAS NMR of
its similar structure in both free and bound forms.** Novel model peptides
incorporating o-aminoisobutyric acid (AiB) have been shown to adopt a 319
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Figure 4 'HNMR spectra of (A) an indolocarbazole (peaks labeled with lower-case letters and the
two NH peaks at 13.7 and 14.5 ppm) with a macrocycle (peaks labeled with numbers and NH peak at
9.6 ppm) and tetrabutylammonium sulfate in equimolar ratio in acetonitrile solution, (B) the same
indolocarbazole tethered to TantaGel™resin with excess macrocycle and tetrabutylammonium
sulfate, and (C) only free macrocycle and tetrabutylammonium sulfate in equimolar ratio in
acetonitrile solution. Spectrum C permits identification of free uncomplexed macrocycle in the
mixture, spectrum B. Reprinted with permission from Zhao et al.”® Copyright The Royal Society of
Chemistry and the Centre National de la Recherche Scientifique 2009. (The reader is referred to the
colour version of this figure in the Web version of this chapter, where the peaks arising from the
indolocarbazole, complexed macrocycle and free macrocycle are identified in red, blue and green,
respectively, for greater clarity.)

helix in polymer-bound form close to that found in solution.®! Structures novel to
polymer supports have also been characterized. Inhibitor screening phases were
developed from o-ketoamino acids,®* as were affinity phases for cytochrome
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P450,% both characterized using HRMAS. Oligoureas grown on poly(oxyethylene)
supports were found, using HRMAS NOESY, to exhibit a 2.5 helical conforma-
tion.** Attachment to a polymer support was used to prevent aggregation so that
the monomeric structure of a prion fragment could be determined by HRMAS.*®

Oxide supports are also amenable to HRMAS investigation, although solid-state
NMR approaches still dominate, as evident in a recent review.*® A mixed metal Pd/
Cu cross-coupling catalyst formed by phosphine linkers on a silica support was
swollen in acetone and the *'P HRMAS spectra were used to characterize the
individual Pd and Cu metal sites.*” In the functioning mixed catalyst, no distinct
molecular aggregate of the two sites could be determined, and there was some
evidence of Pd hopping among the available sites. The role of the MgCl, support in
a Ziegler-Natta catalyst was studied using diffusion-filtered '"H HRMAS of added
long-chain silanes.?® The catalytic reaction was followed, its mechanism deduced and
the reaction conditions optimized using in situ HRMAS NMR of the sulphuric acid-
catalysed conversion of anthranilamide and acetone to a quinazolin-4(3H)-one.*’

Increasing interest is being paid to functionalization of the surfaces of nano-
particles. Peptides originally attached to PVDF films that maintained their antigen
specificity upon attachment™ have now been similarly attached to PVDF nano-
particles.”! PVDF is an ideal substrate as it is a biocompatible fluorinated thermo-
plastic polymer; HRMAS is an essential tool to determine the level and nature of
attachment. It has also been used to determine the surface coverage of f-p-glucose
on biocompatible nanoparticles composed of polyesters and lactic and glycolic
acid copolymers.” Other nanoparticles, particularly Au-based, have been studied
using HRMAS techniques; these and other NMR investigations have been
recently reviewed.”” Organic ligands on Au nanoparticles show a characteristic
loss of 'H signals in 1D and 2D HRMAS spectra when they lie very close to the Au
surface.”* Thiol binding of a cysteine-containing 15-mer peptide was confirmed by
HRMAS characterization of the attached peptide.” Even paramagnetic nanopar-
ticles are amenable to NMR analysis under MAS; 'H spectra of organic ligands
attached to superparamagnetic iron oxide nanoparticles could be resolved.”
Ligand attachment was confirmed by used of a diffusion-ordered experiment.
Solvent choice was key to success, with the polarity rather than solvation char-
acteristics of the solvent most important.

The structure and dynamics of lipid membranes, and interactions between
membranes and molecules, peptides and proteins embedded in them, continue to
be a focus of HRMAS studies, due to its ability to provide high-resolution NMR
spectra of the viscous, orientationally ordered environment of such systems; this
area has been recently reviewed.” Bicelles have comprised a large number of such
investigations, due to the orientational control afforded by such systems.”®

Technically, issues of sample conditions and integrity have been addressed,
including the expected observation that higher field (e.g. 800 MHz) is beneficial
for HRMAS NMR of bicelle systems, but so too are higher rotation rates, up to
10 kHz, which did not have deleterious effects on them.”” Such higher sample
rotation rates were also possible without damaging the samples with a new glass-
plate rotor system for oriented membrane studies, which worked with 4 mm
rotors.'” Switched angle spinning of bicelles has been used to retain anisotropic
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information from the high-resolution spectra, providing ready access to residual
dipolar couplings for structural determination.'” A combination of HRMAS and
high-resolution NMR spectra has been used to resolve residual dipolar couplings
from J-coupling, which greatly facilitates the accuracy of structural factors avail-
able from the technique without having to resort to multiple bicelle orientation to
deduce such information.'%?

Differences in phases of surfactant and model membrane phases are amenable
to characterization by HRMAS. Phase transitions in an alkyl dioxyethylene sul-
phate/alkylbetaine system could only be resolved from T, measurements by the
increased resolution and selectivity afforded by HRMAS.'” The multi-lamellar
vesicles formed by combining two different phosphatidyl nucleosides were
shown to be an intimate mixture rather than two separate domains by HRMAS
NOESY spectroscopy.'®* Compared to small and large unilamellar vesicles, multi-
lamellar vesicles of 1-palmitoyl-2-oleoyl-sn-glycero-3-phospatidylcholine (POPC)
were more amenable to HRMAS analyses, requiring lower sample rotation rates (3
vs. 12 kHz) for complete averaging of the broadened lines.'™ Of the large and
small unilamellar vesicles, large vesicles were preferred, since they act as a better
model for real membranes. The better orientation of tethered versus adsorbed
lipid bilayers within nanotubes has been characterized by ’H HRMAS.'%

Interactions with small molecules, peptides and proteins have been character-
ized, but many of these studies are giving way to more realistic ones involving
whole cells and tissues (vide infra). Addition of a relaxation agent, Gd>*, to egg
yolk lecithin systems incorporating the antibacterial agents (+)-totarol'” and
triclosan'®® permitted '°C relaxation measurements to locate the area in which
these agents associate with the membrane; in each case, they are found to lie close
to the head group. The possibilities for 3D structure determination of peptides and
proteins have been sampled in phosphatidylcholine bicelles. Application of
HRMAS NOESY experiments provided some structural data regarding the orien-
tation of a pentapeptide in the bicelle.'” A larger 25-residue fragment peptide
from a kinase substrate was both oriented and located with a model bilayer
plasma membrane using both NOESY and cross-relaxation rate data.''’ Use of
gradient techniques, especially diffusion filters, has assisted in characterizing
diffusion of small molecules within membranes,'*! including several studies of
cholesterol and related sterols,''*'"® ibuprofen''* and a series of five similar
flavonoids.'"® The role of cholesterol in dynamics of phospholipid phases has
also been delineated using magnetization transfer techniques.'

5. APPLICATIONS TO PROTEINS, WHOLE CELLS AND TISSUES

While more rigid proteins are best characterized by modern solid-state NMR
techniques employing '*C-enriched samples, mobile domains of otherwise rigid
protein assemblies have been analysed with HRMAS to great effect. Melanin, a
complex protein that has eluded definitive characterization to date, has had some
structural components determined by use of gradient-assisted HMQC and HMBC
of swollen melanin."'” The phospholipid metabolism in melanoma cells has been
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followed in situ before and after treatment with chloroethylnitrosourea, an anti-
neoplastic, showing a large increase in phosphoethanolamine after treatment.''®
More recently, the incorporation of '*C-labelled substrates, such as 1-DOPA,
mannose and glucose through melanin biosynthesis by Cryptococcus neoformans
has provided further insight,''” including changes in glucose and sodium acetate
metabolism upon melanogenesis.'*’ The mobile regions of tau protein filaments'*!
and the prion protein fragment HET-s(218-289),'** both implicated in Alzheimer’s
disease, have been characterized by HRMAS. Of note, in the tau study, electron
microscopy was used in evaluating the effect of sample spinning on the protein
filaments. Although some ““fuzziness” of the filament images was observed after
spinning at rates beyond 1 kHz, there was no discernable change in the NMR
spectra, indicating no distinct structural changes. The mobile residues observed
by HRMAS for the prion fragment had been previously undetected in solid-state
NMR studies, indicating the utility of HRMAS as a complementary structural
probe in such systems. Microtubule formation by tau proteins within oocyte cells
has also been followed by HRMAS.'*

One of the key advantages HRMAS has brought to the fields of cell and
systems biology is the ability to characterize structures and processes within
whole cells and organisms. Cellular metabolism, including the action of drugs,
cell-wall elucidation and molecular phenotyping and taxonomy have been very
active areas of research over the past decade; recent reviews and methods have
been provided by Grivet,'** Nothaft'* and Brisson.'*® One of the first notable
aspects of 'H HRMAS NMR spectra of whole cells in water is the separation of the
"H,O peak into two signals, one broad with the other narrow (see Figure 5), that
arise from phase separation of the water into two components due to the rapid
spinning of the sample.'” The narrow line corresponds to cell-free water along
the centre of the rotor, the other to water containing cells along the rotors walls.
This effect has been used to measure the uptake of MRI contrast agents by red and
white blood cells using HRMAS.'?® The peak separation depended on the actual
cell line, and correlated roughly with the protein content of the cells,'*” an effect
later attributed to hydrogen bonding with the proteins.'* Magnetization transfer
experiments were used to study in greater detail the nature of water interactions
with lipids, proteins, and metabolites in cells and tissue samples; phospholipids
were found to interact more strongly than proteins.® Robust cell lines, like
human red blood cells, were relatively immune to physical damage from spinning,
while more fragile cells, such as rat hepatocytes, were quite susceptible.'*” The
cell-free water linewidth could be correlated with cell lysis; when it was greater
than 2.5 Hz, significant cell lysis had occurred, the cellular components diffusing
into the cell-free water phase causing the line broadening. The phase separation
could be eliminated by adding albumin to samples, which acted as a network
limiting the diffusion of cells to the outer walls."”! Under this “‘stabilized”” condi-
tion, the water exchange time between intracellular and extracellular regions
across red blood cell membranes was estimated to be in the order of 10 ms, in
accord with estimates from other techniques. The effects of cell handling and
storage on cell integrity in HRMAS NMR studies have been explored for various
cell lines, including tumour cells and amniocytes; fresh cells and cryoprotected
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Figure5 600 MHz 'H HRMAS NMR spectra of (A)—(C) mouse fibroblast and (D)—(F) rat hepatoma
cells. The three spectra for each cell line represent initial spectra at 1.5 kHz MAS (A, D) followed by
MAS at 4 kHz (B, E) then returned to MAS at 1.5 kHz (C, F). Note that initially the 'H,O signal shown
is split into two due to fractionation of the suspension, with the narrow line corresponding to free
water. The rat hepatoma cells undergo lysis at the higher MAS rate, resulting in loss of the narrow
'H,0 line due to distribution of cell components throughout the solution; no such disruption
occurs with the mouse fibroblast suspension. Reprinted with permission from Aime et al."”’
Copyright Wiley-Liss, Inc. 2005.
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frozen cells maintained their integrity fairly well, whole frozen non-protected
cells were fully lysed by the time the analysis was initiated.'**

HRMAS NMR of brain cells (neuronal and glial) provides evidence that in vivo
MRS may be missing important lipid signals due to the T>-weighted editing that is
commonly applied in the MRS."® Creatine levels in particular did not behave in
HRMAS as expected from the in vivo studies. The increased de novo synthesis
of fatty acids in cells subjected to elevated glucose levels, mimicking diabetes
mellitus, has been observed directly in whole cells by HRMAS.'*

The action of drugs can be followed in situ once NMR spectroscopy of whole
cells is possible. Among the first of these applications was Chen'** who monitored
the efficacy of thiazolidinedione on liposarcoma cells by measuring the ratio of
phosphatidylcholine to phosphocholine. Similarly, treatment of endometrial cells
with tamoxifen indicated changes in RNA transcription and cell membrane turn-
over by characterization of the metabolites in the cell via HRMAS.'*® The action of
ethionamide'*"'*® on mycobacteria was followed by use of diffusion filters to
selectively observe intracellular components; unfortunately, the precise structure
of the active metabolized drug agent within the cell could not be determined. Such
downstream effects are likely the mode of action for the drugs bezafibrate and
medroxyprogesterone acetate on acute myeloid leukaemia cell lines, as there were
no obvious changes on the metabolites visible under HRMAS after 24 h."*” Higher
resolution is likely necessary before any conclusions can be drawn on the differ-
ences between film and free forms of Pseudomonas aeruginosa survival rates under
antibiotic treatments, where the film-formed bacterium is known to be more
resistant to treatment.'* Binding of one of the three anti-apoptosis agents, imi-
dazo[1,2-a]pyridine derivatives, to myelomonocytic cells was directly detected
using HRMAS.'*!

The validity of the whole-cell approach was verified by comparing the metab-
olite profiles of the microalgae Thalassiosira pseudonana from both whole-cell
samples and cell extracts each subjected to HRMAS NMR; the results from
whole cells were very good, with high resolution.'** Another microalgae, Chaeto-
ceros muelleri, has had its storage polysaccharides and other components identified
by 'H'* and °C'** HRMAS NMR, including DEPT. The biocontrol agent that
limits mould in grain storage, the yeast Pichia anomala, has been studied under the
effects of oxygen limitation, a condition common in its use.'*’

The ability to identify the cell-wall components, particularly lipopolysacchar-
ides, in situ using whole cells has been an important contribution. One of the first
applications of HRMAS to this area was reported by Szymanski'*® who used
HRMAS (Figure 6) to establish the conservation of a heptasaccharide on the cell
walls of two different Campylobacter lines, a main cause of gastroenteritis. The
enzyme responsible for cell-surface carbohydrate production in Campylobacter
jejuni was subsequently identified,'*” as was this cell’s biosynthetic mechanism
for N-linked glycans.'* The presence of a phosphoramidate on its cell surface was
detected b5y HRMAS, and posited as a possible marker for diagnosis and treat-
ment.'*""*' HRMAS NMR has also been used to identify similarities in the cell-
wall lipopolysaccharides of strains of Hafnia alvei bacteria,'> the differences
between two strains of Bordetella pertussis in the presence of a particular
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Figure 6 600 MHz 'H HRMAS NMR spectra of the capsular polysaccharide of a variant of
Campylobacter jejuni. The structure of the capsular polysaccharide is given at the top with the five
main residues labelled A—E. (A) 'H spectrum of the purified polysaccharide; (B) selective TOCSY
used for assignment of residue C; (C) selective NOESY to detect C and D inter-residue contacts; (D)
slice from "H-*'P HMQC to establish attachment of E; and (E) "H-"C HMQC showing assignments
for residue C. Reprinted with permission from Szymanski et al."*¢ Copyright The American Society
for Biochemistry and Molecular Biology, Inc. 2003.

pentasaccharide on their cell surfaces' and the structure of cell-wall polysac-
charides of Neisseria meningitidis'>* and Plesiomonas shigelloides.">

Identification of cell-wall components leads naturally to the more precise
observation of the effects of therapeutic agents in dealing with many of these
infectious organisms. Mycobacteria, the cause of tuberculosis, have attracted
numerous studies that use HRMAS to determine the action of drugs on their cells.
The fate of ethambutol™®*'*” and thiacetazone'>® administered to mycobacteria
has been followed in efforts to determine their mode of action. Sophisticated 2D
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and 3D HCCH-TOCSY and HCCH-COSY HRMAS techniques together with *C-
enriched substrates have been developed to establish cell-wall structures,'®” and
the challenges and promise of this approach have been highlighted.'”*'®" Selec-
tive COSY was used to great effect to quantify the extent of cyclopropanation on
mycobacterial cell surfaces, which is a hallmark of pathogenicity in these
organisms.'*®

Characterization of metabolites within cells as well as in cell-wall components
permits identification of different types of organisms, resulting in a phenotyping
or taxonomy by NMR; this application is becoming more common. Chauton
identified four marine microalgae (phytoplankton) through analysis and classifi-
cation of the HRMAS spectra.'®" “Silent” mutations in different Caenorhabditis
elegans phenotypes have been detected through analysis of their metabolites.'®>
The NMR method and its limits have been well explored,'®® as have the statistical
approaches used in the differentiation.'®* The toxic strains of Candida albicans were
identified through the determination of f-mannoside saccharides on their cell
surfaces. HRMAS has been used with MALDI-TOF mass spectrometry to identify
marine bacteria under minimal and enriched growth conditions successfully.'®
When compared to FT-IR classifications of lichen taxa, HRMAS NMR was not as
accurate, consistent in only most of the samples with a few classification errors.'*

6. ENVIRONMENTAL AND FOOD APPLICATIONS OF HRMAS

The complex mixtures of materials that make up our environment have proven to
be ripe for analysis using NMR, with HRMAS providing the resolution for distinct
chemical signatures and interactions to be detected. While coal has long been
investigated by traditional solid-state techniques, its putative origin in microalgae
has been more recently of interest. The structure of the biopolymeric algaenan
from Botryococcus braunii was characterized by NMR in terms of its size (roughly
40 carbons) and functional groups (aldehydes and unsaturated hydrocarbons).'*”
The thermal decomposition has been monitored through two subsequent stud-
ies.'®®1% Other marine sediments have been characterized, providing evidence of
trapping of nitrogen by peptidic material,'”® correlation of lower and higher gas
hydrate concentrations with increased proteinaceous and increased lipid levels,
respectively,'”! and revealing a 6-kDa cutin-like biopolymer that is believed to be
responsible for Pu and other heavy metal transport.'”>

Soils and clays are another area of interest, with particular emphasis on the fate
of organic compounds, including pesticides and pollutants, within these hetero-
geneous materials. Sorption of humic acid to clay mineral surfaces results in
uptake of aromatics and proteins in montmorillonite, and aliphatic groups in
kaolinite.'”*'”* Carbohydrates and amino acids were not present in the 'H
HRMAS NMR spectra of these materials, however.'”” Application of HRMAS
provided useful distinguishing information concerning the uptake of three pesti-
cides in clays, in contrast to inconclusive results using solid-state CPMAS techni-
ques. Soil moisture and solvent used for swelling the soil samples are key factors
to successful HRMAS analyses.'”®
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With foodstuffs, HRMAS holds the promise to provide information on molec-
ular structure without destroying the pristine form of the food by complicated
separations or pretreatments. A particularly troublesome component of vegetable
products, the insoluble cutin protein, has been characterized by "H HRMAS—it is
predominantly an aliphatic polyester with some alcohol functionality.'”” Its insol-
ubility is believed to arise from cross-linking due to a-branched fatty acids and
esters that were evident in the NMR spectra. The cutin from Agave americana
leaves was found to be highly crystalline.'”® Different strains or places of origin
for lamb meat'”” and cheese'® have been distinguished by their HRMAS NMR
spectra. Use of 2D HRMAS techniques permitted the origin or “hard”” potatoes to
be deduced as due to intercellular adhesion that results from biopolyesters bound
to the cell walls.'®" The effects of stress, such as drought, salt exposure or pressure,
have been evaluated by HRMAS of rice,'®* wheat'® and strawberries,'®* by
analysing directly the stressed sample. The effects of baking on flour and the
resulting breads could be determined as an increase in the concentration of simple
acids (succinic, lactic and acetic) with heat.'®® In some cases, interference effects
from the matrix preclude HRMAS analyses; alginates, used as a stabilizer in food
and drugs, were best analysed by CPMAS due to their calcium-rich nature.'®®

Several examples of drug preparations and interactions have been established
as well. The herbal aphrodisiac catuaba from several commercial sources was
analysed for active ingredients successfully.'® The fermentation precipitate of the
Hib vaccine could be analglsed directly to confirm the presence of the bacterial
capsular polysaccharide.'® The binding of neurotensin to a detergent-stabilized
receptor could be monitored directly though the '*C chemical shift changes that
occur in the HRMAS spectra.'® Drug delivery efficiencies between topical and
injection applications have been contrasted using HRMAS of skin and muscle
tissue of rats subjected to both dosing methods with benzoic acid.'”

7. METABOLIC PROFILING

By far the greatest area of application of HRMAS in recent years has been in
metabolic profiling, also known as metabolomics and metabonomics.'”! The abil-
ity of HRMAS to resolve narrow lines in spite of heterogeneous matrix, such as
those found in biological tissues, permits the identification and quantification of
various molecular and macromolecular components of the matrix."”>'** This
approach is particularly well suited to biopsies in a clinical setting, as other
methods, such as tissue extracts, require significant pretreatment before analy-
sis.'”* With the robustness of HRMAS to sample composition, such pretreatment
is not required and samples may be analysed directly, often with the addition of a
reference material to ensure accurate chemical shifts and/or quantitation. A
prototype rotor to facilitate quantitation has been described,'® as have algorithms
for automated quantitation of HRMAS spectra.'”*'*” Metabolites have been ana-
lysed in a wide range of materials, ranging from plants and animal tissues to
biopsies of human cancers. In particular, the higher resolution afforded by
HRMAS has made it a useful complement to in vivo MRS.'?®
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8. HUMAN METABOLITES

Establishing convenient biomarkers for cancer in its various forms among cellular
metabolites is an area of prolific research. Several recent reviews highlight the
impact of metabolic profiling in cancer research."”?"! Brain tumours have
attracted considerable attention, notably in attempts to classify tumours based
on the ratios of various metabolites, usually in concert with in vivo spectros-
copy.”>*® Glycine emerged as a promising biomarker for tumour aggressive-
nesszO4; similar conclusions were drawn from an earlier MRS and HRMAS study
of neurocytomas.” Application of HRMAS to paediatric brain tumours**® and
glioma biopsy samples®”?% permitted resolution of choline and two derivatives,
phosphocholine and glycerophosphocholine, that is not possible in vivo; this
permitted grading of the tumours based on high phosphocholine levels in high-
grade tumours, while low-grade tumours exhibited elevated glycerophosphocho-
line.”” An increase in malignancy was correlated with higher levels of choline,
myo-inositol, alanine, taurine and glycine.””® In the childhood brain tumours,
degree of tumour necrosis and proportion of cancerous tissue could be assessed
based on the metabolite ratios.”®® A more recent study of childhood brain tumours
both in vivo and ex vivo found 8 of 12 metabolites that were useful in assessing the
tumours; both HRMAS and MRS yielded similar results, although quantification
and resolution were better under HRMAS, evident in Figure 7.**” Taurine levels
were found to correlate with apoptotic cell density in biopsies of gliomas.*'
Elevated creatine and glutamine levels, among other metabolic changes, were
used to classify various tumours with over 90% accuracy on their metabolic
profiles alone.*'! Metabolite profiles were found to be useful in tumour grading
and tracked patient evolution better than traditional histopathological analysis.*'*
A detailed assessment of 37 metabolites has been performed on glioblastoma
brain tumour tissue; maintenance of the sample at 4 °C during analysis limited
sample degradation,*'® and quantification of concentrations was successful using
an electronically generated reference signal.*'* When combined with genomics, as
little as 2 mg of tissue was all that was required to classify brain tumour biopsies;
the non-destructive nature of HRMAS permitted the genomic analysis to use the
NMR sample after spectral acquisition without difficulty.*'® Meningiomas have
characterized in terms of a range of metabolites by ex vivo HRMAS, facilitating
better in vivo analysi5216; subsequent work has found these tumours to exhibit
different levels of glutathione, glutamine, glutamate, phosphocholine and phos-
phoethanolamine based on the tumour class, while in this case alanine was not a
useful discriminator.”'” Care must be exercised when using biopsy samples, as it
has been noted that anaerobic glycolysis during biopsy reduces glucose levels and
increases alanine and lactate; other metabolite concentrations were not affected.?'®

Higher molecular weight components have also been used to characterize
tumours. Proton signals from small molecules bound to lipids or protein matrices
are invisible to MRS due to their short transverse relaxation times and are only
observable under HRMAS.*"” Metastases of brain tumours have been correlated
with, in particular, the tumour lipid signals and validated by following the clinical
outcomes; survival could be predicted based on a statistical analysis of the
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Figure 7 Comparison of 'H in vivo MRS spectra at 1.5 T (upper traces) and ex vivo HRMAS NMR
spectra at 14.1 T (lower traces) of (A) medulloblastoma tumour and (B) ependymoma tumour. Note
the difference in resolutions available from each technique, although at a near 10-fold difference
in applied magnetic field. Reprinted with permission from Wilson et al.2° Copyright John Wiley
and Sons, Ltd 2009.
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metabolites.”” Lipid signals in brain tumour tissue have been correlated with
lipid droplets that arise from the cytoplasm and precede necrosis.”*' Interactions
between small metabolites and macromolecules in tissues induce small shifts that
need to be accounted for in analytical models.”** It has been noted that, in cases
where only small metabolites need to be characterized, MAS may not be necessary
if a simple dilution of the brain tissue with excess D,O is followed by high-
resolution NMR, as concentrations of small metabolites were found to be consis-
tent between the two methods.”*® Characterization of metabolite levels has
advanced sufficiently that a secure clinical network has been outlined, based on
pattern recognition of MRS, HRMAS and DNA microarray data for brain tumour
diagnosis and prognosis.***

Other brain disorders besides cancer have been analysed using metabolic
profiling; a recent review has highlighted the use of HRMAS in studies of neuro-
degenerative disorders.”* N-acetyl-aspartate levels correlated with neuronal den-
sity; its ratio to creatine, among other metabolite ratios, could be used to
distinguish normal brain tissue from that of Alzheimer’s patients.”* HRMAS
and MRS could both be used to demonstrate decreased levels of N-acetyl-aspar-
tate, y-aminobutyric acid, glutamine and glutamate, as well as increased inositols,
in the inherited brain disorder, infantile neuronal ceroid lipofuscinoses; however,
no such metabolic changes were observed in the juvenile form of the same
disorder.””

Breast cancer has been studied extensively by magnetic resonance imaging
and MRS, and HRMAS is beginning to be applied to assist with in vivo ana-
lyses.”?®**? The advantages of direct HRMAS of tissues compared to perchloric
acid extracts of them were detailed earlier.”” Clinical profiles of large and small
tumours showed higher levels of choline and glycine in large tumours, with the
increased resolution afforded by HRMAS demonstrating that the relative inten-
sities of the choline derivatives, choline, phosphocholine and glycerophosghocho—
line, unresolved in MRS, distinguished cancerous from healthy tissue.””' Lower
levels of glycine have been correlated with better patient prognoses in a correla-
tion between multiple metabolite levels quantified with an external electronically
generated input and patients’ 5-year health status.”** Biopsies from breast
tumours have been assessed for histological grade, hormone status and lymphatic
spread using various multivariate models of the metabolite concentrations and
their extension to MRS has been proposed.”® The response of human breast
cancer tissue in a mouse model to docetaxel treatment showed a significant
decrease in choline metabolite levels, suggesting that NMR could be used as an
early drug treatment monitor.***

Similar approaches have been pursued with cervical cancer. Cervical cancer
biopsies could be classified based on levels of lipids, choline and creatine.”*”
Compared to tissue extracts, metabolite levels determined via HRMAS performed
well, correlating degree of malignancy with elevated choline and amino acids, and
decreased glucose.”® Subsequently, lipid levels in cervical cancer cells have been
correlated specifically with apoptosis, while choline, creatine, taurine, §lucose
and lactate levels indicated both tumour cell fraction and cell density.*®” Diffu-
sion-weighted HRMAS was used to detect mobile lipid signals, indicating they
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accumulate during tumourigenesis.**® The pre-invasive to invasive transition in
cervical cancer has been characterized through elevated choline-containing meta-
bolites in invasive cancers observed using both 'H and *'P HRMAS NMR of
biopsies,” with these elevated levels appearing in adjacent healthy tissue as
well 2

Early work on HRMAS of prostate cancer tissues suggested that spermine
could be used as a metabolic marker,**! and that prostate cancer assessment can
be improved by HRMAS metabolite profiling.*** Healthy tissue could be distin-
guished from cancerous tissue through lower levels of citrate and polyamines,
and higher concentrations of choline metabolites; greater changes in these levels
correlated with aggressive cancers.”*® However, recent work has indicated that
HRMAS fails to detect polyamines including spermine in both human prostate
biopsies and mouse xenografts.*** Choline degradation in tissue samples was
minimized by performing HRMAS at 1 °C, essential if choline levels are to be
used as a metabolic marker of disease.”** High resolution afforded by the ex vivo
analysis permitted phosphocholine increases and phosphoethanolamine
decreases to be used as specific markers of cancer presence.”*® Increased lactate
and alanine levels have also been proposed, where increases in their concentration
were indicative of as low as 5% cancer in the tissue sample.”*” Choline, citrate and
lactate levels have been used to assess Gleason scores in prostate needle biopsies,
in their ratios to creatine.**® Polyunsaturated omega-6 fatty acids have been
detected in advanced prostate tumours, while they were absent in normal and
early-stage cancerous tissues.”* Freezing of tissue samples at —80 °C over a 12- to
16-h period for later HRMAS analysis was generally not detrimental to accurate
metabolite analysis, although citrate and acetate levels were somewhat
affected®’; after 32 months, however, there was no observable differences in
metabolites of these same specimens once sampling issues were accounted
for.' It is important to note, though, that these two studies of tissue storage
effects did not include any cancerous tissue, which may be more susceptible to
changes under storage.”' The complementarity of HRMAS to MRS in obtaining
molecular information concerning prostate cancer has been reviewed.*” In
related work, testicular biopsies have been used to characterize metabolic signa-
tures of infertile men, with phosphocholine emerging as a convenient marker.?>?

Among other applications is the discrimination of two types of lymphoma
through alanine and taurine levels.”>® Gastrointestinal disorders have been stud-
ied; gastric adenocarcinoma is accompanied by high levels of triglycerides.””*
Increases in choline, glycine, alanine as well as triglycerides were observed during
gastric carcinogenesis.”>> Metabolic characterization of five distinct regions of a
normal gastrointestinal tract has been completed, with clear distinction in their
profiles, including "H and *'P HRMAS data.*****’ Biopsies of ulcerative colitis
exhibited elevated antioxidants and amino acids with decreased lipids, glycero-
phosphocholine, myo-inositol and betaine; colonocytes showed only these
depressed levels, with no metabolite elevated.?® Increases in taurine, glutamate,
aspartate and lactate, with decreased levels of myo-inositol and glucose, have
been identified as markers of colorectal cancer™’; others have noted increases in
lipids, acetate and lactate as well, even in tissues 15 cm from the tumour.?°° When
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compared to colorectal cancer biopsies, one of the three particular mouse xeno-
graft models has been found to be most similar to actual human cancers, in their
lipid, lactate and choline metabolite levels most notably.”*' Combined analysis
with GCMS and HRMAS NMR of biopsies has been proposed as a new diagnostic
tool for colorectal cancer.*

In phase 1 of a clinical trial, HRMAS NMR of renal tissue has correctly
identified absence of disease when compared to histology and imaging.**® Fifty
metabolites have been characterized in lung cancer biopsies, with increased
lactate, phosphocholine and glycerophosphocholine found in tumour tissue;
care was taken to complete HRMAS analyses within 2 h to minimize post-biopsy
conversion of phosphocholine and glycerophosphocholine to choline.*** Detec-
tion of lung cancer prior to onset of clinical symptoms may be possible using
HRMAS of serum samples; relative volumes of tumours and discrimination of
types of cancer were evident from the analyses.**

Intervertebral disc analysis by imaging and MRS has been recently
reviewed>®®; the degree of vertebrate disc degeneration correlated with N-acetyl-
aspartate:choline and choline:carbohydrate ratios, but no relaxation differences, a
tool proposed for imaging analyses, were evident.”*”?*® Changes in cartilage
metabolites have been proposed as markers for degenerative joint diseases.**
The creatine and phosphocreatine signals in skeletal muscle have been resolved
by HRMAS.>”° When treated with the chemotherapeutic agent chloroethylnitro-
sourea, liver and bone cancer cell lines were observed to undergo changes to their
mitochondrial oxidative phosphorylation mechanism in order to promote cancer
cell survival.*”! Liver function both pre- and post-transplant has been monitored
by following lipid composition ex vivo*’%; 22 metabolites have been characterized
in liver needle biopsies.””> Presence of liver cancer, as well as its grade, can be
determined from the levels of lactate, amino acids, phosphoethanolamine and
choline metabolites in liver tissues.””* Choline levels in amniotic fluid were used
as a probe of fetal lung maturity in an effort to prevent neonatal morbidity and
mortality.””

9. ANIMAL AND PLANT METABOLITES

More controlled systems of disease and metabolism are available through the use
of animal models, and numerous studies of metabolite profiles have utilized
HRMAS to elucidate these. Rats and mice are particularly common choices for
the study of disease, due to variants that have genetic predispositions to display or
resist certain metabolic traits or pathways, and the ease with which these can be
stressed, modified, contrasted or subjected to putative treatment.

Brain metabolism under a variety of conditions has been evaluated. Apoptosis-
induced changes in metabolite levels in rat glioma cells have been well character-
ized, noting in particular the increase in lipid concentrations.”’**” Using a
number of 'H and ">C HRMAS, in vivo and transcriptional analyses, the increase
has been shown to arise from a non-membrane source, and choline derivatives, a
common marker, showed no changes. Subsequently, the higher resolution
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afforded by ex vivo HRMAS showed that choline derivatives differed in their
response to gene therapy-induced apoptosis in rat gliomas.?® Choline was also
found to behave differently between brain tissues and tissue extracts in SIV-
infected macaques, while six other metabolites compared well*®; the difference
in choline levels was attributed to an inability to detect membrane-bound choline
in HRMAS or to a baseline artefact. Long periods of MAS were found to release
creatine from membranes to an NMR-visible form, while delayed freezing of rat
brain tissues caused changes in glycolysis metabolites.”®* It was recently discov-
ered that fatty acid metabolism is altered in rat glioma cells treated with an
antimitotic oleyl glycoside, leading to apoptosis, highlighting the use of HRMAS
to monitor the actions of therapeutic agents on cancer cell functions.*®

Natural abundance '*C HRMAS of brain tissue yielded best results for small
metabolites using the high-resolution DEPT sequence exploiting indirect coupling
for sensitivity enhancement, while more motionally restricted lipid signals were
best observed usin% the dipolar coupling-dependent cross-polarization techi-
que.*®* Injection of "*C-enriched glucose followed by *C HRMAS of brain tissue
indicates even incorporation of the isotopic label into glutamate, glutamine,
aspartate and y-aminobutyric acid, and compared well to results from tissue
extracts (see Figure 8).°%°

A survey of rat brain metabolites in different regions, including the stem,
cerebellum, frontal cortex and hippocampus, demonstrated clear differences in
the levels of key metabolites,?® are also evident as a function of age,287 and served
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Figure 8 Comparison of >C NMR spectra of rat thalamus tissue (A) extracted with perchloric
acid and obtained in solution and (B) obtained directly on the tissue sample using HRMAS 15 min
after injecting the rats with [1,6-°C]-glucose. Asterisks indicate lipid signals. Reprinted with
permission from Risa et al.?®> Copyright John Wiley and Sons, Ltd 2009.
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as a baseline for a follow-up study on the changes that result in each region when
Huntington’s disease symptoms were induced using 3-nitropropionic acid, most
notably a universal, dose-dependent increase in succinate.”®® Vitamin A defi-
ciency in young rats resulted in lower N-acetyl-aspartate, creatine and phospho-
creatine, with increased myo-inositol, although anatomical changes in the brain
were evident earlier than these metabolic differences.”®” The schizophrenia drug
haloperidol showed no effect of N-acetyl-aspartate levels in rat brain.** Rat
hippocampus regions showed decreased N-acetyl-aspartate and increased choline
derivatives, consistent with neuronal loss and cell breakdown, after treatment
with kainic acid.*" Sleep deprivation in rats changes the levels of glutamate in
different regions of their brains.*** A slight decrease in phosphocholine was noted
in the hippocampus regions of rats exposed to pyridostigmine bromide, an anti-
nerve agent and purported contributor to Gulf War Iliness.*”

Electrically stimulated epileptic seizures showed early increases in total crea-
tine, choline and alanine levels in rats’ brains,** while exposing rats to soman to
induce epileptic-like symptoms resulted in increased alanine and acetate, as well
as lactate, glycerophosphocholine and glutamine, with reduced levels of myo-
inositol and N-acetyl-aspartate.**® In mice, soman-induced seizures increased and
decreased the same metabolites as well as increasing the levels of choline and -
aminobutyric acid.**® In mice with the cerebral metabolic defects associated with
Batten disease, a childhood neurodegenerative disorder, changes in lipid deposi-
tion in the cortex were detected only by HRMAS of brain tissue.””” Mice exhibiting
ataxia were found to have increased levels of glutamine and decreased y-amino-
butyric acid, choline, phosphocholine and lactate.*”® The effects of neonatal alco-
hol exposure,”” as well as toluene inhalation on juvenile®” and older rats,>”
demonstrated different changes in metabolites across different brain regions,
and at different ages of the animals.

The effect of dietary toxins often is most noticeable in liver and kidney before
effects are apparent in other organs, hence a popular area has been that of animal
models of biochemical toxicology in determining the precise metabolic action in
these organs through ex vivo HRMAS of tissues directly, rather than tissue
extracts.””® The toxin p-galactosamine increased cholesterol and esters in the livers
of rats, with tissues cultured in spheroids rather than monolayers.303 The toxicity
of acetaminophen in mouse liver was correlated with an increase in liver trigly-
cerides and monosaturated fatty acids, with a decrease of polyunsaturated fatty
acids, phospholipids, glucose and glycogen, which was taken as a sign of
increased glycolysis.>** The toxicity of a HIV therapy drug candidate was also
shown to be due to an impaired fatty acid metabolism, resulting in an increase in
liver triglyceride levels.*” The effects of hydrazine treatment on rat liver meta-
bolic profiles were amplified through spectral editing and pattern recognition
techniques applied to liver tissues; elevated lipids and alanine, decreased glyco-
gen, choline, taurine, trimethylamine-N-oxide and glucose were evident.>*® Simi-
lar effects were observed in the kidneys of rats exposed to HgCl,, especially in the
renal cortex.>"” Heavy-metal toxins, La(NO3); and Ce(NO;)3, resulted in elevated
triglycerides in both liver and kidney tissues in rats, with the liver noted as the
main target of the toxicity.>*®*>% The time course of metabolites in rat liver, as well
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as plasma and urine, after exposure to the liver toxin allyl formate indicated
mitochondrial impairment and increased glucose utilization in the liver.?'® A
coincident increase in liver lipids with decreased plasma lipids demonstrated
that changes were occurring in lipid transport as a result.

Isochronous signals in fatty rat liver tissue could be resolved based on changes
in the measured diffusion coefficients from a gradient HRMAS measurement; an
increase in the diffusion coefficient of the signal arising from co-resonant glucose,
betaine and trimethylamine-N-oxide indicated an increase in the levels of the
smallest contributor, trimethylamine-N-oxide.>"" The livers of type 2 diabetic
mice showed elevated triglycerides and bile acids, with reduced levels of tri-
methylamine-N-oxide and choline derivatives, while their kidneys showed no
clear changes in metabolite levels.”® The complicated metabolism of the concep-
tion and hormone replacement therapeutic agent, medroxyprogesterone acetate,
by P450 enzymes in pig liver were determined to result mainly in 6f-, 18- and 2f3-
hydroxy derivatives. Hypercholesterolaemic pigs were subjected to two high-
fibre diets based on either wheat or rye to evaluate their liver response.’'? Pigs
on the rye diet reduced their cholesterol through a liver cholesterol metabolism.
Normal and hypertensive rat kidney tissue showed marked differences in the
metabolite levels of their cortex regions, in particular.’'?

The development of the rat intestinal tract has been followed for young rats
through monitoring changes in metabolite levels. Both the ileum and jejunum
showed increases in lipids, lactate, taurine and creatine with age, while glycer-
ophosphocholine decreased.*'* Gastrointestinal tumours in mice have shown
early decreases in glycerophosphocholine and dimethylamine, with increase in
lactate and myo-inositol.>’®> When mice with colon cancer were treated with
omega-3 fatty acids, such as fish oil, tumour growth was reduced compared to
mice fed corn oil, and phosphocholine levels were lower.’'® The benefits of
probiotic Lactobacilli on intestinal tissue have been evaluated; homocysteine and
ascorbate metabolism were most influenced by their presence, in a fairly compre-
hensive survey of metabolic changes in adrenal glands, kidneys, pancreas,
plasma, liver, faeces and urine of mice 317318

The effects of ultraviolet radiation on animal eyes, specifically the lens and
cornea, have been studied extensively, with particular emphasis on determining
the metabolic changes associated with the onset of cataracts. The metabolic profile
of rat lens after exposure showed non-dose-dependent increases in alanine and
adenosine-monophosphate, with 13 other water-soluble metabolites decreas-
ing.’"” When followed over time, phenylalanine increased 125 h after exposure,
while all others were lower; after 625 h, most metabolites had recovered to normal
levels.*® These metabolic changes occurred over a much longer time scale than
was evident from light scattering of the lenses. Another contributor to the onset of
cataracts, long-term steroid use, was evaluated in rabbit lenses where the rabbits
were exposed to the steroid dexamethasone.’”'*** The metabolites glutathione,
inositol, taurine, lactate and ascorbate all decreased after steroid treatment; glu-
cose increased. Single and repeated exposures to UV radiation resulted in similar
changes in the cornea, with decreases noted previously and increases in both
glucose and betaine.’** Selenite-induced cataracts in rat lenses correlated with
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increases in amino acid levels, and significant decreases in glutathione, succinate
and phosphocholine; these changes correlated with lens opacification.**® These
changes could be separated from maturing effects in lenses of rats, which were
largely increases in taurine, hypotaurine and myo-inositol.”* A complete meta-
bolic profile of the four different regions of the rat lens after UV radiation
exposure has also been completed.**”

Initial work on rat heart tissues indicated that mitochondrial metabolites are
often invisible to NMR where intact membranes were present; tissue extracts were
found to be more reliable®*® More recently, the effects of methamphetamine on rat
heart wall metabolites showed decreases in serotonin and choline, while carnitine
levels increased, consistent with an increase in fatty acid metabolism.?* Discrimi-
nation between pancreatic cancer and chronic pancreatitis in rats has been estab-
lished based on HRMAS metabolite profiles.”> The cancer had lower levels of
choline derivatives and higher levels of amino acids and lipids; pancreatitis
demonstrated reverse changes. The best markers of cancer were noted as
decreased levels of phosphocholine and glycerophosphocholine. Treatment of
melanoma in mice with cystemustine resulted in changes in the phospholipid
metabolism within the tumours geared towards tumour survival, characterized
by increases in phosphocholine and phosphoethanolamine.®' Similarly, treat-
ment with chloroethylnitrosourea resulted in an initial increase in glucose, gluta-
mine and aspartate levels as the tumour growth was inhibited, followed by
increases in polyunsaturated fatty acids and reduced utilization of glucose as
tumour growth recovered.®> The methionine metabolism in these tumours was
elucidated by using L-(methyl-">C)methionine as a feedstock and following its fate
in the tumours.”® Others have noted that the use of *'P-based HRMAS methods
could be particularly useful in following the levels and fates of phosphorus-
containing metabolites associated with cancer.***%°

Mice with an inability to biosynthesize creatine due to a guanidinoacetate
methyltransferase deficiency showed no metabolic changes in in vivo MRS; how-
ever, HRMAS of excised muscle tissue showed a notable increase in guanidinoa-
cetate levels.”*® The effects of burn trauma on mice muscle were characterized
both in vivo and ex vivo, showing a similar increase in lipids and resulting
apoptosis.*” Treatment of mouse fibrosarcomas with a vascular-disrupting
agent showed a decrease in phosphocholine and glycerophosphocholine levels,
which was consistent with reduced cell membrane turnover; this was proposed as
a sensitive biomarker for monitoring the response to treatment.**® The time course
of cartilage degradation in guinea pigs over a 120-day period showed the cascade
leading to breakdown; an initial increase in proteoglycans was followed by a
sharp increase in signals from chondrocyte membrane lipids and finally an
increase in mobile methyl signals due to collagen breakdown.*’ Testicular tissue
from rats exposed to the spermatocyte toxicant ethyleneglycol monomethylether
showed effects consistent with perturbation of their energy supply, suppression
of the citric acid cycle or oxidative stress.>*

Finally, several novel organisms have had their metabolic profiles studied.
Earthworms have been characterized in terms of their metabolites as a function of
body part; the low toxicity of the herbicide glyphosate on earthworm was
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confirmed in profiles of exposed and pristine specimens.>*' Two types of poplar

tre

e have been profiled in terms of their growth process metabolic changes; the

authors noted that detection and understanding of different lignification pro-
cesses may be possible through HRMAS.>* The efficiency of different solvents
used in plant tissue extraction has been verified through HRMAS of the plant

residues.
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Abstract Small J coupling constants are closely relevant to the assignment of confor-

mational preferences for medium- to large-sized molecules and the valuable
structural information about the backbone dihedral angles of biological
molecules. Thus, accurate measurement for small J coupling constants is
extremely important, which has long been recognized. However, the accurate
measurement of small J coupling constants is limited by the natural linewidth
since the line splitting arising from small J couplings are usually merged into
the related peaks. A cornucopia of NMR spectral techniques has been
designed for the achievement of small J coupling information. Generally,
the existing techniques can be divided into two types. One is to directly
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extract small / coupling constants without J multiplication, while another is
on the basis of J multiplication. Performance of the existing techniques has
been evaluated and the results show that these approaches can be adapted
for a wide range of samples, ranging from complex chemical molecules to
biological samples, even for the samples under inhomogeneous magnetic
fields. These spectral editing techniques provide complementary strategies
for the quantification of small J coupling constants. In this review, the
mechanisms of these approaches are presented with the analysis of their
corresponding applicability and efficiencies.

Keywords: NMR, J coupling constants, Accurate measurement, Scaling,
Intermolecular multiple-quantum coherences, Inhomogeneous fields.

1. INTRODUCTION

High-resolution nuclear magnetic resonance (NMR) spectroscopy is arguably a
powerful and non-invasive tool for the analysis of molecular structures, conforma-
tions, compositions, and dynamics.1’5 From biomolecules to living organisms,
from nanoparticles to materials, it has provided a wealth of invaluable informa-
tion. A modern high-resolution NMR spectrum generally contains the information
of chemical shifts, | coupling constants, multiplet patterns, and peak intensities,
which constitute a ‘detector” for every molecule and then permit the identification
and quantification for the complex chemical and biological samples.®” Concretely,
the values of chemical shifts are related to inequivalent atomic nuclei (e.g. protons)
in a molecule, while ] coupling constants, multiplet Eatterns, and peak intensities
provide the structural information for the molecule.®” In general, it is easy to obtain
accurate information of chemical shift, multiplet pattern, and peak intensity of
every atomic nuclei in a small molecule in liquid state by using conventional
single-quantum coherence (SQC) high-resolution NMR spectroscopy. Even for
the solution with large molecules such as biological samples, the basic spectral
information is still accessible. Moreover, the development of multidimensional
NMR spectroscopy provides a significant way to achieve sufficient dispersion of
chemical shifts and avoid severe peak overlap in the spectra of large molecules.™

The measurement of | coupling constants for scalar-coupled spin systems is
usually feasible through the conventional SQC high-resolution spectra. However,
it is difficult to extract the accurate small | coupling information for weakly scalar-
coupled spin systems even under extremely homogeneous magnetic fields. Com-
pared to the strongly scalar-coupled spin systems, the small | coupling splitting
originated from two atomic nuclei connected by long-range bonds are usually
hidden within the natural linewidth (LW). Figure 1 shows the 1D conventional
SQC spectra of 3-fluoro-N-(3-fluorophenyl)benzamide and 3-fluoro-N-(4-fluoro-
phenyl)benzamide.'’ The experiments were performed at a shimmed magnetic
field with a strength of 11.3 T. Both of these chemical samples contain the phenyl
ring in their molecular structure. The unambiguous analysis of these spectra is
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Figure 1 (A and B) Structures of 3-fluoro-N-(3-fluorophenyl)benzamide and 3-fluoro-N-(4-
fluorophenyl)benzamide, together with the numbering of interacting spins. (C and D) '"H NMR
spectra (500 MHz) of compounds in (A) and (B), respectively, in the solvent CDCl;. The
expansions of the crowded regions are depicted by arrows. (Source: Adapted from Ref. 11.)

extremely difficult due to the severe overlap of proton resonances. From the
expansions of the crowded regions, it can be seen that the | couplings from
long-range bonds are too small in magnitude in comparison with the natural
LW to be detectable, such as °J4 separated by five bonds.

The importance of accurate measurement of small | coupling constants has
long been recognized. The homonuclear | coupling constants are widely applied
to assign conformational preferences of medium- to large-sized molecules and
provide valuable structural information about the backbone dihedral angles in
biological molecules. For example, the homonuclear *J(HVYH") coupling constants
are correlated with the torsion angles in the polypeptide backbone by a parame-
terized Karplus equation.'>* However, accurate determination of these ] cou-
plings in proteins is limited by the small magnitudes of couplings relative to the
natural proton LW. It is important for spectroscopists to obtain the accurate values
of | coupling constants and chemical shifts, which are often required for spectral
fitting in in vivo spectral analysis.'>'® However, besides the ] coupling constants
with large magnitudes, the measurement of small ] couplings is influenced by the
intrinsic natural LW of spectral peaks and may become inaccurate or even impos-
sible under in vivo conditions. Moreover, | coupling constants and chemical shifts
may vary from in vitro to in vivo due to the changes of molecular environment,
cation binding, temperature, ionic strength, and pH,17 which deteriorates the
accurate measurement of small | couplings.

The development of shimming techniques is advantageous to the detection
of | couplings since it can partially enhance the spectral resolution. However,
the spectral resolution is still not enough for accurate measurement of small

18-20
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J couplings since the natural LW caused by transverse relaxation cannot be nar-
rowed by any methods. Besides the improvements in hardware, a number of
spectral editing techniques have been developed for accurate measurement of
small | couplings. In this report, we give an overview of the mechanisms and
practical implementations of the methodologies for accurate detection of small
J coupling constants, and put in perspective for their applicabilities and efficien-
cies. These spectroscopic techniques can generally be classified into two classes.
One class is to extract the small | coupling constants without | multiplication, such
as selective J-resolved spectroscopy,” > spin selective n-quantum J-resolved
(SSnQ-J-resolved) spectroscopy,''***° which play a great role in accurate measure-
ment of small ] couplings. Another class is on the basis of ] multiplication, such as
J-multiplied HSQC?** and HMQC??® spectroscopy, J-scaled COSY,**™®' J-scaled
intermolecular multiple-quantum coherence (iMQC) spectroscopy.’>* The
J-scaled iMQC spectroscopy (JSIS) is intrinsically insensitive to the magnetic field
inhomogeneities since distant dipolar field (DDF) is utilized. The details and
underlying mechanisms of these methods are discussed in the following sections.

2. J-RESOLVED SPECTROSCOPY FOR ACCURATE MEASUREMENT

2.1. J-resolved spectroscopy

The conventional 2D J-resolved spectroscopy is the first choice for quantitative
detection of | coupling constants. 2D J-resolved spectroscopy® is one of the first 2D
NMR techniques. In the family of 2D NMR techniques, J-resolved spectroscopy
plays an important role in spectral analysis since it separates the joint effects of
chemical shifts and | couplings (either homo- or heteronuclear) by storing them
into two different spectral dimensions. The homonuclear pulse sequence, (n /2) —
ty /2 —(m)—t1 /2 —1t,, produces a spectrum S(wq,w,) with the hyperfine structure
relative to each chemical shifted signal tilted by 45° in the (w;,w,) plane. The
transformation from S(wy,w;) to S(J,0) can be realized by additional post-proces-
sing. A completely decoupled spectrum is then obtained along the direct dimen-
sion (F2 axis). The | coupling information is distributed along the indirect
dimension (F1 axis), which provides an easy way for direct detection of |
coupling constants. 2D J-resolved spectroscopy is an important tool for the
analysis of complex chemical and biological materials.**® A number of mod-
ified versions have been developed to enhance the ability of 2D J-resolved
spectroscopy.”* However, it is noticed that the conventional 2D J-resolved
spectroscopy and its related modified versions®* are usually not suitable to
the situation when the magnetic fields are inhomogeneous. Unfortunately, there
are many circumstances where the magnetic fields cannot be perfect for sample
tests. The inhomogeneous line broadening would hamper the spectral resolution
of 2D J-resolved spectra. Although spin echo in the J-resolved pulse sequence
can remove the inhomogeneous line broadening in the F1 dimension, the influ-
ence of inhomogeneous fields remains in the F2 dimension, which results in the
loss of exact chemical shift and | coupling information and even overlapping of
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Figure 2 ISQC-JRES sequence for high-resolution 2D J-resolved spectra in inhomogeneous
fields via 3D acquisition. Full vertical bars stand for non-selective RF pulse. Gaussian-shaped
pulses are selective RF pulses. Dashed rectangles represent coherence-selection gradients, ‘WS’
is the spare module for solvent suppression. (Source: Adapted from Ref. 44.)

spectral peaks. Recently, a pulse sequence, iSQC-JRES,* has been proposed
by our group to obtain high—resolution 2D J-resolved spectra in inhomogeneous
fields via 3D acquisition.*> This method is based on intermolecular single-quan-
tum coherences (iSQCs). Two indirect-detection periods are the iSQC evolution
period and spin echo evolution period, respectively. Since the iSQC evolution
period and spin echo evolution period in iSQC-JRES sequence are intrinsically
insensitive to magnetic field inhomogeneities, high-resolution 2D J-resolved
spectra can be recovered from nuclei in inhomogeneous fields by projecting
the 3D data onto the 2D plane. This method may be used to study complex
chemical materials and biological metabolites in inhomogeneous fields.

The iSQC-JRES sequence is shown in Figure 2. The first and third RF pulses are
solvent-selective, while the second RF pulse is solute-selective. To select the
coherence-transfer pathway 0—+1—+2—+1——1, three linear coherence-
selection gradients (CSGs) with an area ratio of 1:0.7:—2.4 are applied. The
experimental results of butyl methacrylate in methanol are presented in
Figure 3. The conventional 2D J-resolved spectrum of the sample in a homoge-
neous magnetic field is shown in Figure 3A. The 2D J-resolved spectrum obtained
in the inhomogeneous field using the conventional method is shown in Figure 3B.
The iSQC-JRES projection spectrum obtained in the same inhomogeneous field is
shown in Figure 3C. It can be seen that a high-resolution 2D J-resolved spectrum
can be recovered from the inhomogeneous field by using the iSQC-JRES sequence.

Although conventional 2D J-resolved spectroscopy and its related modified
versions can provide hyperfine pattern for normal spin systems, even under
inhomogeneous fields (iSQC-/RES sequence), they do not allow accurate determi-
nation of small coupling constants. In the J-resolved spectra acquired from these
approaches, all the couplings are active and evolve simultaneously in the indirect
dimension. The spectral window in the J-dimension is limited by the widest
multiplet pattern, which lowers the resolution necessary for accurate measure-
ment of small | coupling constants.

2.2. Selective J-resolved spectroscopy

Selective J-resolved spectroscopy is an approach that can overcome the resolution
problem in | coupling dimension for accurate measurement of small | couplings.
Firstly, the spin pair with mutual small ] coupling should be identified. This single
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Figure3 2D J-resolved spectra of a solution of butyl methacrylate in methanol. (A) Conventional
spectrum with a clockwise rotation of 45° in a well-shimmed field and its projection along the F2
axis, (B) conventional spectrum of spins in an inhomogeneous field with the linewidth of solvent
peak of 200 Hz (absolute-valued mode), (C) iSQC-JRES projection spectrum under the same
inhomogeneous field and its projection along the F1 axis. The structure of butyl methacrylate is
shown on the top left of the frame, together with proton labels. (Source: Adapted from Ref. 44.)

spin pair is then selectively excited by specific selective pulses, which means that
only the mutual | coupling between this spin pair is active and evolves in the
indirect evolution period. The spectral window in the J-dimension is only related
to the multiplet pattern of the selective spin pair, which permits adequate resolu-
tion necessary for measuring small | coupling constants. In addition, the spectrum
is simplified by the exclusion of unwanted spins, which is useful for complex
chemical or biological samples. The SERF method was proposed based on this
concept.”! However, the SERF method greatly relies on the selective pulses for both
the excitation of the target resonance and the selective refocusing of the partner,
which makes its practical implementation sensitive to the phase behaviour of
selective pulses. Combining the excitation sculpting*® and double-quantum filtra-
tion, Bourg and Nuzillard proposed a biselective J-resolved pulse sequence to
produce the same information as SERF more robustly.”* Similarly, Rastrelli and
co-workers proposed a biselective J-resolved pulse sequence based on the DPFGSE
approach to allow for the accurate measurement of small | couplings.”® This
method does not produce so-called ‘strong coupling artifacts” typically observed
when soft pulses are employed, and is quite tolerant to pulse miscalibration as
well. Therefore, it is more applicable for organic chemistry, ranging from complex
natural substances to molecules of biological interest. In the following, we will
focus on the biselective J-resolved experiment based on DPFGSE approach.
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Figure 4 Pulse sequences for bioselective J-resolved experiments. (A) Single spin-echo; (B) double
spin-echo. Block rectangles represent n/2 hard pulses; soft 7 pulses Sy and S, (in grey) are
generically represented as Gaussian envelopes. Gradient pairs are set to G; = G, and G; = G,.
(Source: Adapted from Ref. 23.)

The pulse sequences for the biselective J-resolved experiment are shown in
Figure 4. Figure 4A and B is for single spin-echo and double spin-echo, respec-
tively.?® Both strategies lead to a biselective J-resolved spectrum where the signals of
a spin pair evolve under their mutual | coupling in the indirect dimension. The
double spin-echo J-resolved experiment performs well in the reduction of unwanted
‘strong coupling artifacts’. An example result from strychnine dissolved in CDCl;
shows the ability of the biselective J-resolved spectroscopy in extracting the small |
coupling constant (Figure 5).* In order to achieve the maximum possible resolution
in the indirect dimension for this small 'H-'"H long-range coupling (0.7 Hz), a
spectral window of 20 Hz was set and 64 t; increments were collected.

2.3. SSnQ-J-resolved spectroscopy

2D NMR techniques, such as COSY, TOCSY, J-resolved spectroscopy, have been
applied for the analysis of "H NMR spectra of complex molecules. The identifica-
tion of the spin resonances of different protons, the information of their structural
network, and the accurate magnitudes of | couplings can be extracted from these
2D spectroscopy. It is known that these conventional techniques are usually not
suitable for the measurement of accurate magnitudes of small | CouEhngs.23 To
overcome this problem, spin state selective detection was proposed,* >’ where the
high field and low field components of both resolved and unresolved multiplets
were separated and individually detected. Incorporation of spin state selective
detection and n-quantum filtering gives the SSnQ-J-resolved spectroscopy.** It can
aid in discerning degenerate transitions and simplifying complex '"H NMR spectra,
thus providing accurate magnitudes of small | couplings. The single-quantum
NMR spectra of weakly-coupled spin system are invariant to the change of relative
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Figure 5 Expanded region of the selective J-resolved spectrum obtained by selective refocusing
of protons Hy4 and Hy; in the sample of strychnine dissolved in CDCl;. (Source: Adapted from
Ref. 23)

signs of couplings.”®*’ However, both the magnitudes and signs of couplings play
dominant roles in assessing the stereochemistry and the conformation of biomo-
lecules. Besides the exact values of small ] coupling constants, their relative signs
can also be obtained from the SSnQ-J-resolved spectroscopy. Both double- and
triple-quantum J-resolved techniques have several distinct advantages. For exam-
ple, they can (a) separate very small proton couplings into different dimensions, (b)
reduce spectral complexity by spin state selection, (c) provide relative signs of
homonuclear couplings, and (d) overcome the influence of field inhomogeneity via
the 7 pulse in the middle of the t; dimension.'!**

The };ulse sequence for the SSnQ-J-resolved spectroscopy is shown in
Figure 6.* The selective seduce shaped 90° and 180° RF pulses selectively excite
the interested spins. The gradient pulse G; and G, are set to G, = nG; for
homonuclear n-quantum of protons. The delay 7 is optimized for the excitation
of proton homonuclear n-quantum. The phases of RF pulse (®,) and receiver (®r)
are both set to zero. The capability of this sequence has been tested by the chemical
samples with fluorine-substituted phenyl ring, such as 2-fluoro-N-(2-fluorophe-
nyl)benzamide, 2-fluoro-N-(3-fluorophenyl)benzamide, and 2-fluoro-N-(4-fluoro-
phenyl)benzamide.** The conventional 1D "H NMR spectra of these samples are
so complex that most small | coupling information is submerged in the spectral
structure and natural LW. The SSnQ-J-resolved spectroscopy can simplify the
spectral information and recover the small | coupling information by selectively
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Figure 6 Pulse sequence for SSnQ-J-resolved experiments. (Source: Adapted from Ref. 24.)

exciting given spins. In general, the digital resolution in the | coupling dimension
of S5nQ-J-resolved spectra can reach 0.04 Hz, which is good to the measurement
of very small | coupling constants.

3. J-SCALED SPECTROSCOPY FOR ACCURATE MEASUREMENT

3.1. J-multiplied HSQC and HMQC spectroscopy

J-multiplication is another way to extract the small | coupling information. The
apparent | coupling constants are magnified to overcome the influence of natural
LW. The accurate | coupling constants can then be obtained by dividing the
apparent | coupling constants by the magnified factor. The J-multiplied HSQC
(MJ-HSQC?%) and HMQC (JM-HMQC? and MJ-HMQC?®) methods were pro-
?osed for the determination of homonuclear *J(HYH®) coupling constants in
®N-labelled small proteins. They multiply the | coupling in the indirectly detected
dimension. For the MJ-HSQC method,?® the time increment for the homonuclear i
coupling evolution period is chosen to be a suitable multiple 2N x #;) of the
corresponding increment for "N chemical shift evolution. This results in the
splitting of the HSQC correlation in the F1 dimension by 2N x 3J(HNH*) and
then allows direct observation of the *J(HYH") coupling constants. Compared to
3D experiments, the MJ-HSQC method is simpler and needs shorter measurement
time but has good water suppression. However, the line broadening in the F1
dimension cannot be avoided since the | coupling evolution is incremented
simultaneously with the chemical shift evolution. So an improved method,
J-multiplied HMQC,*”*® was proposed. This method benefits from the slower
relaxation rate of heteronuclear multiple-quantum coherence. In addition, it com-
bines the incrementation periods for J-multiplication and "N chemical shift
evolution, thus reducing the length of overall pulse sequence. The favourable
relaxation properties of multiple-quantum coherence result in narrower LW in the
F1 dimension and enhanced sensitivity, which suggests that the J-multiplied
HMOQC is more suitable for slightly larger proteins than [-multiplied HSQC.

The MJ-HSQC and JM-HMQC sequences are presented in Figure 7. In the
following, we take the JM-HMQC sequence® (Figure 7B) for analysis. The pulse
sequence starts with the creation of heteronuclear multiple-quantum coherence in
the usual HMQC way. The product operator analysis®® was performed for the
HYH"N spin system and the desired terms was obtained as
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Figure 7 (A) J-multiplied sensitivity-enhanced HSQC (MJ-HSQC) pulse sequence. Narrow white
bars and wide black bars indicate 90° and 180° hard rectangular pulses, respectively. Gradient
pulses are represented by grey half-ellipses and selective 90° pulse on water resonance by a white
half-ellipse. (B) J-multiplied HMQC sequence. Water suppression was achieved using WET solvent
suppression scheme. (Source: Adapted from Refs. 26 and 27.)

{HHH; cos [N (HNH)nt1 | + HYHZH; sin [N (HVH?)wt ] cos(@xt) . (1)

The desired terms are cosine modulated by N°J(HNH*)nt in the F1 dimension,
where N denotes the multiplication factor of J]-modulation, which can be any
positive number. Therefore, the measurement of small | coupling constants can
benefit from this J-modulation. This method was tested with human ubiquitin (16
residues, 8.6 kDa) (VLI Research).”” From the result (Figure 8), we can see that the
small | couplings which are usually covered by the natural LWs can be well
resolved. The [-multiplied HSQC (MJ-HSQC?*%) and HMQC approaches are
more suitable for the measurement of small | couplings in small proteins.

3.2. J-scaled COSY

Two-dimensional homonuclear correlated spectroscopy (COSY), which was
firstly proposed by Jeener,”' was widely applied in the fields of chemistry and
biology. Its pulse sequence is n/2—t;—n/2—t,, where t; and t, are evolution and
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spectrum obtained using JM-HMQC pulse sequence with 32 scans per FID. (Source: Adapted from
Ref. 27.)
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Figure 9 (A)J-scaled COSY pulse sequence, (B) J-scaled SECSY pulse sequence. (Source: Adapted
from Refs. 30 and 31.)

detection periods, respectively. When the resolution of the COSY spectrum is
poor, the | coupling constants cannot be well recognized. Two J-scaled pulse
sequences based on COSY? and spin echo resolved spectroscopy (SECSY)™
were developed to scale up | coupling constants. The pulse sequences are
shown in Figure 9. J-scaling is achieved in the F1 dimension. This is useful for
the observation of small | coupling constants.

For scheme A, the scaling factor (SF) for | coupling constants is 14-2x, and for
LWs is 14+2xT,*/T,, where T, is the intrinsic transverse relaxation time, and T,* is
the transverse relaxation time including the effect of field inhomogeneity.>' Since
T,* is always smaller than T,, the SF for LWs is smaller than that for | coupling
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Figure 10 Parts of two-dimensional NMR spectra for identical portions acquired from a mixture
of oligonucleotides using normal COSY (A) and J-scaled COSY (B).J values were scaled by a factor
of two in (B). (Source: Adapted from Ref. 31.)

constants. Therefore, the resolution will be enhanced. For scheme B, t = xt; /2. The
SF for | coupling constants and LWs are 14+2x and 1+42xT,*/T>, respectively.30
This is similar to the case of scheme A. Thus, the sensitivity is also enhanced. The
SF for | coupling constants should be selected optimally so that the separations
between peaks get enhanced and the overlap of peaks along the F1 dimension is
avoided as far as possible. It is noted that for both schemes, spin systems evolve
only under the influence of | coupling Hamiltonian in the evolution time other
than t;, and are not affected by the Zeeman Hamiltonian.

Figure 10 shows a comparison of the spectra obtained from the pulse
sequences of normal COSY and J-scaled COSY, respectively. It can be seen that
the spectrum in Figure 10B has higher resolution than that in Figure 10A. The
spectrum of cytosine shown in Figure 11 was obtained using the J-scaled SECSY
with a SF of 9. The effect caused by J-scaling can be clearly seen from the
expansion of a peak (Figure 11).

4. J-SCALED IMQC SPECTROSCOPY IN INHOMOGENEOUS FIELDS

All the techniques mentioned above provide various ways for different spin
systems to extract small | coupling information in homogeneous magnetic fields.
In the circumstances where the magnetic field homogeneity is degraded or the
testing objects are subject to intrinsic variation in magnetic susceptibility over the
sample volume and among various structural components, line broadening due to
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Figure 11 J-scaled SECSY spectrum of cytosine (an AX spin system) with a J scaling factor of 3.
(Source: Adapted from Ref. 30.)

inhomogeneous field would lead to severe signal overlap and loss of fine spectral
features, which precludes the NMR spectral analysis and hampers the accurate
determination of small | coupling constants. To overcome this problem, some
methods combined iMQCs with J-multiplication were proposed. It can be applied
to obtain accurate small | coupling constants in inhomogeneous fields since
iMQCs are intrinsically insensitive to magnetic field inhomogeneities and the
measurement of small | coupling constants benefits from the J-multiplication.

4.1. Origin of J-scaled iIMQC spectroscopy

iMQCs caused by long-range dipolar interactions among spins in different mole-
cules have generated tremendous interests.®”””” When two RF pulses separated by
a time interval was applied to a highly polarized spin system, multiple iMQC
signals were observed in the presence of magnetic field gradients.®*** Nowadays,
the pulse sequences for creating iMQCs are mostly based on COSY Revamped
with Asymmetric Z-gradient Echo Detection (CRAZED).*® They usually contain
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pulse field gradients or background magnetic field gradients that modulate the
transverse magnetization into a helical structure. Two superficially quite different
frameworks, classical DDF treatment®*®® and quantum-mechanical density
matrix treatment,®* can be applied to analyze the iMQC phenomena. Although
the classical and quantum-mechanical treatments are based on totally different
physical mechanisms, they both lead to same predictions for the signals derived
from the pulse sequences. Taking the intrinsic properties, iMQCs have been
applied in many important fields, ranging from NMR spectral editing to magnetic
resonance imaging (MRI).”**” High-resolution NMR spectroscopy in inhomoge-
neous fields based on iMQCs is one of the most important applications. Since
intermolecular dipolar interactions are effective within the range of 10-100 um, far
smaller than a typical sample dimension, it is intuitively attractive to apply
iMQCs to NMR spectroscopy in inhomogeneous fields. The main advantage of
iMQC methods lies on its ability to detect identical interactions for different spin
groups in a molecule, therefore simultaneously retaining all desired spectral
features. Many pulse sequences have been proposed. Warren and co-workers
proposed some sequences based on intermolecular zero-quantum coherences
(iZQCs): HOMOGENIZED (HOMOGeneity Enhancement by Intermolecular
ZEro-quantum Detection),”® composite CPMG-HOMOGENIZED,® and ultrafast
iZQC 2D spectroscopy technique.’’ Our group proposed iDQF-HOMOGE-
NIZED?® based on iZQCs, and IDEAL®® (Intermolecular Di?olar—interaction
Enhanced All Lines, also referred to as IDEAL-I) and IDEAL-II*' based on inter-
molecular double-quantum coherences (iDQCs), and iSQC-JRES. All these
approaches”®#1% can retain useful spectral information, and the apparent |
coupling constants remain the same value as conventional | coupling constants
except for the IDEAL-I and IDEAL-II, from which the apparent | coupling con-
stants are magnified by a factor of 3 relative to the conventional | values. However,
they are still unable to identify fine structures when the spectrum is crowded
and/or when the | coupling constants are smaller than spectral resolution.
Inspired by these iMQC schemes, two J-scaled iMQC sequences, J-scaled
iMQC-1* and JSIS,*® were proposed to permit the achievement of apparent
homonuclear | coupling constants with a SF variable in a large range while
retaining all the high-resolution spectral information of chemical shifts, multiplet
patterns, and relative peak areas from liquid samples under inhomogeneous
fields. They allow accurate measurement of small | coupling constants no matter
the magnetic field homogeneity is perfect or not. Both sequences were designed
based on the iMQC 2D acquisition with three evolution periods. The apparent |
coupling constants with a SF can be obtained from the 1D projection spectrum. For
the J-scaled iMQC-1 sequence shown in Figure 12A, three gradient pulses with an
area ratio of 2:1:4 are used to select the coherence transfer path 0—+1—+2——1
during the evolution periods. The variable m is limited in the range of 0 <m < 1/2
and controls the SF value from 3 to infinity. Three selective RF pulses are used to
excite solute spins, solvent spin, and solvent spin, respectively. In practice, the
requirement for accurate selective excitation, especially for solute spins, is usually
hard to achieve. Therefore, the results may suffer from reduced signal intensity
and artifacts, which imposes an obstacle for the potential practical application of
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Figure 12 J-scaled iMQC pulse sequences. (A) J-scaled iMQC-1 sequence; (B) JSIS sequence.
Full vertical bars stand for non-selective RF pulses, Gauss-shaped pulses are solvent- or solute-
selective, and dash rectangles represent coherence selective gradients. (Source: Adapted from
Refs. 32 and 33))

the sequence. The JSIS sequence shown in Figure 12B overcomes this problem and
makes the iMQC J-scaling technique more applicable for practical samples. More-
over, the SF can vary from zero to infinity, more flexible than the J-scaled iMQC-1
sequence. For the JSIS sequence, there are still three indirect evolution periods,
and each involves a pulsed field gradient. The gradient pulses with an area ratio of
2:1:4 select the coherence transfer path of 0—+2—+1——1. Only a solvent-selec-
tive pulse is used in this sequence. The variables « and f are limited in the ranges
of « > 0 and > —1.5a. The constant t is set to zero and (a+ f3) is confined to 1/2
when f is not smaller than zero. When f is smaller than zero, the minimum value
for t is — pt;™**. Similar to other iMQC high-resolution approaches, the funda-
mental requirement of the J-scaled iMQC approaches is that one component of the
sample (e.g. solvent) should contain a concentrated proton density in order to
create a DDF for iMQC signals. This requirement may limit the effects of J-scaled
iMQC approaches in some samples. However, solution state chemical or
biological samples usually contain concentrated solvent, which provides a natural
DDF source for the application of the sequences. In the following, the theoretical
analysis of the J-scaled iMQC sequences is presented.

4.2. Theoretical analysis of J-scaled iIMQC pulse sequences

The quantum-mechanical density matrix treatment is applied to analyze the |
coupling magnification mechanism of the J-scaled iMQC pulse sequences.
A homogeneous liquid mixture consisting of an AX spin-1/2 system of S compo-
nent (including Sy and S; spins with a scalar coupling constant Ji;) and a single
spin-1/2 system of I component is considered. It is assumed that I spin
(corresponding to solvent) is abundant and S spin (corresponding to solute) is
either abundant or dilute. Assume that w,, is the frequency offset of spin m (m = I,
Sk, S)) in the rotating frame in the absence of field inhomogeneity, and AB(r) is the



172 Zhong Chen et al.

field inhomogeneity at position r. The frequency offset, Q,,, of the spin m in the
inhomogeneous field, Q,, is given by

Qu(r) = oy +9-AB(r), m=1,5, 5, (2)

where 7 is the gyromagnetic ratio of the nuclei. Equation (2) suggests that the
magnetic field inhomogeneity causes a shift of angular frequency from the reso-
nance frequency w,,. For simplicity, the effects of radiation damping, diffusion,
and relaxation are ignored, and the CSGs are applied along z direction. The
expression for the signal from S spin after the JSIS sequence is deduced to be:*?

1 Ns N;

off = — giZZsk; sin[1.5D;;(aty + 2Bt1 + 2t + t2)] cos[nfia(2ats + 2Bt + 2T + to)]
i=1 j=1

e i[-otto(n)] gl [ﬂy (n)} Qs ()]
(3)

where Ng and Np are the molecular numbers of the S and I components, respec-
tively. ¢(r;) =7Gds; and ¢(r;) =yGds; are the phases accumulated at positions r; and
rj due to the first CSG, where s; and s; are the locations of the ith S; spin and the jth
I spin along the gradient direction s, respectively.

M 7R
Y 47141’2“1],

(1 -3 c03205ki[7,)

is the residual intermolecular dipolar coupling constant, in which g is the vacuum
permeability, s ;i is the distance between the Sy; spin and the I; spin, and 05, j; is the
angle between the Sy; and I; internuclear vector and the static magnetic field. Since D;;
is very small in wusual cases, we have sin[1.5D;(at;+2ft+21+1)]~
1.5D;j(aty +2t1 + 21 +t5) when 1.5D;i(aty + ft1 + 21+ t;) < 1. Therefore, Equation (3)
can be simplified to

3. SN
Oeff = — E1(0(1‘1 +2ft; + 27t + tz)ZZSIQD,-j cos[nfi(20t1 + 2Pt + 21 + t2)] W
i=1 j=1 4

e [-otto(n)] ! [QI,- (’f):| e, ()]

For simplicity, we only consider the case of an isotropic sample in a small
linear inhomogeneous magnetic field along the CSG direction. We then have
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where f’l‘—a is the reciprocal of Boltzmann factor; t1=1/ (yueMy)) is the dipolar
demagnetizing time, in which M,' is the magnetization of I spin at equilibrium
state, and A, = |3(5-2)* — 11 /2.

Equation (5) provides a quantitative description of consequential apparent |
coupling constants. It shows that the centers of intermolecular cross-peaks in the
resulting 2D NMR spectrum locate at (xw;—7nfu(20+2p), ws +nfi) and
(acor+ )2 +2p), ws, — i), respectively. If the frequency offset of I spin is set
to zero, that is, w;=0, the intermolecular cross-peaks between I and S spins will
centre at (— /(200 4-2f), ws, +fx) and (n]i(20 +2p), ws, — nfi). In inhomogeneous
fields, due to the broadening of spectral peaks along both F1 and F2 dimensions,
all the peaks appear as separate streaks along the direction ¢ =arctg(«), where ¢ is
the angle of spectral peaks with respect to the F2 axis. When the streaks are
projected onto the F2 dimension after a counterclockwise rotation of n/2—¢ degree
(this rotation transforms the data matrix (w, w1) to [wa—(ctgd)w1, wq]), a high-
resolution 1D spectrum can be obtained. The apparent | coupling constants are
scaled by a factor of

SF =3+28/a 6)

It can be noticed that the SF of apparent ] coupling constants is determined by
the variables « and . When o > 0 and —o > § > —1.50, the SF is in the range of
0and 1. When o > 0 and 0 > f§ > —u, the SF is in the range of 1 and 3. When « >
0 and f > 0O, the SF is in the range of 3 and infinity. The SF variable from 1 to
infinity provides an effective and flexible way for accurate measurement of small |
coupling constants.

Similarly, the expression for the signal from S spin using the J-scaled iMQC-1
sequence can be given as:

Oeff = (0.5ti6+‘[ét2)As (FI;_I)I) Mgk {efl‘[m(()]fn]kl][l ei(wsk+ﬂ]k1)i’2 + efi[u)pHI]kl]tlei(v)skfﬂ]kl)tz}

(7)

Equation (7) shows that the centers of intermolecular cross-peaks in the result-
ing 2D NMR spectrum locate at (mw;—nji, s +nfiy) and (mow;+ nfi, ws,—nfu),
respectively. If the frequency offset of I spin is set to zero, the intermolecular cross-
peaks between I and S spins will centre at (— 7y, ws, +7Jiy) and (1], ws, — 1]i). In
inhomogeneous fields, due to the broadening of spectral peaks along both F1 and
F2 dimensions, all the peaks appear as separate streaks along the direction
¢ =arctg(m), where ¢ is the angle of spectral peaks with respect to the F2 axis.
The apparent | coupling constants can be obtained withaSF=1+1/m (0<m <1/
2) when the streaks are projected onto the F2 dimension after a counterclockwise
rotation of ©/2—¢.

According to the above analysis, J-scaled iMQC pulse sequences are based on
the 2D acquisition. A 1D high-resolution projection spectrum can be obtained from
the 2D spectrum after a specific counterclockwise rotation. Although all the signals
suffer from the inhomogeneous broadening along the F1 and F2 dimensions, the
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spectral information can be preserved in the 1D projection spectrum. Moreover, the
apparent ] coupling constants in the 1D projection spectrum can be obtained with a
SF. An accurate measurement of small | coupling constants can be achieved by
adjusting m or o and f to appropriate value(s). In the following, two experiments
are presented to illustrate the capability of J-scaled iMQC sequences in accurate
measurement of small | coupling constants.

4.3. Results of J-scaled iIMQC spectroscopy

Experiments were performed at 298 K using a Varian NMR System 500 MHz
spectrometer with a 5 mm indirect detection probe with three-dimensional gradi-
ent coils. The experimental results of a sample of mixture of methyl ethyl ketone
(MEK, CH3COCH,CHj3, solute) and cyclohexane (CgH,, solvent) with about 20%
(by volume) acetone-dg are presented in Figure 13 to show the ability of the JSIS
sequence in scaling the | coupling constants. The experimental results of a sample
of histidine aqueous solution are presented in Figures 14 and 15 to show the
ability of the J-scaled iMQC-1 sequence in the measurement of small | coupling
constants.

For the sample of the mixture of MEK and cyclohexane, a conventional 1D
spectrum in a homogeneous magnetic field was first acquired (Figure 13A). The
magnetic field was then intentionally deshimmed to produce a LW of ~30 Hz
(phased mode). The resulting 1D spectrum is illustrated in Figure 13B. In the same
inhomogeneous field, 2D spectra were acquired. The « and ff were setto 1/6,1/4,
1/4,1/3 and —1/4, —1/4, —1/8, 1/6, respectively. Their 1D projections onto the
F2 dimension are shown in Figure 13C-F, respectively. The corresponding
simulated spectra are shown in Figure 13C'-F". Compared to Figure 13A, the |
splitting distances are 0- (completely decoupled), 1- (unchanged), 2- and 4-fold
magnified in Figure 13C-F and Figure 13C'-F, respectively, in good agreement
with the theoretical predictions. A magnification of | splitting distances allows
more accurate measurement of small | coupling constants. This, however, also
aggravates overlap of spectral peaks in strongly coupled systems. Therefore, a
proper SF is required for different systems.

For the sample of histidine aqueous solution, the conventional 1D high-reso-
lution spectrum acquired in a well-shimmed field and the 1D spectrum acquired
in an inhomogeneous field of about 30 Hz LW (phase mode) are shown in
Figure 14A and B. There are five multiplets in the conventional spectrum (denoted
as A, B, C, D, and E in Figure 14A). Scalar couplings exist between A and B, B and
D,Band E, Cand D, Cand E, and D and E. The coupling constants Jag, Jgp, /sE are
small, while Jcp, Jcg, JpE are large. The small | coupling constants usually cannot
be obtained from the conventional high-resolution spectrum in well-shimmed
fields, to say nothing of in inhomogeneous fields. The results from the J-scaled
iMQC-1 pulse sequence with SF = 11 in an inhomogeneous field are shown in
Figure 15. We can see that the small | couplings Jag, /p, /e can be well resolved
from this spectrum since all the apparent | coupling constants are magnified to 11
times. The | coupling constants are measured as Jap = 1.38 Hz, Jgp = 1.09 Hz, and
Jse = 0.91 Hz.
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Figure 13 1D 'H NMR spectra of the mixture of methyl ethyl ketone (CH;COCH,CH;) and
cyclohexane (C4Hy,). (A) Conventional 1D high-resolution spectrum acquired in a well-shimmed
field, (B) 1D spectrum acquired in an inhomogeneous field of about 30 Hz linewidth, (C)—(F)
accumulated projections onto the F2 dimension acquired from JSIS sequence. (C')—(F') Are
simulation results corresponding to (C)—(F). (A) and (B) are displayed in phase mode, while (C)—(F)
and (C')—(F') are absolute-valued projection spectra. Insets are magnified in both vertical and
horizontal directions. Expansion factor is the same when expanded regions are from the same
spectrum. (Source: Adapted from Ref. 33.)

4.4. Influence of scaling factor on the linewidth

The LWs in the spectra acquired from the J-scaled iMQC pulse sequences are
related to the SF. In general, the LW in the indirect dimension of an iMQC
spectrum depends on several factors, including transverse relaxation time T>,
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Figure 14 1D 'H NMR spectra of histidine aqueous solution. (A) Conventional 1D high-resolution
spectrum acquired in a well-shimmed field, and (B) 1D spectrum in an inhomogeneous field of
about 30 Hz linewidth (phase mode). The peaks marked by * are truncated due to their strong
intensities. Insets are magnified in both vertical and horizontal directions. The structure of
histidine is shown in the block on the top left. (Source: Adapted from Ref. 32.)

background inhomogeneous field, diffusion and dipolar field. However, it is
difficult to obtain an exact expression for the LW when all these factors are
considered. Assuming that the inhomogeneous field is completely refocused by
DDF and the effects of diffusion and dipolar field on signal amplitude can be
neglected, here we make a simple analysis by considering only the effect of
transverse relaxation attenuation during the JSIS sequence with SF > 3. It is
noted that the dependence of iMQC signal attenuation on indirect evolution
time t; and T, is different from that of the conventional SQC signal in the cases
of inhomogeneous fields.?® For the JSIS sequence, the echo forms at (304 2f)t;. The
LW in the indirect dimension would be proportional to

LW  [(3x + 2B)Ro° + aRy'] (8)

where R, is the transverse relaxation rate, the reciprocal of T,. As we have
mentioned in the above section, the streaks tilt with an angle ¢ relative to the F2
axis. After the streaks have been rotated counterclockwise, the LW along the F2
axis which we are more concerned about is

LW  [(3 +2B/a)Ro° + Ry'] 9)
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Figure 15 2D 'H NMR spectra of histidine aqueous solution using the J-scaled iMQC-1 pulse
sequence with m =1/10 in the same inhomogeneous field as Figure 11B. (A) Experimental spectrum,
(B) sheared spectrum of (A) after a counterclockwise rotation of 84.29°. Regions A, B, C, D, and E
are magnified in both vertical and horizontal directions in both (A) and (B). (Source: Adapted from
Ref. 32))

The ratio between the increased normalized SF and the LW, which we define
as increased resolution (IR) is then

B SF / reference SF
~ linewidth / reference linewidth

(10)

It can be seen that IR increases with the increase of SF. Therefore, the spectral
resolution will increase consequently without overlap of spectral peaks. Note that
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the IR increases rapidly at small SF and increases slowly at relatively large SF
according to both theoretical data and experimental results. However, the signal-
to-noise ratio (SNR) of the iMQC signals from the [-scaled iMQC pulse sequences is
still much lower than that of conventional SQC signals, which may limit the practical
application of these sequences. Improvement of the pulse sequences and optimiza-
tion of the experimental parameters are still necessary for practical application.

5. CONCLUSION

Conventional 2D J-resolved spectroscopy provides hyperfine pattern for the
J-coupled spin systems. However, it does not allow accurate determination of
small | couplings since the spectral window along the J-dimension is limited by
the widest multiplet pattern, which lowers the necessary spectral resolution for
the small ] couplings. To obtain small | coupling information, many NMR spectral
editing techniques have been proposed. Selective J-resolved spectroscopy can
overcome the resolution problem in | coupling dimension by selectively exciting
the interested spin pair, thus providing a promising way for accurate measure-
ment of small | couplings. The SSnQ-/-resolved spectroscopy can simplify the
complex spectral information and provide the accurate information of small |
couplings by exciting the interested spin states. However, it is impossible for these
two techniques to obtain all the small | coupling constants in a sample from a
single experiment due to the selective excitation. Based on the manipulation of
evolution periods, J-multiplied HSQC and HMQC methods and J-scaled COSY
are capable of yielding a spectrum with magnified apparent | coupling constants,
which is useful for the accurate measurement of small | couplings. Combined J-
multiplication with iMQCs, J-scaled iMQC pulse sequences were designed for the
accurate measurement of small | coupling constants in inhomogeneous fields,
which possess bright perspective in the detection of in vivo metabolites with small
J couplings. However, the intrinsic low SNR is an obstacle for the practical
application of J-scaled iMQC approaches. The SNR may be enhanced by combi-
nation with the dynamic nuclear polarization (DNP) technique.”®*” Since there is
not a method suitable for all kinds of situations, the existing methods play a
complementary role in the accurate measurement of small | couplings.
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Abstract Driven both by technological and methodological advances, major progress

has been made over the past decade in improving the quality of 'H NMR
spectra in the solid state. Traditionally high-resolution solid-state 'H NMR
involved specialised and often challenging techniques, but the advent of fast
magic-angle spinning (MAS) probes, higher magnetic fields, and RF decoupling
schemes that complemented, rather than competed with, MAS has consider-
ably simplified the task of obtaining useful 'H spectra from solids. After
introducing the factors that determine resolution in 'H NMR and the
approaches used to narrow 'H linewidths, the relevant literature over the past
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decade is reviewed. The final section presents a selection of applications,
highlighting the different areas to which resolved 'H NMR spectra can now be
applied.

Key Words: 1-H, Solid state, Resolution, Decoupling, Magic-angle spinning,
Materials.

1. INTRODUCTION

While 'H NMR is the cornerstone of solution-state NMR spectroscopy, the infor-
mation content of "H NMR spectra of organic solids is usually limited, and most
studies focus on '*C NMR, despite its much lower overall receptivity. This is
essentially due to the strong dipolar interactions between the abundant 'H nuclei,
which are efficiently averaged out in the solution state by rapid isotropic tum-
bling. In solids, the dipolar couplings experience little motional averaging, and the
multiple, strong couplings between the different 'H nuclei result in broad and
featureless lines, typically about 50 kHz wide. Although *C nuclei in the solid
state are also affected by anisotropic interactions, such as the heteronuclear
couplings to 'H and the chemical shift anisotropy (CSA), these interactions (or
more precisely their effects on spectral resolution) can be efficiently suppressed by
the combination of heteronuclear decoupling and magic-angle spinning (MAS).

Nevertheless, considerable progress has been made towards achieving high-
resolution 'H spectra from solid materials. After introducing the different strategies
that have been used to improve 'H spectral resolution, the relevant literature over
the past decade is reviewed, and a selection of literature examples of the use of
resolved 'H spectra to different chemical problems presented.

1.1. Origins of linewidths in 'H solid-state NMR spectra

The factors that determine resolution of NMR spectra can be divided into ‘inho-
mogeneous’ and ‘homogeneous’ factors. The homogeneous linewidth is the
intrinsic linewidth associated with an idealised isolated resonance, while inhomo-
geneous factors modify the effective NMR frequency, leading to a broadening of
the overall lineshape. A spin—echo experiment (largely) distinguishes these fac-
tors, as only inhomogeneous contributions are refocussed by the echo. Note that
this separation is not so clear cut if the homogeneous linewidth contains ‘mixed’
terms, for example, cross-terms between the dipolar and CSA interactions; the
decay observed in the spin—echo experiment may then not perfectly correspond to
the homogeneous linewidth in the NMR spectrum.

In the case of isolated molecules tumbling in isotropic solution, the inhomoge-
neous line-broadening is purely determined by instrumental factors, and can be
reduced to less than the relaxation-limited linewidth. In contrast, inhomogeneous
distributions of NMR frequencies are almost inevitable in solid-state NMR, and
these often prove to be the limiting factor on resolution. For example, the
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impressive resolutions that now can be achieved in *C NMR of microcrystalline
protein samples are in large part due to developments in sample preparation
techniques leading to higher quality microcrystals (see, for example Ref. 1). Such
good crystallinity ensures that equivalent sites in an individual crystallite have the
same NMR frequency. This is not, however, sufficient to eliminate inhomoge-
neous line-broadening since susceptibility variations mean that the local magnetic
field within different crystallites may not be identical, leading to a broadening of
the NMR lineshape. These susceptibility effects are not fully averaged by MAS,*
and the anisotropy of the sample’s bulk magnetic susceptibility (ABMS) can often
be limiting factor on spectral resolution for powdered solid sample. For example,
amongst systems we have examined, ABMS is the dominant contribution to the
'9F linewidth (at about 1 ppm) in octafluoronaphthalene® and to the "H linewidth
in hexamethylbenzene.” Density functional theory (DFT) calculations of the mag-
netic susceptibility tensor suggest that ABMS is the dominant line-broadening
mechanism in diverse systems such as the small molecule drug, terbutaline
sulphate,® malonic acid,” as well as inorganic phosphates.'” Fortunately many
important systems are less affected by ABMS broadenings, and inhomogeneous
broadenings of 0.2 ppm or less have been reported in several solid-state NMR
studies of proteins.'"'* Nevertheless, given the limited shift range of '"H NMR,
even 0.2 ppm of broadening represents a significant limitation on resolution.

In the case of 'H solid-state NMR, however, the inhomogeneous contribution to
linewidth is usually dwarfed by the homogeneous linewidth due to the homonu-
clear 'H dipolar couplings. Unfortunately MAS is only moderately effective in
averaging out these couplings. MAS is most effective for interactions such as the
CSA or (first order) quadrupolar coupling, where the lineshape breaks up under
MAS into sharp spinning sidebands (whose linewidth is determined by inhomoge-
neous factors). Corresponding behaviour is also observed for dipolar couplings
between isolated pairs of spins. However, the homonuclear dipolar coupling Ham-
iltonian between one pair of spins, say A and B, does not commute with coupling
Hamiltonian involving a third spin (e.g. A and C). As discussed by Maricq and
Waugh,' this failure of different coupling terms of the Hamiltonian to commute
means that the spin dynamics do not refocus over a rotation cycle (except for special
geometries in which all couplings share the same principal axis system). Instead, the
rotor echoes decay in intensity and the spectrum is correspondingly broadened. In a
confusing overlap with the terminology used for lineshape contributions, Hamilto-
nians which do not commute over the rotor cycle in this way are termed ‘homoge-
neous’, while the Hamiltonians for single-spin interactions (such as the CSA and
quadrupolar coupling) or couplings between heteronuclei are termed ‘inhomoge-
neous’. In contrast to the spinning sidebands associated with inhomogeneous
Hamiltonians, the sidebands in MAS spectra of systems with homogeneous Hamil-
tonians narrow with increasing spinning rate. However, the linewidth only
decreases as the inverse of the spinning rate, and very high MAS rates are required
to achieve substantial narrowing. Nevertheless, fast MAS is proving a viable
approach to high-resolution "H NMR, as discussed in Section 2.

The factors determining 'H resolution under MAS have been extensively
analysed by Zorin et al,” and investigated experimentally in peptide'' and
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molecular organic solids.” The homogeneous 'H linewidth, determined from
spin—echo experiments, is found to be fully determined by the dipolar coupling
network, which can be effectively parameterised in terms of the effective coupling
strength and geometrical factors. The effective coupling strength for a given spin,
j, is determined by the root-sum-square coupling to its neighbours,'* k:

drss.j = Zdjzk (1)
k7

While the details of the spin dynamics depend on the magnitude of the
individual couplings, dj, and the relative orientations of their tensors, d.s sets
an effective scaling factor. Specifically, the linewidth as a function of spinning rate
follows the relation:

4>
FWHM ~ G-, (2)

Or
where v, is the MAS rate, and G is a dimensionless coefficient that depends on the
geometry of the coupling network. This relationship is illustrated in Figure 1,
which shows how data from systems with similar ‘geometries’ but very different
coupling strengths can be superimposed when d, is used as a scaling factor. The
slope of the plotted of (scaled) linewidth versus (scaled) MAS rate, which corre-
sponds to G in Equation (1), is largest for geometries with clear 3D character and
becomes very small for quasi-one-dimensional systems (corresponding to the
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Figure 1 Plot of homogeneous 'H linewidth as a function of MAS rate for a number of 'H
resonances, normalised by the root-sum-square coupling for the different sites. The linewidth
scales inversely with spinning rate, with the constant of proportionality depending on the local
network geometry. Plot adapted from results published in Ref. 7.
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special case of a common principle axis system referred to above). Note how
different G values may be observed for different resonances in the same system,
depending on the nature of local coupling network, for example, the acid proton
versus the CH, resonance of malonic acid.

The homogeneous nature of the Hamiltonian for a network of homonuclear
dipolar couplings means that the problem of 'H linewidths is intrinsically a multi-
spin one. However, the spin dynamics can still be calculated exactly, provided a
large enough spin system can be simulated. Figure 2 compares an experimental
'H spectrum of adamantane under MAS with the results of a simulation involving
a system of nine spins whose geometry and d,s; was matched with that of
adamantane. Periodic boundary conditions and an artificial geometry were used
in order to have a good model for the infinite lattice of the real system. The quality
of agreement is remarkable considering the idealised nature of the simulated
network and the absence of free parameters. While this nine-spin model works
well for the simulation of the normal single-quantum (SQ) spectra, it will clearly
be less satisfactory for predicting the dynamics of higher-order coherences; Ref. 15
and references therein discuss this distinct problem.

It is important to emphasise that the continuous spectra shown in Figure 2 are
the sum of a very large number of individual transitions, and are not simply
broadened versions of idealised spinning sideband manifolds. It may be conve-
nient to describe the evolution of the 'H magnetisation in a dipolar network in
terms of “spin diffusion’, but diffusion rates and ‘T, times’ extracted from coupled
systems are phenomenological quantities. The decay of initial transverse magne-
tisation results from a coherent spreading out into the large ‘phase space’ of
accessible zero-quantum coherences, rather than a true (incoherent) relaxation
process. The task of achieving high-resolution 'H spectra is to manipulate the spin
dynamics, for example, by spinning and/or RF irradiation in order to slow down
this dephasing.

Simulated

Experimental

10 5 0 -5 -10
H frequency / kHz

Figure 2 Experimental and numerically simulated 'H spectra of powdered adamantane spinning
at 5 kHz ("H Larmor frequency of 499.7 MHz). Note the slight asymmetry of the spinning sidebands.
Simulation details are given in Ref. 7.
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1.1.1. Rotational resonance

Provided the sites involved are coupled, ‘rotational resonance’ effects are observed
when spinning sideband of one resonance overlaps with another transition fre-
quency in an MAS spectrum. These effects were observed in Andrew’s pioneering
work on MAS,'® and subsequently analysed in detail by several research groups.
They are not typically observed in "H NMR since the high MAS rates required for
adequate resolution, coupled with the limited 'H frequency range, means that
centrebands and sidebands are unlikely to overlap. Similarly so-called ‘n = 0’
rotational resonance effects,'® associated with spins that have the same isotropic
shift but are not strictly equivalent, are rarely observed. It has been shown in
simulation that such effects are suppressed in multi-spin homogeneous systems.”
However, 'H n = 0 rotational resonance has been observed in silicate systems,17
where the 'H spins are relatively dilute. The resulting, potentially misleading,
splittings in the MAS spectrum can be distinguished from genuine frequency
differences by their sensitivity to MAS rate.

1.1.2. Orientation effects

The discussion above focusses on the overall resolution in spectra from microcrys-
talline powder samples. It is important to note that the MAS spectra from individ-
ual crystallites are not identical and will in general differ in both overall width and
centreband width.” (There will also be very small differences in isotropic shift due
to the effects of ABMS discussed above.) When considering the coupling network
for individual crystallites, it is necessary to incorporate the orientational depen-
dence of the coupling. Hence, the root-sum-square coupling qualified by crystallite
orientation, 2, becomes:

(3cos?0 — 1)d}?-k] )

d?SSJ' = Z [ 2

[

The sub-spectra and values of drss associated with different crystallite orienta-
tions are quite different, even for relahvely isotropic” distributions of spins such as
cubic lattices.”'® The 'H magnetisation will dephase more slowly for orientations
associated with weaker overall coupling strength, that is, lower d: rss,j- and the asso-
ciated spectra will also be narrower. As illustrated in Figure 3, 'H spectra acquired
after spin—echo periods of increasing duration generally show improved 'H resolu-
tion.'® Delayed acquisition, and related ‘constant time’ experiments, thus potentially
provide improved resolution at the cost of decreased sensitivity,'” and can dramati-
cally improve information content in some cases, for example, in applications to
surface-adsorbed species””*' or polymeric systems.”” Similar improvements in line-
widths have also been observed in inverse detection experiments compared to pulse-
and-acquire spectra, in which no selective dephasing is occurring.*®

11.3. Heteronuclear couplings

Finally it is worth noting that coupling to nuclei other than 'H may make a
significant contribution to 'H linewidths. Although heteronuclear dipolar cou-
plings are generally averaged out by MAS, MAS is only partially effective in
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Figure 3 'H MAS 500 MHz NMR spectra acquired as a function of total spin—echo period (21)
for powdered samples of alanine under 30 kHz MAS. The vertical scale is set so that the least-
decayed signal (here the methyl resonance) has the same height. The figures give FWHM
linewidths (to the nearest 50 Hz) for each peak in the spectra acquired with O (top) and 1.2 ms
(bottom) echo periods. Figure derived from results published in Ref. 18.

averaging out interactions with nuclei with large quadrupole moments.** Partic-
ularly at lower magnetic fields, where such second-order effects are stronger, line-
broadenin%s of resonances corresponding to hydrogens bonded to "*N are readily
observed.” N decoupling using a train of "*N pulses has recently been shown to
substantially reduce linewidths for such resonances.”® As noted in Section 2,
decoupling, for example, of "’N, may also be useful in isotopically enriched
samples.”’

1.2. Overview of homonuclear dipolar decoupling

As discussed above, MAS is much less effective for suppressing homonuclear
dipolar couplings in comparison to inhomogeneous interactions such as the CSA.
The design of so-called ultra-fast MAS modules has allowed spinning rates in
excess of 60 kHz, but this is insufficient to suppress the dipolar broadening in
typical organic solids, where static lineshapes in excess of 50 kHz are the norm.
Moreover, the very small sample volumes of the rotors required (typically a few
microlitres) make dilute spin NMR, such as '°C and "N, very challenging at
natural abundance. Hence, alternatives to MAS are often required.

In MAS, the spatial component of the NMR interactions is made time
dependent through the physical rotation of the sample, such that anisotropic
terms average out in the ‘average Hamiltonian” over the rotor period. An alterna-
tive is to use periodic RF irradiation to manipulate the spin coherences such that
the unwanted dipolar coupling terms are similarly averaged away over the period
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of the RF. There are, however, some major differences between MAS and
decoupling using RF irradiation.

In MAS, all the anisotropic interactions share the same orientation depen-
dence on 3(cos” 0 —1)/2, where 0 is the angle between the magnetic field and the
principal axis of relevant rank 2 tensor. In contrast, RF irradiation works with the
spin terms of the Hamiltonian and so scales the different NMR interactions
differently. An ideal homonuclear decoupling sequence will scale the spin term
of homonuclear coupling Hamiltonian to zero, but the averaged Hamiltonian for
spin terms such as the CSA and heteronuclear dipolar coupling will be non-zero. As
a result, RF homonuclear decoupling is generally combined with MAS in order to
average out all the anisotropic interactions. Traditionally such CRAMPS* (com-
bined rotation and multiple pulse spectroscopy) experiments have been per-
formed using spinning rates of a few kilohertz, for which the MAS period is
much larger than the period of the RF irradiation cycle. The dipolar Hamiltonian
can be assumed to be constant over the RF period in this ‘quasi-static’ limit, which
simplifies the task of devising suitable averaging sequences. Low MAS rates are
essential when employing such decoupling sequences as resonant-like effects
cause a collapse in performance when the MAS rotor period and RF cycle periods
become synchronous (see Section 3.1).

The partial averaging of the chemical shift component of the Hamiltonian by
the RF irradiation creates significant drawbacks for RF versus fast MAS-based
approaches to obtaining high-resolution 'H spectra. Writing the chemical shift
Hamiltonian in the absence of RF decoupling as H = QI,, where Q is the precession
frequency (in the rotating frame of reference), the average Hamiltonian (to first
order) will have the form

13:Q<@L+wﬂy+@L>. (4)

Note that this averaged Hamiltonian, H, does not in general contain only an fz
term (corresponding to precession about z), but usually corresponds to precession
about a tilted axis, z’. The averaged Hamiltonian in this tilted frame is

H =701, where 2 =2+ 72+ 2, (5)

where / is an effective scaling factor on the rate of precession, Q. Tilted axis
precession, illustrated in Figure 4A, significantly complicates the acquisition of
artefact-free spectra.’® Moreover, the scaling factor, /, is very sensitive to the
experimental conditions, in particular, the calibration of the RF nutation frequency
(and indeed may vary with the offset ©°'"*). Hence, the frequency scale of
CRAMPS spectra generally needs to be calibrated using a known system.

Figure 4 also illustrates different approaches used to observe the "H magneti-
sation under homonuclear decoupling. For direct acquisition (Figure 4B), the 'H
magnetisation is first tilted on to the tilted precession plane using a n/2 pulse
(with phase matching the ¢ angle describing the orientation of the precession axis
in xy so that the initial magnetisation is perpendicular to the precession axis).
The NMR signal is then acquired in gaps (‘windows’) in the RF decoupling.
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Figure 4 (A) Schematic of tilted axis precession under RF decoupling. The orientation of the
precession axis, defined by the spherical angles 6 and ¢, varies with the decoupling sequence.
(B) Schematic illustrating direct acquisition of the 'H NMR signal using ‘windows’ inserted within
blocks of windowless RF decoupling (grey blocks). (C) Acquisition under RF decoupling in the
indirect dimension of a 2D experiment.

Windowed sequences, such as WHH-4,%* contain delay periods which are suffi-
ciently long for data acquisition. In contrast, “‘windowless’” sequences involve
continuous irradiation and so acquisition windows must be inserted between
decoupling blocks (illustrated as grey blocks in Figure 4). Tilted axis precession
means that the magnetisation traces out an ellipse in the laboratory frame xy plane
(Figure 4A), which leads to quadrature errors in the spectrum (i.e. artefact peaks at
—f for each genuine signal at frequency f). Quadrature artefacts can potentially be
reduced by adding ‘tilt’” pulses either side of the acquisition, which temporarily
restore the precession plane to xy prior to detection, although such pulses have
been shown to have a deleterious effect on the decoupling.™ Better alternatives
include using phase cycling® or simply acquiring off-resonance and discarding
the half of the spectrum containing the quadrature artefacts.

Correcting for the tilted axis precession is more straightforward if homonu-
clear decoupling is used in indirect dimensions. Figure 4C shows a typical pulse
sequence for acquiring a high-resolution spectrum in f; (correlated with a normal
MAS spectrum in f,). As the decoupling is applied in a single block during t,, there
is no requirement to insert acquisition windows (or tilt pulses) in windowless
decoupling schemes. Since inserting gaps without decoupling generally degrades
performance, it is usually possible to achieve higher resolution spectra in indirect
dimensions, at the expense of significantly increased experiment time. A subtle
potential drawback of the sequence shown in Figure 4C is that the RF load (and
consequent RF heating) changes as a function of t;. Constant RF load sequences
have been proposed to improve stability and reduce t; noise.*

It is also important to note that RF irradiation is subject to various experimental
limitations that can have a significant impact on achievable resolution.**® Inho-
mogeneity of the By field means that the RF nutation rate cannot be set uniformly
over an extended sample. This affects both the quality of decoupling, but also the 4
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scaling factor; non-uniformity of 4 will directly reduce the overall spectral resolu-
tion. The impact of RF inhomogeneity on CRAMPS experiments run in the quasi-
static regime is typically minimised by constricting the sample to the central,
homogeneous region of the coil, although there is evidence that MAS can strongly
reduce the overall impact of RF inhomogeneity when used with sequences that are
compatible with moderate to fast MAS rates.”

Another RF-related feature of homonuclear decoupling experiments is the
presence of transient responses of the RF transmitter circuit to phase and/or
amplitude changes. These transient responses, which have been measured
directly and modelled for an RF irradiation scheme used for dipolar recoupling,®
can be decomposed into a component with the same phase as the desired phase,
and a ‘quadrature’ component 90° out of phase. The in-phase component leads to
finite rise and fall times for amplitude of RF pulses. This does not itself signifi-
cantly modify the spin dynamics, and the effects of the in-phase response are
effectively folded into the optimisation of the RF nutation frequency. A significant
quadrature component, however, will substantially modify the spin dynamics,
and special ‘tune up’ sequences have often been used to help minimise the
quadrature transient. The transient responses have an increasingly large impact
on the overall pulse profile as v, increases and individual pulses become shorter.
This perhaps helps to explain the why a degradation of decoupling performance is
commonly observed at very high nutation rates.”>*’ An extensive investigation of
RF transients and their effects has been reported by Vega,’! and it is also worth
noting recent efforts to actively compensate for transient effects in order to
generate more ideal pulse profiles.*!**

Given the number of features in play when RF homonuclear decoupling is
being employed, the setup and optimisation of such experiments can be non-
trivial, and a number of publications provide useful practical guides on classic
CRAMPS experiments in the context of 'F NMR,* and more recent experiments
using 'H homonuclear decoupling at higher MAS rates.’>*** It is important to
point out, however, that improvements in spectrometer technology have steadily
simplified the task of effectively employing 'H homonuclear decoupling. For
example, relative phase accuracy*® no longer needs to be adjusted. We also ignore
here so-called console delays which result in an effective lag between phase and
amplitude changes,?** as these do not appear to be significant for current spec-
trometer designs. Finally, it is important to remember that homonuclear RF
decoupling is still the approach of choice when optimal resolution is required.
Figure 5 shows the resolution that can be achieved by applying RF decoupling in
both direct and indirect dimensions compared to using fast (30 kHz) MAS.

2. HIGH-RESOLUTION 'H SPECTRA WITHOUT RF DECOUPLING

In many important cases useful 'H resolution can be obtained without RF homo-
nuclear decoupling. This is more easily achieved for systems containing relatively
dilute proton coupling networks (considered below) and/or using ‘fast’” or
‘ultra-fast” MAS rates.
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Figure 5 DQ/SQ 'H correlation experiments on a small dipeptide using (left) 30 kHz MAS, and
(right) 12.5 kHz + homonuclear decoupling (DUMBO) in both dimensions. See Section 4.3 for
discussion of DQ/SQ correlation experiments. Figure adapted from results published in Ref. 47.

The technology for ‘fast’ MAS (up to 35 kHz), based on rotors of 2.5 mm
external diameter, became available in the late 1990’s.***° Samoson and co-
workers helped to drive progress to successively smaller and faster spinning
modules.””**> Commercial MAS probes are now available, based on rotors with
an external diameter of 1.3 mm, that have specified MAS rates of up to 67 kHz.
Figure 6 shows an example of the resolution improvement that can be obtained
from such ultra-fast MAS. Although the spectrum is far from liquid like, the
different chemical sites are clearly resolved.

Fast MAS is particularly effective for samples where the coupling network is
relatively weak in comparison with the dispersion of chemical shifts. In the limit
where the difference in NMR frequencies exceeds the homogeneous linewidth,
the linewidth is expected to decrease as the inverse square of the spinning rate.”®
For example, dramatic improvements in resolution as a function of MAS rate are
often observed for paramagnetic systems (cf. Section 4.1), due to large paramag-
netic contact shifts. High static magnetic fields also spread the range of frequen-
cies and provide significant resolution improvements when coupled with fast
MAS.>** Very weak coupling networks are found in gel-like systems in which
anisotropic molecular re-orientation almost averages out the anisotropic interac-
tions. In these cases, only modest MAS of a few kilohertz is required to suppress
the residual dipolar couplings and the susceptibility broadenings due to sample
heterogeneity. Specialised HR-MAS (high-resolution magic-angle spinning)
probes were initially developed to study organic molecules tethered to polymer
beads™ but are now routinely used to obtain high-resolution spectra from tissue
samples®® and food stuffs.”” HR-MAS applications are not considered further.

A related route to obtaining high-resolution 'H spectra is to weaken the
dipolar coupling network by isotopic substitution with “H.>** As predicted on
theoretical grounds” and observed experimentally,'' proton linewidths (or rather
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Figure 6 Illustration of the improved resolution obtained using ultra-fast (60 kHz) MAS on the
'H spectrum of an organic fragment incorporated into a silica framework. Figure, which is based on
results in course of publication, kindly supplied by Anne Lesage.

their homogeneous components) are found to depend approximately linearly on the
proton density (expressed as a fraction of H sites), although the actual linewidth will
depend on the exact pattern of isotopic substitution of nearby H sites. Reducing
proton density by random isotopic substitution will naturally reduce the overall 'H
signal intensity (although this will be largely compensated by the reduced line-
width). In contrast, targeted substitution schemes can improve resolution without
significantly compromising signal intensity. For example, an effective strategy in
peptides is to make use of fully deuterated starting materials, but back-substitute
exchangeable hydrogens (i.e. mostly amide NH in the backbone) by exchange in H,O
solution. 'H spectra can then be obtained with excellent resolution from the amide
protons with only minor loss of overall intensity.””**®! Figure 7 illustrates the
resolution improvements obtained on a model dipeptide. Note that it is necessary
to apply broadband decoupling to '°N for maximum resolution, using broadband
sequences such as GARP?” or WALTZ-16,”® to remove the "°N,'H J-coupling. Addi-
tional gains in resolution (at the cost of sensitivity) have been obtained using H,O/
D,O mixtures for the back-substitution and so diluting the 'H coupling network
further, with 'H linewidths of less than 20 Hz reported.12 Recent work has investi-
gated the optimal conditions for the best overall resolution and sensitivity.* Alter-
native targeted substitution strategies for high-resolution "H NMR have also been
proposed that do not involve exchangeable hydrogens.*>*

Finally it is worth noting alternative strategies to motional averaging. For
example, the particles in colloidal suspensions may be sufficiently small that
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Figure 7 Enhanced resolution of exchangeable H sites obtained using deuterated peptides
followed by back-substitution of 'H. Figure based on results published in Ref. 60.

motional averaging leads to liquid-like spectra even though the NMR spectrum is
of the solid material.® The difficulties of obtaining colloidal suspensions from
general materials, however, limit the generality of this approach. Mounting a
?olymer sample on a piezoelectric oscillator plate has been shown to reduce
H NMR linewidths,*® although the reductions were very modest in comparison
to those achievable by MAS.

3. HIGH-RESOLUTION 'H SPECTRA USING RF DECOUPLING

As discussed above, the best possible 'H resolution for typical rigid solids at natural
isotopic abundance is obtained using RF homonuclear decoupling, and considerable
work has been done in the past decade to improve experimental methodolog
and understand the issues involved in obtaining high-quality 'H spectra.®>*’
"H homonuclear decoupling is also important in other classes of experiments, such
as Separated Local Field experiments to measure dipolar couplings involving
"H nuclei,®”° but these other applications are not considered here.

3.1. General considerations

Before discussing individual RF decoupling sequences, we review recent literature
covering theoretical methods and the general principles involved in analysing
homonuclear decoupling sequences. The mechanics of the theoretical tools avail-
able have been discussed in detail by Vinogradov et al.”” and only the key results
are presented here. The focus is on decoupling schemes that are suitable for
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moderate to fast MAS, which accounts for a large majority of solid-state NMR
studies; ‘classic’ CRAMPS sequences designed for static or very slowly spinning
samples such as BLEW-127" and BR-24" are much less effective under these
conditions. It is, however, worth noting the more recent MSHOT”®>7* and EMSL-
30 sequences,”” which are designed for static or quasi-static applications. As well
as being highly compensated, these sequences have the desirable property that the
effective spin-lock axis is aligned along the z-axis, eliminating the problems
associated with titled axis precession discussed in Section 1.2.

3.1.1. Design of homonuclear decoupling sequences for use under MAS

The traditional tool for the design and analysis of homonuclear decoupling
sequences has been average Hamiltonian theory (AHT).*®*”®”7 AHT was key to
the development of decoupling sequences for the quasi-static regime, from rela-
tively simple sequences such as WHH-4 to elaborate, ‘supercycled” sequences
such as BR-24.7 This allows AHT to be used in a sequential fashion, that is, first
evaluating the average Hamiltonian over the shorter timescale (of the RF), and
then including the effect of the sample spinning. Under faster MAS the cycle times
for the RF decoupling and sample rotation become similar, and it is no longer
possible to decouple the timescales in this way.

Sequences intended to be used outside this quasi-static regime fall into one
of two categories: those that are explicitly synchronised with MAS, with AHT
being applied over the complete RF + spinning cycle, and non-synchronous
sequences where more complex analytical tools, such as bimodal Floquet theory
are required (see below). Levitt and co-workers have developed a useful formal-
ism for the analysis of RF pulse sequences which involve explicit synchronisation
of RF and rotation periods and which are based on a repeated phase-incremented
pulse sequence element. A given sequence is characterised by a set of ‘symmetry
numbers’; XN/ denotes a basic element, X, that is repeated N times over x rotor
periods, with a phase increment of 27y /N. It is possible to select for and select
against different NMR interactions in the final average Hamiltonian by appropri-
ate choice of symmetry numbers. Although not in itself predictive of performance,
this formalism provides a useful categorisation for rotor-synchronised sequences.
For example, a semi-windowless WHH-4 sequence repeated four times per rotor
period”® would be classified C4{, where the C (‘cycle’) indicates a base sequence
with a net 0° rotation.

3.1.2. Analysis of homonuclear decoupling using Floquet theory
Many of the most widely applied homonuclear decoupling sequences are, however,
not synchronised with rotation period. In the absence of a common repeat period, it
is necessary to use some form of Floquet theory to analyse the spin dynamics.

In cases involving sample spinning alone, the Hamiltonian can be expressed as
a simple Fourier series:

2
H(H) = 3 Hye, (6)

n=-2
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where the range of index n is appropriate for rank 2 spatial tensors, and w, = 2nv,
is the spinning frequency in angular units. In the presence of a periodic RF with
cycle frequency w,, two indices are required:

2 00
H(i’) _ Z Z I_I”’kez(nmeka)if7 (7)

n=-2k=—oc

where k is the index for the Fourier series corresponding to the time-dependent RF.
H indicates that the Hamiltonian is generally expressed in terms of an ‘interaction
frame’ with respect to the RF (which is assumed to be the dominant term in the
Hamiltonian). This involves using an axis system which is rotated in line with the
effect of the RF. Generally RF pulse sequences for homonuclear decoupling are
chosen to be ‘cyclic’ in the sense that this interaction frame returns to its starting
point over the course of a full RF period, which ensures that the spin dynamics can be
described by a well-defined effective Hamiltonian over the RF period. AHT is then
used to determine analytical approximations to this effective Hamiltonian. Evaluat-
ing the spin dynamics is considerably more involved for non-cyclic sequences.”

Hence ‘bimodal” Floquet theory has been widely to describe the spin dynamics
for homonuclear decoupling using cyclic RF irradiation and sample spinning,
although combinations of AHT and Floquet theory have also been used for cases
where the evolution is sampled stroboscopically with the RF period.**®! The
application of bimodal Floquet theory to homonuclear decoupling has been
extensively described by Vega and co-workers®”**® and so the details will not
be discussed here. It is useful, however, to note some general features which
emerge from these analyses. The resonance frequencies associated with a Hamil-
tonian of the form of Equation (7) will satisfy

Aw=/p — Jpy + Vorr + K, (8)

where p, p’ are indices over the Hilbert space, 4; are the eigenvalues of the Floquet
Hamiltonian, and v and « are integers. This corresponds to a set of base frequen-
cies and spinning/decoupling sidebands separated by multiples of both the
spinning frequency and RF cycle frequency.

The Floquet treatment naturally explains the various ‘resonance’ conditions
that can occur when multiple time dependencies are present.*” One set of such
conditions corresponds to

vy + Koe = 0, 9)

that is commensurate relationships between spinning and RF cycle frequencies.
Decoupling performance may be strongly degraded across the spectrum in this
case. Figure 8 shows the simulated linewidth for a nine spin 'H system under
FSLG decoupling (cf. Section 3.2) and MAS. The unfavourable resonance condi-
tions are sharp for ratios w./w, of 3 and 4, while the resonances conditions at 1 and
2 are much broader and more difficult to avoid. Note that a multi-spin system is
required for such simulations in order to reproduce the homogeneous character of
the 'H coupling network.



200 Paul Hodgkinson

104 1

103 1

FWHH / Hz

102

1 2 3 4 5 6 7
./ o,

101

Figure 8 Linewidth of a simulated 'H spectrum under v, = 100 kHz FSLG decoupling as a
function of the ratio of RF cycle rate and MAS rotation rate. Figure adapted from results
published in Ref. 35.

More perniciously, artefacts can also arise at specific frequencies satisfying
VO + K0 = Ay — Ay, (10)

that is where a line frequency coincides with a combination of rotor and cycle
frequencies. This is analogous to ‘rotational resonance’ effects discussed in
Section 1.1. These ‘RF-rotor frequency’ (RRF) lines are, however, more difficult
to avoid and lead to additional sharp features interfering with genuine spectral
features. These different resonant effects have been extensively analysed and
investigated for the PMLG decoupling sequence,®*®* but are expected to apply
to all decoupling sequences. Indeed, RRF features can also be observed for rotor-
synchronised sequences.®

3.1.3. Simulation of homonuclear decoupling

While Floquet theory is a powerful analytical tool for the treatment of periodic
problems, it is less suited to spectral simulation.®”*” Instead most simulations of
RF decoupling employ direct integration of the density matrix propagator.®”~!
Where the Hamiltonian is continuously time dependent due to sample spinning,
small timesteps (typically 1 ps) must be used to reproduce the spin dynamics
faithfully. Since reproducing the homogeneous character of 'H coupling networks
requires the simulation of several spins, simulations of homonuclear decoupling
under MAS are relatively expensive computationally, and most calculations have
been performed with specialised codes that are optimised for large problems,
such as SPINEVOLUTION”! and pNMRsim.”” A number of efficient algorithms
have been developed to handle the time dependencies due to both RF decoupling
and sample spinning.>>** In favourable cases, the RF and rotation cycle periods, 1.
and 1., are synchronous and it is sufficient to evaluate density matrix propagators
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over the common period in order to characterise the spin dynamics, rather than
integrate the density matrix evolution laboriously over each sampling dwell time.
Where there is no obvious synchronisation between RF and rotation, it is generally
possible to find an integer ratio M:N which is close to the desired ratio, 7./7,. The
evolution can then be evaluated over the period Mr, = Nt.. This is particularly
advantageous when simulating continuous phase-modulated decoupling
sequences, since the evolution can be integrated over a single rotor period for a
single reference phase, and the necessary step propagators obtained by ‘phase
shifts”.*® As a result, it is now feasible to complement analytical explorations of
decoupling on small spin system models with exact numerical simulations on
larger, more realistic, spin systems.”>*’

Note that multi-spin simulations are only required for modelling those
aspects of the homonuclear decoupling experiment that involve the 'H coupling
network. Features, such as the direction of the effective spin-lock axis and chemi-
cal shift scaling under decoupling can be examined efficiently using single-spin
simulations. For example, A. Vega analysed the effect of experimental imperfec-
tions on a variety of decoupling schemes, BLEW-12, DUMBO-1 and (in particular)
PMLG, using single-spin simulations, concluding that the dominant factor deter-
mining 'H resolution was the combined effect of pulse transients (specifically
antisymmetric phase transients) and RF inhomogeneity.*'

3.2. Decoupling with FSLG, PMLG and variants

The rest of this section focusses on the two most widely used and extensively
studied families of decoupling sequences.

Lee-Goldburg (LG) decoupling involves RF irradiation that is Av = v,¢/v/2 off-
resonance with respect to the 'H NMR frequency, where v,¢ is the RF nutation rate.
This results in a spin-lock axis inclined at the magic angle to the z-axis, and an
effective precession rate of vess = 1/3/2v,¢. Basic LG decoupling only suppresses the
homonuclear couplings to first order, and performance is considerably improved by
alternating the sign of the frequency offset and inverting the RF phase after an
integral number of precession cycles (duration 71, = 1/veg). Not all spectrometer
hardware can provide the necessary phase coherence through the frequency
changes, and so this Frequency-Switched Lee-Goldburg (FSLG) decoupling is
often implemented with a fixed on-resonance transmitter frequency and using
explicit linear phase ramps to create the required frequency offsets.®® As illustrated
in Figure 10, the accumulated phase shift over a single LG step is T gvess = 207.8°.
Switching the sign of the offset reverses this phase trajectory after the 180°
phase jump.

FSLG was initially applied in the context of heteronuclear problems, that is,
observation of the heteronucleus while decoupling 'H, with frequency switching
every complete LG cycle.”* Applications to directly detected 'H spectroscopy,
using windows inserted in a sequence with frequency switches after three LG
cycles and performed under 3 kHz MAS, were less successful than existing
CRAMPS sequences.” However, the short cycle of the FSLG sequence was subse-
quently shown to be compatible with moderately fast MAS (13 kHz), allowing
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Figure 9 Simulation of the effects of deviation of the RF field strength from its nominal value on
the 'H spectrum of an adamantane-like spin system under FSLG decoupling: (left) static conditions,
(right) under magic-angle spinning at 12 kHz. Timing parameters and RF offsets were set for

V¢ = 100 kHz. Figure adapted from results published in Ref. 35.

well-resolved 'H spectra to be obtained in the indirect dimension of HETCOR
spectra®® without the extensive tune-up associated with classic CRAMPS experi-
ments. As shown in Figure 9, the performance of FSLG under static conditions is
highly sensitive to the actual value of v,¢, which translates to a high sensitivity to
RF inhomogeneity.” These effects are greatly reduced when the sample is subject
to MAS. Note how the optimum performance under MAS is obtained when the
actual RF nutation rate is ‘misset’ (here by ~—10%) from expected value (although
other studies have observed optimal nutation rates at higher e %8).

Interest in LG decoupling was increased by the observation of S. Vega and
co-workers that relatively coarse phase ramps were sufficient to obtain good
decoupling performance from its on-resonance implementation.” This was
termed PMLGn (Phase Modulated Lee-Goldburg), where n refers to the number
of phase steps over the basic LG element. Effective 'H resolution was observed for
phase ramps as short as 1 = 3%% over the phase excursion of 207.8°. Note that the
scaling factor and precession axis orientation increasingly differ from their FSLG
limits as n is decreased. The interaction between PMLG decoupling and MAS was
extensively analysed using bimodal Floquet theory,* with the conclusion that the
ratio of RF cycle and sample rotation frequencies, w./w,, should exceed 3 to
completely avoid resonant broadening effects (cf. Section 3.1).

Acquisition windows can be inserted between FSLG'® or PMLG cycles'®" in
order to obtain well-resolved directly acquired 'H spectra under the conditions of
moderately fast MAS with minor resolution loss. Although the performance losses
for windowed PMLG (WPMLG) are relatively small, the addition of gaps into
the continuous decoupling pulse train increases the impact of transient effects
(cf. Section 1.2). The effects of such RF imperfections have been carefully analysed
using numerical simulation of a model windowed PMLG sequence.'”® Strong
deviations of the scaling factor and precession axis orientation were observed,
both in simulation and experiment, for 'H frequencies close to resonance. These
effects were strongly asymmetrical, and markedly different spectral resolutions
and artefact levels were observed depending on the position of the RF transmitter
relative to the 'H spectrum. Most notably, constructive interaction between the RF
imperfections and decoupling at certain offsets resulted in an effective precession
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axis close to the z-axis and improved resolution. Similar observations have been
made by A. Vega in the context of PMLG applied in indirect dimensions,’!
implying that this is not purely an artefact of the acquisition windows in
wPMLG. The interaction between RF irradiation, MAS, and RF imperfections
for wPMLG were subsequently investigated in detail by both Floquet theory
and extensive experimentation.®* Although changing the sign of the transmitter
offset and reversing the sense of the PMLG phase trajectory is expected to give
equivalent overall decoupling performance, it was observed that better resolution
was obtained with the transmitter to low frequency of the spectrum and an initial
clockwise phase trajectory (the reverse of the trajectories shown in Figure 10).
In this case, the difficult-to-decouple CH, resonances are well sited for the con-
structive interaction of RF imperfections and resonance offset.

It was subsequently determined that the favourable features associated with
the constructive interaction of RF imperfections and decoupling could be selected
for by combining two wPMLG blocks with inverted initial phases. As illustrated

y y
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Figure 10 Schematic illustration of the family of LG decoupling sequences: LG, continuous
off-resonance decoupling; FSLG, blocks with alternated sign of offset (and phase), (windowed)
PMLGS, an on-resonance implementation of FSLG using five discrete phase steps per LG cycle
(with optional acquisition window); wPMLG™, windowed PMLGS5 with phase-shifted initial signs
(but consistent direction of phase increment). Asterisks mark acquisition windows. The diagram
also illustrates the trajectories of the RF phase (with respect to the RF transmitter), that is, LG
and FSLG involve continuous phase evolution, which is discretised in PMLG. Figure adapted
from Ref. 33.



204 Paul Hodgkinson

in Figure 10, wPMLG™ involves an initial PMLG cycle starting with a phase of x
followed by a subsequent PMLG cycle starting with —x (but with the same sign of
phase increment). This ‘supercycle’ resulted in a scaling factor and z-oriented
precession axis which were essentially independent of offset,'™'* and increased
robustness with respect to variables such as resonance offset. The drawbacks are
additional averaging resulting in a lower scaling factor of about 0.45 (compared to
0.61 for wPMLG'") and increased susceptibility to RRF artefacts (due to the longer
cycle time). ‘Supercycling” with steps of 120° changes the w./w, ratio and leads to a
pattern of interferences that is largely complementary to that associated with 180°
phase steps.''® Refs. 45 and 32 contain practical examples of using different LG-
based decoupling sequences, together with helpful practical implementation details.

Finally, PMLG decoupling has been investigated at very fast sample
spinning rates'” (up to 65 kHz). Good decoupling could be obtained even at the
highest spinning rates, although the RF nutation rate for optimal decoupling
performance was found to increase monotonically with spinning rate, for exam-
ple, v;¢ = 216 kHz at 65 kHz MAS compared to 131 kHz at 35 kHz MAS. As shown
in Figure 11, very similar resolution was observed for supercycled PMLG
(WPMLG™Y) and a supercycled version of DUMBO-1 (see below). Similar observa-
tions have been made in systematic studies of resolution at different static fields
and spinning rates of up to 35 kHz,>* with windowed wDUMBO tending to
outperform wPMLG3. The reasons why PMLG decoupling is still effective at
these high MAS rates has been investigated analytically and via numerical

MAS WPMLGXX wDUMBO¢%$ wSAM
v,/ kHz
65
: A/AJK /J\J\L JJL JJVU
) j\_/k /A\M lj\h M
T T T T T T T T T T T T T T T T
12 8 4 0 12 8 4 0 12 8 4 0 12 8 4 0
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Figure 11 Decoupling performance as a function of MAS rate for supercycled versions of
WPMLGS5 and windowed DUMBO-1, plus the SAM scheme (see Section 3.4). Figure adapted from
results published in Ref. 105. Note that the decoupling parameters (including RF nutation rate)
were independently optimised for each spectrum.



High-Resolution 'H NMR Spectroscopy of Solids 205

simulation.”” While the analysis shows an abundance of potentially deleterious
resonance conditions when the RF cycle period is longer than MAS period (w./ o,
< 1), simulations show that these resonance conditions become narrower and
hence easier to avoid at fast spinning rates. Good resolution is obtained, for
instance, at w./w, = 0.775, that is, close to resonance conditions at 3/4 and 4/5.
Although the resolution is not noticeably improved by the faster MAS, the viabil-
ity of homonuclear decoupling under these conditions is important, as very fast
MAS is required in some cases (e.g. paramagnetic systems considered in
Section 4.1). Increasing RF nutation rates to stay within a quasi-static limit, say
./ w,; > 3, is impractical both in terms of the power handling limits of the probes
and the artefact levels expected with extremely short pulses (e.g. less than 200 ns
for PMLGS5 at o./2n = 210 kHz).

3.3. Decoupling with DUMBO and e-DUMBO

The other widely used sequence for homonuclear decoupling under MAS is the
DUMBO sequence and its variants. The DUMBO sequences are windowless
phase-modulated sequences, with the phase modulation, ¢(t), described by a
Fourier series

N
2nnt 2nnt
P(0<t<1)=2360°|Co+ Z C, cosnTnJr SncosnTn , (11)

n=1

where C,, and S,, are the Fourier coefficients (typically for n = 1...6). Cy determines
the overall phase shift and is not relevant to the decoupling performance. In order
to ensure cyclicity, the second half of the DUMBO phase modulation repeats the
first half in reverse and phase shifted by 180°,

Gt +1) = p(t —t) + 180°, (12)

with the overall duration of the DUMBO sequence being t. = 2t. The time-reversal
symmetry also ensures that odd-order terms in the Average Hamiltonian for the
sequence are eliminated.* Note that the sequence is optimised in terms of discrete
timesteps (typically 64 over 1), and a given set of coefficients is not necessarily
optimal for a different discretisation.

The DUMBO-1 sequence'® was obtained by optimising the simulated decou-
pling performance in a static two-spin simulation, starting from random coeffi-
cients, using a fixed cycle time of 30 us at v, = 100 kHz (corresponding to a 6n
overall rotation). This overall timing is the same as BLEW-12,”" but the sequences
are otherwise independent. The final optimisation measured decoupling perfor-
mance (defined by the ratio of desirable to undesirable terms in the effective
Hamiltonian over the cycle period) over a range of dipolar coupling values and
RF nutation rates (corresponding to +20% RF inhomogeneity). Although opti-
mised for quasi-static conditions, and despite having a relatively long cycle time
in comparison with FSLG and related sequences, DUMBO-1 has been found to be
effective at relatively fast MAS rates; indeed signal intensities (although not
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resolution) were found to increase by more than a factor of 3 on going from 10 kHz
MAS (w./o, = 3.1) to 22 kHz MAS (t./1, = 1.4).** These gains in signal intensity
could partially result from improvements in lineshape,'”'* but are suggested to
mostly result from suppression of decoupling sidebands.'”''” Ref. 44 provides a
helpful practical guide to the optimisation of homonuclear decoupling experi-
ments involving tilted axis precession, with the focus on DUMBO.

Given the number of factors determining the performance of homonuclear
decoupling, including experimental features such as pulse transients, there are
significant advantages to optimising decoupling sequences directly on the spec-
trometer. This is particularly natural for sequences parameterised in terms of
Fourier series, as previously demonstrated for heteronuclear decoupling.''" For
simplicity, initial optimisations of DUMBO-type sequences were performed using
observation of a 'Jcy; coupling on '°C, and optimising the overall intensity and
‘quality” of the J doublet."'? Refinement of the DUMBO-1 coefficients at 22 kHz
MAS produced a phase modulation, e-DUMBO-1,,, that was effective over a
range of MAS rates, and provided improved resolution (down to 0.2 ppm at a
'H frequency of 700 MHz) compared to DUMBO-1.

The performance of e-DUMBO-1,, and DUMBO-1 has also been evaluated
under ultra-fast (65 kHz) MAS and v,¢ = 170 kHz. Note that experimental optimi-
sation suggested a significantly shorter cycle time than that expected from the
quasi-static limit (20 vs. 30 ps). The shorter cycle time and the ability of ultra-fast
MAS probes to support high v, values meant that the w./w, ratio was only 0.77 at
the fastest MAS rate. As observed for PMLG decoupling,” resolution at 65 kHz
was at least no worse than at more modest spinning rates. DUMBO sequences can
also be ‘supercycled”®”''® to create z-rotation sequences, although the scaling
factor is strongly reduced, making it difficult to match the resolution of spectra
obtained with conventional DUMBO-1.

3.4. Other approaches to homonuclear decoupling under MAS

In one of the earliest studies of homonuclear decoupling under moderate to fast
MAS, Hafner and co-workers tested various pulse sequences with short cycle
times under conditions of moderate (14.3 kHz) MAS."'* Respectable performance
was obtained using semi-windowless WHH-4 in an indirect dimension, without
extensive spectrometer tune up or particularly strong RF nutation rates (v, = 93
kHz), relying instead on MAS to suppress incompletely averaged dipolar cou-
plings and to compensate for the lack of supercycling. This was later extended to
direct CRAMPS-style acquisition.”® The interaction between the MAS and decou-
pling was analysed more formally, using a combined AHT-Floquet theory
approach,® where it was demonstrated experimentally that MAS had a favourable
impact on resolution up to ratios of RF cycle time to rotor periods of w./w, ~ 3, with
a complete breakdown of decoupling at w. ~ 2w,. The AHT-Floquet theory
approach was more successful in describing the experimental results than simple
AHT, although quantitative agreement was not expected due to the assumptions
involved, for example, delta-function pulses. This approach to homonuclear
decoupling has been summarised and reviewed in Ref. 81.
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A number of groups have tackled the problem within the framework of the
Levitt’s symmetry approach to the design of rotation synchronised pulse
sequences (cf. Section 3.1). The initial ‘C’ sequences were designed for homo-
nuclear recoupling,''® but C-type sequences based on 27 rotation elements that
eliminate the homonuclear couplings also suppress chemical shift evolution from
the average Hamiltonian, making them unsuitable for obtaining resolved 'H
NMR spectra.”” Subsequent ‘R’ sequences, based on composite-pulse inversion
pulses, were argued to be better suited to decoupling applications,''® including
under fast''” and ultra-fast'®® MAS conditions, Simultaneous L'2.

These R sequences are found to give comparable performance to wPMLG™.
While the z rotation axis of wPMLG™ is convenient for direct detection experi-
ments, the x rotation axis of these R sequences is convenient for indirectly
acquired spectra.'® Other sequences have been developed of the type CNY’~,
where the C element involves an overall 0° rotation. This rotation is implemented
as either a pair of matched pulses of opposite phase,''® or using a ‘smooth
amplitude modulated” (denoted SAM) variant in which the amplitude is cosine
modulated."” This reduces both the pulse transients associated with 180° phase
changes and the root-mean-square RF power required. These sequences also have
an effective spin-lock axis aligned with the z-axis. In contrast to phase-modulated
sequences, in which the chemical shift scaling factor is essentially fixed, the
scaling factor of these amplitude modulated sequences is strongly dependent on
the RF nutation frequency (which determines the depth of the modulation), and
there is an optimum v,¢ which balances the efficiency of homonuclear decoupling
against the chemical shift scaling factor. This approach has been analysed in detail
in Ref. 86, focussing on fast (>30 kHz) MAS.

4. TECHNIQUES AND APPLICATIONS

4.1. Applications

The limited resolution of 'H spectra in typical organic solids has often restricted
'H solid-state NMR to wideline measurements of relaxation times, or using the
width of the 'H spectrum as a metric of dynamics. The resolution improvements
provided by higher static magnetic fields, fast MAS and efficient, robust homonu-
clear decoupling sequences mean that useful resolution can now be obtained
without considerable experimental effort. "H NMR has been used as a character-
isation tool for a wide range of materials, and this section highlights a selection of
applications where the advantages of '"H NMR are especially evident. See also Ref.
120 for an excellent overview of the range of applications of 'H and other spin-1,/2
NMR in studies of the solid materials and Ref. 121 for a comprehensive review of
applications of spin-1/2 NMR to polymeric and supramolecular systems.

4.1.1. Paramagnetic materials

The combination of large hyperfine shifts with intrinsically broad lines due to
homonuclear dipolar coupling has generally meant that "H NMR of paramagnetic
systems has been relatively uninformative; spectra obtained with moderate MAS
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are dominated by extensive spinning sideband manifolds, while the wide fre-
quency dispersion has limited the effectiveness of typical "H homonuclear decou-
pling schemes. However, Ishii and co-workers demonstrated that very fast MAS
(greater than 20 kHz) allowed useful resolution to be obtained for the dilute spins
of paramagnetic compounds without the use of RF decoupling.'* As shown in
Figure 12, dramatic improvements in 'H resolution were also observed under
these conditions.'*® The rapid sharpening of the spectrum with increasing MAS
rate, coupled with intrinsically short spin-lattice relaxation times, meant that
spectra with good sensitivity could be acquired in a short period. Moreover, the
RF efficiency of ultra-fast MAS probes permits the use of very short duty cycles
without the risk of excessive RF heating, which, combined with the very small
sample volumes required, is a major advantage for studies of paramagnetic
protein samples.'**

Magnetic susceptibilities are often strongly anisotropic in paramagnetic
complexes, and so the ABMS (cf. Section 1.1), rather than short T, relaxation
times, is frequently the dominant source of 'H linewidths. Heteronuclear correla-
tion spectra are then particularly useful in resolving the features of the 'H spec-
trum.'*® Although suitably adapted pulse sequences are required, for example, for
broadband inversion,'* to deal with the wide frequency ranges encountered,
considerable progress now has been made in obtaining high-resolution 'H 1D
and 2D spectroscopy of paramagnetic solids.'*’

4.1.2. Materials characterisation

'H is a particularly useful NMR nucleus for the study of hydrogen-containing
species on surfaces of porous materials, such as zeolites, due to its high receptivity
and the relatively dilute nature of the homonuclear coupling network. For exam-
ple, 'H spectra from olefin metathesis catalysts absorbed on silica could be
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Figure 12 'H NMR spectra of two solid paramagnetic complexes as a function of magic-angle
spinning rate. Figure adapted from data published in Ref. 123.



High-Resolution 'H NMR Spectroscopy of Solids 209

obtained using just MAS at 12.5 kHz.?! A combination of experiments, including
15N,'H HETCOR, 'H double-quantum (DQ)/SQ and triple-quantum (TQ)/SQ
correlation spectra (see Section 4.3), have been used to probe the mechanism of
supported organometallic catalyst.'*®

Similarly hybrid materials produced from sol-gel synthesis and related self-
assembly techniques are excellent targets for high-resolution "H NMR studies, not
least because such materials generally lack the long-range ordering required for
Bragg diffraction. NMR can provide valuable local information, including about
interactions between the organic guest and inorganic host. For instance, "H DQ/SQ
correlation spectra have been used to reveal interaction between surfactant H sites
and silanol protons on self-assembled silicate films,'* and hydrogen bonding in
self-assembled monolayers,'*® while 'H spin diffusion has been used to explore
longer range distances in inorganic/organic hybrid materials."®' Figure 13
illustrates the resolution can be obtained using fast MAS in this type of sample.

"H resolution using fast MAS is also im}laortant in 'H,"*C correlation experi-
ments on functionalised mesoporous silicas,'* including spectra obtained with
increase sensitivity by inverse detection on "H'*'% (cf. Section 4.2). Solid-state
NMR studies, including 'H NMR, for sol-gel-derived materials have recently been
reviewed,'?® while techniques for probing H,H proximity have been extensively
reviewed by Brown.'?”

Gels themselves are also attractive subjects for 'H NMR studies due to the

partial averaging of dipolar coupling network due to molecular motion. For
example, in one recent study moderate (10 kHz) MAS resolved 'H signals from
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Figure 13 'H MAS spectra of a hybrid material formed between an organic pH indicator
(phenolphthalein), a silica matrix and an amphiphile (CTAB) obtained at 14.1 T and v, = 30 kHz.
The combination of fast MAS and high static field significantly improves the 'H resolution over
the spectrum obtained at 7 T and v, = 15 kHz MAS (inset), especially for the more mobile
amphiphilic component. Figure adapted from data published in Ref. 132.
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polymer host and small molecule guest."*® wPMLG homonuclear decoupling

provided further line narrowing of the polymer resonances, whose resolution is
largely limited by inhomogeneous factors. Having resolved host and guest reso-
nances, spin diffusion build-ups could then be used to probe host-guest
interaction.

4.13. Characterisation of hydrogen bonding

Another major strength of NMR over X-ray diffraction studies is its sensitivity to
hydrogen bonding,"” which plays in crucial structural role in a wide variety of
chemical systems. The single electron of the hydrogen atoms means that H atoms
are easily misplaced, while NMR spectra, coupled with first princ 1ples calcula-
tion, can readily distinguish between incorrect and correct sitings.” "H NMR has
also been widely used to probe hydrogen bonding in non-crystalline systems,
including in complex polymer systems containing exchangeable water.*'*’
O - ‘H hydrogen bonds are especially amenable to "H NMR studies as their shifts
are usually distinctive; indeed the lack of chemical exchange in the solid state
means that dy values in excess of 20 ppm may be observed, with the exact shift
value depending on the strength of the hydrogen bond. Correlations between
'H NMR parameters and O---O and H.- - -O distances in O-H: - -O, in particular,
have been extensively studied and reviewed.'*'"'*?

While compilations of observed shifts for a variety of systems have been the
primary source of such correlations, advances in DFT-based first principles calcu-
lation mean that it is now feasible to establish more detailed and precise relation-
ships between structure and NMR observables for individual chemical systems.
Structural hypotheses can then be tested against 'H NMR data, as demonstrated
for a number of macromolecular systems by Spiess and co-workers.**'** Other
examples of the use of first principles calculations include characterising silanol
resonances in polysiloxane networks,'*> probing the effects of hydrogen bond
directionality,'* investigating weak hydrogen bonding'* and characterising
host-guest interactions using 'H shifts.'*®

This is illustrated in Figure 14 for N-H- - -O hydrogen bonding. A subtle, but
distinct, difference (of 0.5 ppm) is noted in the shift of the resonance corresponding
to the hydrogen bond formed between molecular dimers in the two polymorphic
forms of methylnitroacetanilide (MNA). Calculation of the 'H shift as a function of
the hydrogen position within the N-H---O bond provided a calibration curve
yielding N-H distances of 1.03 A (white) and 0.99 A (yellow) with an estimated
accuracy of +2 pm. This calibration was verified using the 'H spectrum of histidine
hydrochloride (Figure 14B); the predicted distances of 1.08 and 1.015 A for the two
distinct hydrogen bonds were in excellent agreement with neutron diffraction
studies. Note that the corresponding distances determined by X-ray diffraction
were systematically too short, and better agreement was obtained with the neutron
diffraction results using the 'H chemical shifts in this way than from earlier
solid-state NMR studies measuring "°N,'H dipolar couplings.

Note that intermolecular hydrogen bonding is, by definition, very sensitive to
intermolecular interactions and so it is generally necessary to use codes that
include the periodicity of the crystal lattice using periodic boundary conditions.""
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Figure 14 (A) 'H NMR spectra of (top) white and (bottom) yellow forms of methylnitroacetani-
lide (MNA) obtained at 500 MHz and a spinning rate of 27 kHz. (B) 'H spectrum of L-histidine
hydrochloride hydrate obtained under the same conditions. Figures in (B) show estimated N—H
hydrogen bond distances for the two distinct hydrogen bonds in the structure, using a calibration
curve determined from calculations on the MNA dimer. Figure adapted from data published in
Refs. 149 and 150.

For example, calculation of the 'H spectrum of r-histidine hydrochloride consid-
ering an isolated molecule was much less successful, in particular for the hydro-
gen-bonded sites, than a calculation using periodic boundary conditions.'

4.14. Structure determination from 'H NMR data
One of the most intriguing applications of the resolved 'H solid-state NMR
spectra is to the determination of crystal structures using microcrystalline powder
samples. Determining structures of molecular solids from X-ray powder diffrac-
tion (XRPD) data is extremely challenging for all the simplest cases with few
degrees of freedom. While considerable progress has been made towards estab-
lishing protein structures by solid-state NMR, obtaining crystal structures for
small organic molecules is arguably a harder task. Isotopic enrichment is rarely
realistic for synthetic small molecules, and the central problem is to establish
sufficient intramolecular relationships to determine the 3D packing rather than
just determining molecular conformation (the essential requirement for protein
structures is to establish the fold, e.g. using intramolecular proximity informa-
tion). "H NMR is well placed to determine these intramolecular relationships; 'H
shifts, and in particular those affected by hydrogen bonding, are expected to be
sensitive to molecular packing, while dipolar couplings can potentially provide
estimates of intermolecular distances or indicate ‘contacts’.

The complementary information content of 'H versus '°C chemical shifts
means that 'H, ">C correlation spectra are invaluable tools to assigning spectra
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from molecular organic solids at natural abundance. Considerable progress has
been made towards developing experimental protocols for the assignment of 'H
and "°C spectra."”">* Provided sufficient 'H sites can be resolved and assigned, it
is then feasible to use spin diffusion rates as a proxy for distance information.'*
Exact modelling of spin diffusion in extended networks is a formidable challenge,
but it was found that the spin diffusion build-up curves could be ﬁtted well in
terms of an exchange matrix K with elements Kj;= Arosii” i where drss Jj is the root-
sum-square dipolar coupling between sites of type i and type j.'*® Although
phenomenological, this model is consistent with the use of d,, as a metric of
local coupling strength'* and with theoretical work on spin diffusion. The dy
values were calculated from the known crystal structure of the dipeptide model,
and it was found that couplings up to a distance of 6 A (or up to 15 A in a later
study on thymol'®’) needed to be included in order to converge the root-sum-
square coupling and obtain good fits for the experimental build-up curves. Using
information on the geometry and symmetry of the unit cell (which can often be
obtained from XRPD, even in cases where the structure cannot be solved), a
molecular modelling protocol was used to find candidate arrangements of the
dipeptide with the unit cell that were consistent with the proton spin diffusion
data. The ensemble of 16 lowest energy structures was in general agreement with
the known crystal structure, although some regions, such as carboxylic acid
groups, were poorly constrained by the spin diffusion data. However, subsequent
refinement of these structures using DFT-based first principle calculat10ns158
yielded a final solution that was in excellent agreement (0.13 A rms deviation)
with structure determined by X-ray diffraction. This overall “protocol” for struc-
ture determination using 'H spin diffusion, molecular modelling and first princi-
ples calculation was subsequently demonstrated on thymol."”” It was noted that
the 'H data were key to correctly describing the hydrogen-bonding arrangement
and for providing good starting points for the final DFT refinement step.

Advances in computation of chemical shifts referred to above make it feasible
to calculate expected NMR parameters for potential structures, and the direct use
of 'H and "C shifts in the ab initio determination of the crystal structures has
recently been demonstrated.'™ Crystal structure prediction (CSP) protocols were
used to generate plausible crystal structures for thymol (assuming only that there
is a single molecule in the asymmetric unit and limiting the space groups consid-
ered to the seven most commonly encountered). 'H and "*C chemical shifts were
calculated for the 23 lowest energy structures and the root-mean-square deviation
between calculated and experimental shifts determined. One structure clearly
provided the best match with the experimental shifts. This was not the lowest
energy structure predicted by CSP, but it agreed perfectly with the XRD structure
(0.29 A rms deviation) and with the previous study incorporating spin diffusion
data noted above. As shown in Figure 15, the 'H shifts exhibited a much larger
dispersion as a fraction of the shift range and were significantly more determi-
nant. This is consistent with the idea that 'H is highly sensitive to intermolecular
interactions. Note that assignment of the 'H resonances was not required, but
obviously high-resolution 'H spectrum is essential (in this case provided by MAS
at 60 kHz at a nominal frequency of 900 MHz).
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Figure 15 Crystal structure prediction of thymol on the basis of 'H and C chemical shifts.

(A) RMS deviation between calculated and experimental shifts for different energetically plausible
structures derived from ab initio CSP. (B) Comparison of the structure predicted by CSP + solid-
state NMR (blue) with the known structure (orange). Figure adapted from data published in

Ref. 159. (For interpretation of the references to colour in this figure legend, the reader is referred
to the Web version of this chapter.)

4.2. Inverse detection to enhance sensitivity

It is common in solution-state NMR for nuclei such as '>C to be detected indi-
rectly, that is, magnetisation is transferred onto 'H and detected at the 'H fre-
quency rather than directly at the >C frequency. The ‘enhancement factor’ of the
spectral sensitivity for such ‘inverse’ detection has the functional dependence'®



214 Paul Hodgkinson

3/2 1/2
YH We
() () a2

where yx and Wx are the magnetogyric ratio and linewidth of nucleus X. The large
magnetogyric ratio of 'H leads to a significant sensitivity advantage for indirect
detection, provided that We ~ Wy. In solid-state NMR, however, the much
greater linewidths of 'H resonances have meant that indirect detection is actually
less efficient than simple direct detection.

If, however, the 'H linewidth is sufficiently reduced by fast MAS and/or
dilution of the coupling network, inverse detection may become a viable alterna-
tive. A number of researchers have investigated these potential sensitivity advan-
tages, particularly in the context of heteronuclear correlation experiments on
biomolecular solids. In principle, RF decoupling could also be used for linewidth
narrowing. However, the use of CRAMPS-style acquisition is generally associated
with significantly increased noise levels'* and the literature examples to date
have exclusively used fast MAS to achieve the necessary 'H resolution.

Rienstra and co-workers obtained sensitivity enhancements of a factor of 18
using inverse detection and a probe optimised for 'H detection to acquire highly
resolved 3D spectra from less a micromole of an isotopically diluted protein
sample.'®" Noting that 'H back-substitution is not always practical for some
protein systems, the same group obtain a factor of 14 enhancement in a fully
protonated protein sample spinning at 40 kHz'®* (using a conventional solenoid
coil). Reif and Griffin®” observed enhancement factors of greater than 5 for N
inverse detection on isotopically diluted samples at a modest MAS rate of 13.5
kHz. Intermediate enhancements have been observed at 20 kHz MAS® and using
heteronuclear recoupling sequences to transfer coherences,'®® an approach which
is readily combined with heteronuclear distance measurement.'®*

As would be expected, more modest enhancements are observed for inverse
detection of '*C, due to its larger magnetogyric ratio, but these are still sufficient to
result in reductions of experiment time of the order of 5-10."**'® Very similar
improvements were observed in experiments using coherence transfers based on ]
rather than dipolar couplings.'®® Since J-based coherence transfers (here using
refocussed INEPT) involve longer mixing periods, fast MAS is essential to slow
down the dephasing of 'H spin system; it was estimated here that the increase in
'H decay rates in lowering the MAS rate from 40 to 20 kHz would have eliminated
the advantage of inverse detection. The sensitivity advantage of inverse detection
has also been used to obtain *C,'H HETCOR experiments from very small
quantities (4 mg) of pharmaceutical materials at natural isotropic abundance.'®’
13C,'H inverse spectroscopy has also been demonstrated using solely ultra-fast
(60 kHz) MAS for 'H decoupling.*® The shorter INEPT sequence is more efficient
than refocussed INEPT, but precludes heteronuclear decoupling (beyond a simple
refocussing pulse) in t;. The resulting loss of resolution largely negates the
advantage of inverse detection for normal crystalline solids, but this is much
less relevant to samples where the '°C linewidth is largely determined by inho-
mogeneous factors; enhancements of an order of magnitude were observed on a
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Figure 16 (A) 'H-detected 'H, *C correlation spectrum of a surfactant templated mesoporous
silica obtained in 50 min at 40 kHz MAS and using refocussed INEPT for polarisation transfer.
Cross-sections along (B) 'H and (C) C dimensions show the improved sensitivity of indirectly
detected spectra (bottom traces) over the corresponding *C-detected spectra (top traces).
Figure adapted from results published in Ref. 135.

sample of spider silk.”® As shown in Figure 16, an INEPT-based 'H-detected
experiment provided significant (factor of 3) sensitivity gains for an inorganic/
organic hybrid material at v, = 40 kHz,"*> where inhomogeneous contributions to
linewidth are also expected to be significant. Indirect detection on extremely small
(nanolitre) samples has also been demonstrated in experiments with microcoils
under MAS.*® Note that care is required to minimise ¢, noise in inverse detection
experiments, for example, by suppressing the substantial 'H background signal
and maximising RF stability.*®!3*167:168

4.3. Multiple-quantum spectroscopy

The strong dipolar coupling network present in typical organic molecules is
largely responsible for the difficulty of obtaining high-resolution 'H spectra in
solids. On the other hand, these same dipolar couplings are a potentially rich
source of information about spatial proximity."*’*** The most straightforward
means of obtaining such information is via the excitation of multiple-quantum
coherences, particularly DQ coherences. The strong dependence of the dipolar
coupling with distance (as 1/7°) means that DQ coherence is only created between
"H pairs that are in close proximity. In typical organic compounds, this implies
that correlation peaks will only be observed for interproton distances up to about
3 A,P7170171 with the strength of the dipolar coupling controlling the initial build-
up rate of the correlation peak intensity.

The most common means of exploiting DQ coherences is via DQ/SQ correla-
tion experiments. The pulse sequence for this experiment is illustrated schemati-
cally in Figure 17A. ‘Recoupling’ sequences designed to re-introduce dipolar
couplings under MAS are used to convert initial equilibrium z-magnetisation
into DQ coherence; the DQ coherence evolves during ¢; before being reconverted
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Figure 17 (A) Schematic of pulse sequence used to obtain DQ/SQ correlation spectra.

(B) Illustration of the different correlation patterns obtained using SQ/SQ versus DQ/SQ corre-
lation experiments. The size of the correlation spots indicates the dependence of the intensity of
the correlation peaks on dipolar coupling (and hence distance) between the spins involved.

to z-magnetisation by a second, matching recoupling block. A 90° read pulse
transfers this z-magnetisation into observable —1 coherence for detection. The
conversion between z-magnetisation and DQ coherence is never 100% efficient,
not least because it is impossible to optimise conversion simultaneously for all
crystallites, but high receptivity of 'H means that this is not a significant draw-
back. The excitation of multiple-quantum coherences using recoupling sequences
and the quantitative applications of multi-quantum spectroscopy are not consid-
ered here (see Refs. 121,137,172,173 and references contained within).

Figure 17B contrasts the appearance of DQ/SQ spectra with SQ/SQ correlation
spectra from EXSY /NOESY-like experiments. Unless DQ filtration is used,'” SQ/
SQ experiments always contain diagonal peaks. Given the limited resolution of
solid-state 'H spectra, these are likely to overlap with correlation peaks of interest.
In contrast, only correlation peaks appear in DQ/SQ spectra. Diagonal (auto-
correlation) peaks will only be observed if a DQ coherence can be created between
a pair of like spins. Similarly TQ coherences are only generated between triples of
adjacent spins, and TQ/SQ correlation experiments can provide further comple-
mentary information.'?%!70174175

The factors determining resolution in the DQ dimension are essentially the
same as those considered above, and various combinations of fast MAS and/or RF
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decoupling have been used to obtain useful 2D spectra. Incorporating windowless
decoupling sequences into the indirect, DQ dimension is straightforward, but, as
previously illustrated in Figure 5, the best possible resolution is obtained using
CRAMPS in both dimensions.*”'”® Figure 18 illustrates the information content of
the resulting ‘DQ CRAMPS’ experiments, showing how a pair of pseudopoly-
morphs can be readily distinguished using the 2D correlation pattern. This pattern
is also easily observed in the formulated product, where the presence of addi-
tional peaks from the excipients would make identification of the polymorph less
than certain. Similar information would be provided by '°C spectra, but the DQ
CRAMPS experiment has the merit of also providing direct information about the
different pattern of hydrogen bonding in the two forms (giving rise to the high-
lighted correlation peaks at DQ frequencies of 18.0 vs. 20.1 ppm).

Note that 1D multiple-quantum filtered spectrum, which corresponds to only
acquiring the first row of a multiple-quantum/SQ correlation experiment, can be
a valuable tool in itself for heterogeneous systems. The DQ filtered (DQF) spec-
trum will be dominated by more rigid components with relatively strong dipolar
couplings in comparison with normal SQ experiment. For example, 1D and 2D

A B AN
‘ ‘ o 0 L L -
| g Y & ; g
& r-4 <@ L4 L4 =4 :
. e e 12 B X 12 £
; i : [2)
il 16 ; = 16 o
§-oo oo 20 o 20 A
] 24 | 24
12 10 8 6 4 2 0 12 10 8 6 4 2 0
SQ shift (ppm) SQ shift (ppm)
C L ox AN
> {0
. &
. & 8 g
4 e = 12 =
g o %]
¢ L _ 16 G
9o S 20 O
+ 24

12 10 8 6 4 2 0
SQ shift (ppm)

Figure 18 DQ/SQ CRAMPS spectra of (A) the anhydrous and (B) the monohydrate of a phar-
maceutical API, and (C) a crushed tablet containing the API plus excipients (resonances marked by
asterisks). The 2D spectra readily allow the forms and different hydrogen bonding patterns to be
distinguished, including in the heterogeneous sample. The acquisition time for each spectrum was
105 min using 30 mg of sample. e-DUMBO-1,, homonuclear decoupling was applied in t; and
windowed DUMBO-T in t;. Figure reproduced from Ref. 171.
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DQF spectra have been used, in conjunction with fast MAS, to investigate struc-
ture and dynamics in proton-conducting polymer materials.>"*”7~'80

5. OUTLOOK

The high receptivity of 'H and the potential usefulness of information from 'H
chemical shifts and dipolar couplings means that 'H has always been an attractive
target for solid-state NMR. But the difficulty of obtaining resolved spectra has
discouraged many spectroscopists.

This situation has changed significantly over the past decade. The advent of
probes capable of spinning samples at speeds of 30 kHz and above, coupled with the
use of higher field magnets, has allowed well-resolved spectra to be obtained,
particularly for systems where the dipolar coupling is relatively weak (e.g. due to
isotopic dilution). This in turn has enabled the use of inverse detection techniques to
boost the sensitivity of detection of more dilute spins in 2D correlation experiments.

Suppressing the 'H dipolar couplings via RF homonuclear decoupling is still
necessary to obtain well-resolved spectra for typical molecular organic solids.
However, increased understanding of the interaction between MAS and RF irra-
diation has allowed experimental protocols to be greatly simplified; good resolu-
tion can be obtained under moderate to fast MAS without significant time spent
‘tuning up’, as is necessary for CRAMPS experiments performed under static or
slow MAS conditions. We can expect to see steady improvement of RF decoupling
schemes optimised for faster MAS and/or low RF loading.

Looking ahead, developments in probe technology have the potential to carry
'H solid-state NMR into new areas. A number of research groups have demon-
strated the use of small RF coils in combination with MAS, either ‘piggy-backing’
the microcoil on a conventional MAS rotor**'#!'82 or inductively coupling to a coil
inserted inside the MAS rotor.'®*'%* Small RF coils allow good sensitivity to be
obtained from sample volumes of the order of nanolitres, and extremely high RF
'H nutation rates (in excess of 1 MHz) have been demonstrated. High RF nutation
do not directly translate into good decoupling performance, as transient effects
become very significant, recent work to actively compensate for transients*'"**
may provide at least a partial solution.

Even considering the advances made to date, it is clear that "H NMR will
have an increasingly important role in the characterisation of solid materials, from
complex biomolecules (Section 2), to surface-absorbed and hybrid materials, and
molecular organic solids (Section 4.1).
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in vivo. In spite of their outstanding success, for example, in biomedical
research and clinical diagnosis, the technique faces some inherent limitations,
for instance the inability to detect diffusion anisotropy present on a micro-
scopic scale in a macroscopically isotropic sample. Thus, the interest in an
extended version of the diffusion-weighted NMR experiment where two
(or more) diffusion-weighting periods are applied successively in a single
acquisition has emerged in the past few years. Such experiments, sometimes
referred to as two- or multiple-wave-vector experiments, have been shown
to be a promising tool to investigate diffusion in confined geometries. They
are able to assess information difficult or impossible to achieve with standard
diffusion-weighting experiments and, thus, may help to provide deeper
insight into the sample’s microstructure. In this work, current developments
in the theoretical modelling of multiple-wave-vector experiments and recent
experimental results demonstrating the potential of the technique are
summarized.

Key Words: Multiple-wave-vector diffusion weighting, Double-wave-
vector diffusion weighting, Double-pulsed-field gradient, Double-pulsed-
field-gradient spin-echo, Pore size, Cell size, Pore eccentricity,

Cell eccentricity, Microscopic diffusion anisotropy.

1. INTRODUCTION

Since the first experiments to investigate diffusion properties by means of pulsed-
field-gradient NMR by Stejskal and Tanner' in 1965, this method has rapidly
developed to an indispensable tool to study diffusion and motion, for example,
in gases, fluids, porous media, and biological tissue, which is of considerable
interest in geology, material science, hydrodynamics, biomedical research and
medicine. For instance, the observation of a reduced diffusion coefficient in
infarcted brain tissue at a very early stage” and the ability to use diffusion-tensor
imaging® to track nerve fibres in vivo® had a tremendous impact on clinical
diagnostics and neuroscientific research.

Experiments involving two diffusion-weighting periods in a single acquisition
were first proposed by Cory et al.” in 1991. Their idea was that investigating the
combined effect of two successive diffusion-weighting periods could reveal tem-
poral or spatial correlations of the diffusion displacements occurring during these
periods, for example, to detect pore leakage. When using the first diffusion
weighting to dephase spins in free compartments or within larger pores, the
displacement profiles obtained from the second diffusion weighting can be
assigned to spins that were in a small, confined geometry during the first diffusion
weighting. If it yields displacements larger than this pore dimension at longer
diffusion times, this would be an indicator of pore leakage.

They also pointed out that if the two diffusion-weighting periods are applied
in orthogonal directions, the experiment could be used to measure the superposi-
tion of the displacement profiles in two dimensions. Comparing this
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superposition to the displacement profile obtained from a standard experiment,
should reveal the eccentricity of the compartment present on a microscopic scale.
Thus, such a experiment could detect diffusion anisotropy present on a micro-
scopic scale, for example, due to pore eccentricity, in a sample that macroscop-
ically and in a standard diffusion-weighted experiment appears isotropic, for
example, because the pores are randomly oriented.

A few years later, Callaghan and Manz® presented a more specific analysis of
the signal behaviour together with first experimental results. They considered a
pulse sequence with two diffusion- or motion-encoding gradient pairs of identical
encoding times that are separated by an exchange time and whose amplitude are
varied independently yielding a two-dimensional experiment. The signal ampli-
tude was shown to depend on the conditional probability to observe a displace-
ment Ar, during the second encoding period if a displacement Ar; occurred
during the first. Because these displacements differ if the velocities of the spins
have changed during the exchange time, the term velocity exchange spectroscopy
(VEXSY) was used for the method. As noted by the authors, such an exchange can
only be reliably observed if the two encodings are collinear. Experiments demon-
strating Gaussian displacement profiles for freely diffusing water and the velocity
changes of a fluid between two cylinders with the inner rotating at constant
angular velocity (Couette flow) were presented and showed a very good agree-
ment with theoretical expectations.®

A first theoretical consideration for fully restricted diffusion was performed by
Mitra” in 1995. He could show that in randomly oriented, isolated pores a modula-
tion of the signal is expected when varying the angle between the two diffusion
weightings. Thereby, the shape of the corresponding curves depends on (i) the time
between the two diffusion-weighting periods, the so-called mixing time, and (ii) the
shape of the compartment. For long diffusion times that were also assumed by Cory
et al., a signal difference between parallel and orthogonal diffusion weightings is
expected for eccentric pores, that is, if the diffusion locally is anisotropic. This
means that an acquisition with parallel diffusion weightings can be used as a
reference to an experiment with orthogonal orientations which is more elegant
because systematic errors introduced by the second diffusion weighting would not
show up in a control experiment with only one diffusion weighting.

Mitra also found that a modulation with a cos-shaped dependency appears for
short mixing times, that is, if both diffusion weightings are applied in direct
succession. Thereby, the modulation amplitude does not directly depend on the
pore shape but increases with the pore size. Thus, experiments with more than
one diffusion-weighting period may provide direct access to the microstructure of
a sample and may yield information beyond that achievable with standard diffu-
sion-weighting experiments.

The first experiment to observe local diffusion anisotropy in a macroscopically
isotropic sample was performed by Cheng and Cory.? They observed the signal
difference between parallel and orthogonal diffusion weightings caused by the
prolate shape of treated yeast cells. Based on signal calculations for ellipsoidal
cells, they were able to estimate the cells’ size and eccentricity quite well as
confirmed by light microscopy.
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These results triggered the interest in experiments with multiple diffusion
weightings, in particular regarding biological tissue. Estimating the cell size and
shape with NMR methods could help to characterize and differentiate tissue and
pathologies non-invasively and in vivo. In particular, complementing diffusion-
tensor imaging which is applied very successfully to estimate the macroscopic
diffusion anisotropy and white matter fibre orientations in the central nervous
system, by a method assessing the microscopic diffusion anisotropy, for example,
to characterize grey matter integrity, could have a considerable impact on bio-
medical research and clinical diagnostics.

Thus, in the last few years, many studies were performed to demonstrate the
feasibility and describe, improve, validate and apply two-diffusion-weighting
experiments and even revealed a new aspect of the diffusion-diffraction which
has been reported by Ozarslan and Basser.” These developments seem to confirm
that the potential of such experiments to study the microstructure is very
promising and it seems to be appropriate to give an overview of the progress
obtained so far.

This overview will focus on two aspects that have been investigated exten-
sively in the last few years due to their relevance for in vivo applications: the signal
modulation with the angle between the diffusion weightings as described by
Mitra” and the specific diffraction effect discovered by Ozarslan and Basser.’
However, a short summary of earlier developments and their current applications
is given as well. The first part (Section 2) will give a short overview of the relevant
principles including a short summary of earlier developments and their current
applications (Section 2.1) and a simple theoretical approach to derive signal
expressions that describe the specific effects covered (Section 2.4). It is followed
by a summary of the extensions and generalizations developed for the theoretical
description of the experiments (Section 3). Sections 4 and 5 present the experi-
mental studies investigating the signal modulation with the angle between the
diffusion weightings and the, so-called “negative”, diffraction effect observed
when the diffusion weighting is increased. The chapter closes with a summary
(Section 6) and a conclusion (Section 7).

2. PRINCIPLES

In this section, the basic principles of experiments with multiple diffusion weight-
ings are summarized. It starts with a very condensed overview of earlier devel-
opments and their current applications that are not covered in detail in the
remaining chapter (Section 2.1). This section is followed by a short clarification
of the nomenclature used in the field and in the present work (Section 2.2) and the
pulse sequences considered (Section 2.3). A first theoretical approach for
restricted diffusion is presented in Section 2.4 to demonstrate the basic signal
properties, the angular modulations and the specific diffusion-diffraction effects.
In Section 2.5, an excursion to the phase evolution is performed that may help to
understand an, at a first glance surprising, effect observable in the experiments,
the signal difference between parallel and antiparallel diffusion weightings.
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The section closes with condensed summaries of the diffusion propagator
(Section 2.6) and approaches to solve the Bloch-Torrey equation (Section 2.7) on
which current theoretical considerations (Section 3) are based.

2.1. Background

Based on the ideas of Cory et al.,”> Callaghan and Manz® and Mitra” sketched in
Section 1, different NMR methods with more than one diffusion- or motion-
encoding gradient pair were developed. The basic methods will be presented
here very shortly, roughly categorized according to their dimensionality and the
sample properties investigated.

In the simplest experiments, two motion-encoding or diffusion-weighting
periods are applied successively with an exchange time in-between and the
gradient amplitudes of both periods are stepped in unison (e.g. Refs. 10,11).
Such experiments are one-dimensional and imply that the gradient pairs are
collinear, that is, parallel or antiparallel, in order to detect changes in the displace-
ment or velocity occurring between the different encoding periods. Depending on
the relative orientations of the two encodings, the pulse sequences are flow-
rephased or not which means that they reflect velocity or flow changes durin%
the exchange time or a mean displacement over both periods, respectively.'™"
Although such 1D sequences have been discussed in the literature (e.g. Refs.
10-13), they have not been widely used and, if applied, often aimed to realize
flow rephasing in a diffusion-weighted experiment (e.g. Ref. 14), that is, without
exploiting the effect of an exchange or the specific properties of multiple diffusion
weightings. However, with the discovery of the specific diffraction properties
present for multiple diffusion weightings by Ozarslan and Basser’ new interest
in such experiments has risen as will be outlined in detail in this chapter.

Alternatively, the angle of the encoding gradient pairs can be varied while
using fixed amplitudes, for example, as proposed by Cory et al.” and Mitra.” This
also yields a 1D experiment where the modulation amplitude can reflect the pore
size or locally anisotropic diffusion as is present in eccentric pores. Despite of their
appealing simplicity and the promising results of Cheng and Cory® sketched in
Section 1, only in the past few years corresponding studies have been reported,
however, this field is increasing rapidly and is one of the main topics of this
chapter.

In the two-dimensional variants, the gradient amplitudes are stepped inde-
pendently, the VEXSY being a prominent example.® If the encoding periods are
sufficiently short, the signal amplitude is only affected by any variation occurring
in the exchange time, for example, due to a change of the orientation or magnitude
of the velocity. A two-dimensional Fourier transformation then can be used to
resolve temporal and spatial coherences of flow or diffusion as demonstrated in
the examples reported, self-diffusion of water and Couette flow.® This approach
has found broad applications, in particular in the study of flow phenomena
(e.g. Refs. 11,15-18).

A slightly more general variant, acronymed as SERPENT, has been investi-
gated by Stapf et al."”** where three or more gradient pulses are applied such that
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their vector sum is zero in order to end up with a measurable MR signal. It was
setup to sequentially rephase the dephasing effect of the first gradient with the
succeeding ones and can be considered as a special case of the general experiment
considered by Mitra.” The experiment also has several encoding periods like
VEXSY, however, the encodings are not independent and separated but inter-
leaved, the shorter one being incorporated into the longer ones. Thus, the succes-
sively increasing displacements are encoded and can also be analyzed by a
Fourier transformation. It has been shown that the three-pulse variant effectively
is identical to a VEXSY sequence without exchange time, that is, with overlapping
gradient pulses.”

Recently, a 2D variant combining motion and displacement encoding has been
presented.” It involves a double-PGSE motion-encoding with the gradients
stepped in unison, but these gradient pulses are superimposed by a displace-
ment-encoding gradient pair that dephases during the first motion-encoding
period and rephases during the second one. By independently stepping the
encoding amplitude, velocity changes can be correlated with displacements
which was used to study the non-local dispersion tensor in Couette flow and
flow in porous media.”**’

For the investigation of diffusion properties, methods for diffusion-diffusion
exchange spectroscopy (DEXSY) and diffusion—diffusion correlation spectroscopy
(DDOSY) were introduced.?* The DEXSY pulse sequence is essentially identical to
the VEXSY sequence, however, the data analysis is usually performed with a
Laplace transformation to resolve different exponential signal decays and derive
the distribution of diffusion coefficients.** This method aims to detect a change of
the diffusion coefficients during the exchange time which implies that the diffu-
sion weightings are applied collinear. It can, for instance, detect pore leakage in the
broadest sense, for example, spins moving in or out of a compartment of confined
geometry like inter-pore diffusion in porous media. The leakage is represented by
off-diagonal peaks (“cross-peaks”) after the Laplace transformation where the
position of the cross-peaks relative to the corresponding diagonal peaks reflects
the affected volume fraction.”® The DEXSY method has been applied to study
various exchange processes, for instance in emulsions (e.g. Ref. 26) and water
diffusion in liquid crystals (e.g. Refs. 25,27-29) and microporous materials.*

The DDOSY method** targets diffusion correlations in different spatial direc-
tions which implies that the second diffusion weighting is applied in a direction
orthogonal to the first one and that the exchange time is minimized to avoid pore
leakage. It also usually is analyzed with a 2D Laplace transformation where cross-
peaks now reflect locally anisotropic diffusion that may appear even if the sample
macroscopically appears isotropic. Thus, DDOSY can be considered as the 2D
variant of the experiment proposed by Cory et al.” and considered in more detail
by Mitra” for fully restricted diffusion. Applications involved the detection of
local diffusion anisotropy in liquid crystals (e.g. Refs. 25,27,28) and plant tissue.*!

In the remaining of this chapter, one-dimensional experiments investigating
the angular modulation of the signal amplitude are covered in detail in the context
of restricted diffusion. They were inspired by the ideas of Cory et al.” and Mitra’
and deal with two observations considered in detail in Section 2.4: (i) the signal
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difference between parallel and antiparallel diffusion weightings to estimate pore
sizes (“restriction effect’””) and (ii) the signal difference between parallel
and orthogonal diffusion weightings in the presence of locally anisotropic
diffusion, for example, as in eccentric pores (“‘anisotropy effect”’). Furthermore, a
specific diffusion pattern occurring in experiments with two diffusion weightings
recently discovered by Ozarslan and Basser’ is covered because it represents a
novel feature that may help to improve the feasibility of diffraction experiments.

2.2. Nomenclature

Experiments with several successively applied diffusion-weighting periods are
sometimes referred to as “multiple-wave-vector” diffusion-weighting experi-
ments. This term, introduced by Mitra,” reflects the equivalence of a diffusion-
weighting period to a scatter event which is characterized by a wave vector.”
In the context of diffusion-weighted NMR experiments, this wave vector can be
defined as q =76 G, where y is the gyromagnetic ratio,  the pulse duration and G
the magnetic field gradient. Standard diffusion-weighting experiments with a
single de- and rephasing gradient can be described by a single-wave vector q
and are equivalent to a simple scatter event. Accordingly, experiments with more
than one diffusion weighting are characterized by multiple wave vectors.

Due to the scattering analogy, the expression “multiple-scattering’ experi-
ments has also been used.® In the literature, the terms ““double-pulsed-field-
gradient” (d-PFG) (e.g. Ref. 33) or “double-pulsed-field-gradient spin-echo”
(d-PGSE) experiments (e.g. Refs. 10,34) are also often used. They have been chosen
to be in line with the “pulsed-field gradient”” (PFG) used for a standard diffusion-
weighting experiment.

Herein, we will use the terms “multiple-wave-vector” (MWYV) and, for its
simplest version with two wave vectors, ““double-wave-vector” (DWV) experi-
ments. They will be distinguished from the standard, single-wave-vector experi-
ments that involve only a single diffusion-weighting period.

Another ambiguity exists in the literature concerning the expression “micro-
scopic diffusion anisotropy”. In this chapter, the term will be used for diffusion
that is anisotropic on a pore level, for example, diffusion in eccentric pores or cells,
which is, for example, in accordance with Refs. 25,34. This means that restricted
diffusion in spherical pores is considered to have no microscopic diffusion aniso-
tropy. This is different from Ref. 35 where the term “compartment shape aniso-
tropy”” was introduced for the diffusion anisotropy in eccentric pores instead and
microscopic diffusion anisotropy refers to the asymmetry of the diffusion propa-
gator in the presence of a restricting boundary and, thus, also appears in spherical
pores.

Due to the sign reversal occurring in DWV diffraction experiments (see, e.g.
Section 2.4.4), the term “negative diffraction” effect has been introduced. It will
also be used in this chapter to distinguish the DWV-specific effects from the
diffraction patterns of standard, single-wave-vector experiments.

““Ideal” timing parameters refer to short gradient pulses (6 — 0), long diffusion
times (A — o0) and short or long mixing times (t,,, =0 or 7, — 0o, respectively).
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Under these assumptions, the derivation of signal expressions is straightforward
(see Section 2.4) and the specific MWV effects are most pronounced.

2.3. Basic pulse sequences

An example of a MWV pulse sequence is shown in Figure 1A. In this most general
case, each gradient pulse with wave vector q; has its own gradient amplitude G;,
direction G;/Gjand pulse duration ¢;. Furthermore, n —1 different diffusion times
A; are defined between the wave vectors. To generate a measurable NMR signal,
rephasing is required, that is, Zj(—l)(’*l)q]- = 0, where the sign reflects the effect
of the refocusing RF pulses as shown in Figure 1A. Thus, only # —1 independent
wave vectors can be chosen.

A more specific experiment is shown in Figure 1B. It involves n independent
diffusion-weighting periods consisting of a de- and rephasing gradient pulse of
equal duration and amplitude. Each period is characterized by a wave vector q;
and a diffusion time A;. The times between the diffusion weightings are termed
mixing times t,,. This variant is the “classical” MWV experiment which was
analyzed in more detail for n=2 (Figure 1C) by Mitra and represents the basic
experiment considered in this chapter. If the mixing time is set to 0, the interme-
diate gradient pulses overlap as shown in Figure 1D for the DWV experiment.

Figure 1E presents an extension of the pulse sequence shown in Figure 1C
where the two diffusion-weighting periods of a DWV experiment are applied
multiple times. These experiments with so-called “‘multiple concatenations’ of
the two wave vectors represent a special case of the MWV experiments shown in
Figure 1B with only two different wave vectors, for example, applied in an
alternating manner. However, as such experiments do not exploit the full flexibil-
ity of a general MWV experiment with different q;, they will be considered as
DWYV experiments. Note that these experiments may also be performed with a
half-integral number of concatenations, that is, terminating with an incomplete
cycle where only the first wave vector is applied.

For clarity, the pulse sequences shown in Figure 1 represent extensions of the
standard pulsed-field-gradient spin-echo (PGSE) experiment.! However, it
should be emphasized that the MWV experiments are defined based on the
diffusion weightings, that is, they are not limited to spin echoes or the combina-
tions of RF pulses shown in Figure 1 but can be applied with any RF pulse
sequence including free induction decays or stimulated echoes.

Note that ““parallel” and ““antiparallel” wave-vector orientations considered in
this chapter refer to the PGSE-based sequences shown in Figure 1. In the “paral-
lel” orientation (G1/G;=G,/G,), the overlapping gradient pulses in Figure 1D
add up to yield a pulse with a larger amplitude. For the “antiparallel” orientation
(G1/G1=—G3/Gy), their sum yields a reduced or even cancelled intermediate
gradient pulse. This amplitude amplification and reduction are the criteria for
parallel and antiparallel wave-vector orientations, respectively.

The pulse sequence with vanishing mixing times (Figure 1D) has a diffusion-
weighting b value' of



Multiple-Wave-Vector Diffusion-Weighted NMR 233

A
RF/signal L] H .............. X H .................. I R H ........ ﬂwh
— A A A,
<—51 - — S 4—63— =9 1—
Gradients ....... [ [ESRSSRO ovseovssovses HESRIRSROSROINY T e e | I
G1 G2 Ga Gn—1 Gn
B H H H
s | S | N R | R S N | - %\b‘.
D R e
0 < Op—> S |«
Gradients -...... [ [ (] L LS —— LIS S H .............

C RF/signal | H ............. .............. H ............ q,\b,.

-5 - ‘[m—‘ﬁ—><— A—

Gradients ... LT 1 [ 1T 1. ..
D
RF/signal H ............... H ......................... H ............ ‘,,\b,,
-5 A A

Gradients [lE:j ............... I |

Figure 1 Basic pulse sequences for multiple-wave-vector diffusion-weighting experiments.

(A) Most general case with different gradient amplitudes and directions, pulse durations and
diffusion times. To ensure a proper rephasing, only n —1 independent wave vectors can be chosen.
(B) “Classical” MWV experiment with n diffusion-weighting periods, each described by a wave
vector. The times 7, between the diffusion weightings are the so-called mixing times. (C, D)
Double-wave-vector variants (n=2) of (B) with a fixed pulse duration and constant wave vector
magnitudes and (C) a mixing time larger than the pulse duration and (D) a vanishing mixing time
(tm=0), that is, overlapping gradient pulses. The amplitude of the overlapping pulses shown in (D)
corresponds to a parallel wave-vector orientation (doubled amplitude), the grey dashed lines
reflect the amplitudes for orthogonal (1/2) and antiparallel orientations (cancellation), respec-
tively. (E) Variant of (C) with multiple concatenations, that is, the two wave vectors are applied
multiple times, usually in an alternating manner. Note that the individual wave vectors may
have any direction. The angle between the two wave vectors of (C)—(E) will be denoted as 0. It
should be emphasized that the MWV experiments are defined based on the diffusion-weighting
properties and can be used with any RF pulse sequence.
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b= JOT K (t)dt = * JT (Jt G(t’)dt’)zdt (1)

0 0

that varies with the angle 0 between the two wave vectors:
252 N2, 2y 9
b=19% A-3 (G +G3) —3G1Gycos0)|. (2)

The first term represents the effect of the two individual diffusion weightings
involved, the second the modulation introduced due to their interaction. Consid-
ering trapezoidal diffusion gradient pulses with a finite ramp time t, (t.<d, A—9),
it can be calculated to

R 1 5 5 1
b=7{PA - -2+ L) (GC+G) - 5+ 12—
V|:( 3 6r+30r (1+ 2) 3+6r 30

@Q@mﬂ.@)

Thus, a maximum b value is obtained for the antiparallel wave-vector orienta-
tion (0=180°), a minimum for parallel orientations (0 =0°).

This means that freely diffusing spins show a signal modulation with 0 with
higher signals for parallel and lower signals for antiparallel wave-vector orienta-
tions. This modulation is opposite to that expected for restricted diffusion (see
Section 2.4.3). Signal contributions from freely diffusing spins could therefore lead
to an underestimation of the modulation related to restriction or may mask or
even reverse it completely. This should be kept in mind when performing experi-
ments with vanishing mixing times.

2.4. First theoretical approach

In this part, a first theoretical approach is presented for the NMR signal of spins
diffusing in isolated pores. It is based on simplifying assumptions about the
timing of the experiment: short gradient pulses (6 —0), long diffusion times
(A—o0) and either a long (7, —00) or a vanishing mixing time (74— 0). These
assumptions are often referred to as “ideal” timing parameters because the
specific MWV effects are most pronounced for this case.

The results obtained can be expected to represent a good approximation for
experiments as long as the gradient pulses, diffusion times and mixing times are
small or large, respectively, compared to the time tp which is the time a spin
typically needs to cross the pore, that is, tp=a /2D, where a is the pore size and D
the bulk diffusivity. However, even these less stringent assumptions are hard to
meet in real experiments and an accurate analysis will require a more sophisti-
cated approach like that presented recently by Ozarslan et al.>® But because the
“ideal”” experiment offers a straightforward and easy access to the specific MWV
properties and effects, it will be presented here. Although it has been slightly
generalized by allowing for n wave vectors the presentation closely follows the
original considerations of Mitra.”
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2.4.1. Short-pulse approximation

In the short-pulse approximation, that is, assuming that the gradient pulse dura-
tion ¢ approaches 0 while the wave vector q remains constant, the phase differ-
ence Ag that a particle accumulates when diffusing along the trajectory r(t), is
given by”’

Ap(q,A) = q+[r(0) — r(A)] (4)

for a single diffusion weighting, a diffusion time A and a wave vector q=76 G
with the gyromagnetic ratio y and the gradient amplitude G. The corresponding
MR signal then obeys®”

M(q,A) x <e—’4‘1'[r(A)—r(0)]>7 (5)

where () denotes the average over the spin ensemble within the sample.
For an experiment with n diffusion-weighting periods as shown in Figure 1B,
Equation (5) must be extended to

]\/I(ql7 RPN A’ Tm) X <e7iq1'[r(A>*r(0)] -eiqz'[r(2A+7m)*r(A+Tm)] .. ..

. e(*l)"iqn'[r("AH”*l)Tm)*r((nfl)AH”*l)fm)]>

(6)

The sign reversal in the exponent is related to the specific RF pulse sequence used
in Figure 1B.

2.4.2. Fully restricted diffusion

For spins diffusing in isolated pores within a diffusion time A long compared to
tp=a>/2D (A>1p) some simplifications can be achieved. Under these assump-
tions, the positions at time t and t+A, r(f) and r(t+A), are independent and,
because both are uniformly distributed in the pore, identical:

<e7iq,-[r<t+A>fr<t>J> _ <e7iq]--r<t+A>>.<eiq,-r(t>> = (e (1), 7)

Thus, Equation (6) can be re-written to

n—1

M@y, 8 = 00,7) ox (e507) (1 00r) T (el Wiert st ) s)

j=1

—.

Two limiting cases for the mixing time 7, between the diffusion weightings, a
vanishing and a very large 7,,,, are now distinguished.

For a very short mixing time (7, —0), the positions at f and t +7,,, are identical
for each spin, that is, r(t +7,,,) =1(t), and Equation (8) yields

n—1

M(qy;---59q,,A — 00,7 — 0) <eiq1'r>-<e<71)”iq"'r>- H <e<71)/i(qf+qf“)'r>. )

Because the ensemble average (€!9°7) is equal to p, the Fourier transform of the
spin density distribution p
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ey = mer)eiq'fdr — F(a), (10)

Equation (10) yields

n—

M@y QA = 007w — 0) o p(qy) P ((-1)"q,) - ﬁﬁ((—l)f (a+a4)) (1)

~

for a single pore ensemble.

For a long mixing time (7, >>1p), the positions r(t) and r(t+1,) are also
independent and uniformly distributed within the pore. Thus, Equation (8) can
be simplified to

n 2

M(ql, e QA = 00, T — oo) o H<ei%-r>.<e*iq/'-r> _ H
j=1

j=1

(12)

()

for a single pore ensemble using (e 7'97) = p"(q).

If multiple pore ensembles are considered, for example, with different sizes or
orientations, the signal contributions according to Equation (11) or (12), respec-
tively, must be added.

2.4.3. Restriction and anisotropy effect
For an experiment with two wave vectors, Equation (11) which is valid for
vanishing mixing times yields

M(‘ha ‘h) X Zﬁi(ql)ﬁi (qz)ﬁi(_‘h - ‘12)v (13)

where an index i has been introduced for pore ensemble i to account for multiple
pore ensembles with different pore orientations or geometries. Considering this
result for an isotropic (random) orientation distribution of identical pores and
performing a Taylor expansion to second order in g yields

M(q,0) < 1 — %E]2<R2>(2 + cosf) (14)

for g1 =g>=¢q, with 0 being the angle between the two wave vectors, that is,
cos 0=q1q2/9°, and the so-called mean-squared radius of gyration

(R?) :J rdr. (15)

pore

This means that the signal for short mixing times shows a cosine-shaped

modulation if the angle 0 between the two wave vectors is varied. Thereby,

the modulation amplitude is proportional to (R?), a measure reflecting the
pore size.
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For two wave vectors, Equation (12) derived for long mixing times simplifies to

CHE NS ACHIRIACH]E (16)

1

For this case, Mitra considered spherical and ellipsoidal pores with an isotro-
pic orientation distribution up to the fourth-order terms. He argued that no
angular modulation will be present for spherical cells while ellipsoidal pores
will exhibit a signal difference between parallel and orthogonal wave vectors
arising in the fourth-order terms.” A calculation of the signal difference performed
by Cheng and Cory® for randomly oriented spheroidal pores up to fourth-order
terms yielded

2 2 224
My (g) = M.(q) = 37 (@ = )", (17)
where a and b denote the semi-axes. As expected, it vanishes for spherical pores
(a=D).

Thus, two effects were predicted by Mitra” when exploiting the additional
degrees of freedom provided by the DWV experiment, the mixing time and the
angle 0 between the two wave vectors. First, a signal modulation with cos 0 at
short mixing times that appears in the second order of g for any pore shape and
whose amplitude increases with the pore size (Figure 2A). It will be referred to as
the “restriction effect”. Such experiments are a straightforward approach to
estimate pore or compartment sizes. The modulation reflects non-Gaussian diffu-
sion and can be considered as a fingerprint for the presence of diffusion restric-

tions. The cos 0-shape of the restriction effect implies that the signal amplitude for
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Figure 2 Relative signal amplitude of a DWV experiment versus the angle 0 between the two
wave vectors with (A) short and (B) long mixing time for ideal timing parameters (6 — 0, A — oo,
Tm— 0 or oo, respectively). Only terms up to (A) second and (B) fourth order were considered.
Solid lines were obtained for spherical pores with two different radii (ratio 1: 1/2), the lower
curves correspond to the larger radius. The dashed lines were calculated for spheroidal pores with
ratios of 2:1and 4:1, respectively, for the semi-axes. In (A), the curve with the less eccentric pore is
hidden under the upper sphere curve because both pores have an identical mean-squared radius of
gyration. The curves demonstrate (A) the cos-shaped signal decay for short mixing times and

(B) the cos 20 modulation for eccentric pores at long mixing times.
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antiparallel wave-vector orientations (¢ =180°) is larger than that for a parallel
orientation (0=0°). This change in the signal amplitude upon an inversion of one
of the two diffusion weightings seems to be surprising because in single-wave-
vector experiments the polarity of a diffusion weighting has no influence on the
signal. It is therefore considered from a more intuitive point-of-view in Section 2.5.

Second, at long mixing times, a signal difference between parallel and orthog-
onal wave-vector orientations is present in the fourth-order terms that is charac-
teristic for microscopically anisotropic diffusion as, for example, in eccentric pores
(Figure 2B). This ““anisotropy effect”” can be observed even if the sample macro-
scopically appears isotropic, for example, because of an isotropic orientation
distribution of eccentric pores. Thus, it can reliably detect diffusion anisotropy
on a scale beyond the resolution achievable with imaging approaches.

Both effects can provide access to information about the microstructure that is
hard or impossible to achieve with single-wave-vector experiments. This can, for
instance, be seen in the example of one-dimensional tubes with isotropic orienta-
tion distribution.” In a single-wave-vector experiment, the signal decay for such a
sample is non-exponential but can perfectly be modelled by a two-component
diffusion, that is, a mixture of two ensembles with different, isotropic diffusion
coefficients (“’bi-exponential” signal decay). For such a system, the signal should
be isotropic for the DWV experiment as well, that is, no signal variation should
occur if the angle between the two wave vectors is changed. This is in contrast to
the tube system where a reduced signal is observed for orthogonal wave vectors
compared to parallel or antiparallel wave vectors at long mixing times.” Similarly,
the DWV experiment with short mixing time could detect the effect of restrictions,
even for the isotropic geometry of spheres. Thus, the DWV experiment, for
instance, can distinguish whether a non-exponential signal decay is due to differ-
ent diffusion coefficients or due to local anisotropy or restriction.

It should be noted in this context that the anisotropy effect can also be expected
if the diffusion is Gaussian,?® for example, described by a rank-2 diffusion tensor.
This is due to the multiplication of the decay factors in a DWV experiment and can
easily be demonstrated for a mixture of two ensembles with anisotropic diffusion
and identical number of spins. Each ensemble has diffusion coefficients of D; and
D, in orthogonal axes but their orientations are rotated by 90°. In a single-wave-
vector experiment, the diffusion attenuation along any of the two axes is given by
1 (et +e7tP2) ~ 1 -1 b(Dy + D,) +1b?(D? + D3). For a DWV experiment with
parallel (or antiparallel) wave vectors, the same result is obtained for both axes:
1(e7PPree D1 4 e7WP20e7002) x 1 — b(Dy + D) + b?(D3 + D3). 1t differs from the
single-wave-vector results only due to the effectively doubled b value. But for
orthogonal ~wave vectors, the signal attenuation is given by
e tDiee D2 — e~ t(D1tD2) 1 — p(Dy + Dy) +10*(Dy + D»)?, that is, a difference of
10*(Dy — D,)* compared to parallel orientations. The difference vanishes for
D;=D, and is positive for D;# D, corresponding to a higher signal amplitude
for parallel wave vectors. This means that the anisotropy effect can be expected to
be also detectable in samples or under experimental conditions where the diffu-
sion is not (fully) restricted, for example, as in Ref. 38. This may be of particular
importance for applications in biological tissue, like white matter in the brain and
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spine, where restrictions may be absent in certain directions or, due to finite
diffusion times, diffusion is not fully restricted on the time scale of the experiment.

2.4.4. Negative diffraction
Aside from the angular modulation of the signal at short mixing times, the
underlying Equation (11) also reflects an unusual and interesting diffraction effect
which recently has been discovered by Ozarslan and Basser.” The basic principles
of this “negative diffraction” will be summarized in this section similar to the
presentation in Ref. 9. Thereby, only a single pore population is considered for
simplicity.

For a single-wave-vector experiment, that is, q1=q, q;=0, Equation (12),
derived for ideal timing parameters, J, 7, — 0 and A — oo, simplifies to

M(q) o |p(q)[*. (18)

For the zero crossings of p(q), the signal vanishes which represents the diffraction
minima or “dips”***” (see Section 2.6). But the signal is always positive, that is,
M can be considered to have only zeros of even order.

Ozarslan and Basser investigated the corresponding equations for an experi-
ment with #n wave vectors’ as shown in Figure 1B. In the short-pulse approxima-
tion and for a long mixing time, the signal decay for parallel or antiparallel wave
vectors (q;==q) is given by

Ma(£q,....£q) o« [T Ip(@)” = [p(q)*", (19)
j=1

where p(q) = p*(—q) was used. Thus, aside from a stronger diffusion weighting,
no basic difference regarding the diffraction pattern is present: the zeros’ positions
are untouched, their order changes but remains even.

This is different at short mixing times. For identical wave vectors (q;=q),
Equation (11) yields’

n—1

Mu(a, @) o )71 [[5((-1/ 2q))
j=1

_ Jip@Ppee"! fornodd 20)
P2(q)p"(29)p(2q)|"* forneven’

which shows that the signal is always positive for any odd n. The two important
findings are that (i) additional zero crossings (diffraction dips) appear for n>1,
the first of these at half the g value, and (ii) a sign reversal of the signal occurs at
the additional zero crossings for even n (Figure 3A).

The occurrence of the first zero crossing at half the g value is promising as it
would relax the gradient hardware demands. So far, ideal timing parameters
(tm=0) were considered where the intermediate gradient pulses overlap which
means that there is no benefit in the gradient amplitude. However, it has been
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Figure3 Relative signal amplitude versus the amplitude of the wave vector q for a spherical pore
demonstrating the negative diffraction effect. Note that negative signal amplitudes were inverted
(dotted) in both plots. (A) Experiment with one (black, solid), two (red) and three (green) wave
vectors in parallel orientation. (B) DWV experiment (dashed) with different angles between the two
wave vectors: 0° (parallel, red), 90° (orthogonal, green), 120° (blue), 135° (yellow) and 180° (anti-
parallel, purple). The reference single-wave-vector experiment is shown in grey (solid). The first zero
crossing which has the sign reversal, moves from half the g value of the single-wave-vector
experiment to larger g values. Also note that the curve for antiparallel wave vectors (purple)
coincides with the single-wave-vector curve. The exact solution for ideal timing parameters, that is,
0—0, A— 00, T, — 0, were used for all simulations.

shown, theoretically” and experimentally,*' that the negative diffraction effect can
also be observed for 1., >, that is, without overlapping gradient pulses. In this
case, one half of the gradient amplitude necessary in single-wave-vector experi-
ments is sufficient to observe diffraction effects in DWV experiments which
would considerably reduce hardware demands.

Even more interesting is the sign reversal due to the zeros of odd order which
also is the reason for using the term “negative diffraction”’. Unlike the zeros of
even order, it is very insensitive to wave-vector orientations and size and orienta-
tion distributions as will be outlined in detail in Section 5.

For a slightly more general experiment with q»;,1=q; and qz;=q>,

fornodd

(21)
forneven

L a)Pia + )l
My (a;.92) {ﬁ(ql)fﬁ(qz)ﬁ* (91 + a2) [P (a; +ap) "

is obtained for the DWV experiment at short mixing times. This implies that the
additional zero crossings depend on the angle between the two wave vectors. For
a spherical geometry where p(q) = p(g), they will only depend on |q; + q3|, that is,
the relative orientation of q; and q. Assuming furthermore q1=¢>=¢, |q1+q2|
yields gv/2 + 2 cos0. For 0=0°, the first additional zero crossing appears at half the
g value as mentioned above. With increasing 0 <120° it moves towards the single-
wave-vector zero crossings and coincides with it for 0 =120° (Figure 3B). Thus, the
same dips as in the single-wave-vector experiment are observed in the DWV
experiment, however, they still show the sign reversal for even n. For 0>120°,
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the additional dips appear at larger g values, that is, beyond the single-wave-
vector dips, and disappear to infinity for 0=180° (Figure 3B).

2.5. Phase evolution

The signal difference between parallel and antiparallel wave-vector orientations
at short mixing times according to Equation (14) is not very intuitive. Compared to
parallel wave vectors the signal decay is reduced by a factor of 1/3 if the polarity
of one of the wave vectors in inverted. This seems to be quite unusual because in
single-wave-vector experiments the polarity of the diffusion weighting does not
have an influence on the signal amplitude. However, this behaviour can be
understood when considerin§ the phase evolution of spins in a simple geometry
as will be summarized here.*'?

Consider spins diffusing between two parallel planes that are perpendicular to
the direction of the diffusion weighting. The phase evolution at three different
positions is shown in detail in Figure 4. Assuming that this “pore” is located in the
isocentre, a diffusion-weighting gradient pulse does not affect spins in the middle
between the two planes (yellow) but those at the outer positions. They experience
a phase shift of the same magnitude (o) but with opposite polarities (red and
green; see, e.g. Figure 4C). Note that in this example no refocusing RF pulses are
used and the simplified pulse sequence of Figure 4A is considered.

Prior to the first diffusion-weighting gradient pulse, the spins are in phase
(Figure 4B). The first (positive) dephasing gradient pulse changes the phase of the
spins at the outer positions by a (Figure 4C). During the diffusion time which is
assumed to be long, the spins from all positions diffuse anywhere between the
two planes and are distributed uniformly. This means that at the three positions
the same (uniform) mixture of spin phases with an angular coverage of 2« is
present prior to the first rephasing gradient (Figure 4D). The (negative) rephasing
gradient then tilts these distributions by o in a direction opposite to that of the
dephasing gradient pulse (Figure 4E). The averaged phase distribution then spans
an angle of 4o with a triangular-shaped population (Figure 4F): from the manxi-
mum at the centre phase (yellow) it linearly decreases to the minimum values at
— 20 (red) and + 2« (green). This distribution represents, as expec’ced,39 the auto-
correlation function of the pore. It is obvious that this phase dispersion yields a
lower overall signal than the initial magnetization which reflects the diffusion-
induced signal attenuation of single-wave-vector experiments.

Due to the short mixing time assumed, the phase distribution present after the
first rephasing gradient (Figure 4E) is identical to that prior to the second dephas-
ing gradient (Figure 4G). The two cases of a parallel and antiparallel orientation
must now be distinguished. For the antiparallel orientation, the dephasing gradi-
ent of the second wave vector has an inverted polarity compared to the rephasing
of the first wave vector, that is, the phase tilt introduced by the latter gradient is
removed completely (Figure 4H). This also means that the phase distribution after
the dephasing is identical to the uniform distribution obtained after the first
diffusion time covering the range between —« and +o at any position. Thus, the
second diffusion time has no additional effect as it uniformly mixes uniform
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Figure 4 (A) Simplified pulse sequence for a DWV experiment without RF pulses. For a proper
rephasing the two gradients of a diffusion weighting need to be applied with opposite polarities.
For the second diffusion weighting (G,), the solid lines correspond to the parallel, the dashed to
the antiparallel orientations. (B—O) Phase evolution for spins diffusing between parallel planes
during a DWV experiment as sketched in (A) with a short mixing time. Three different positions are
considered: in the middle between the two planes, assumed to be in the isocentre, and left and
right at the two planes. Note that the gradient pulse duration (9) is assumed to be short, that is,
diffusion during the pulses is neglected, and the diffusion time (A) is considered to be long. (B, G)
Phase distribution before the first and the second diffusion weighting, respectively. The phase
evolutions during (C—E) the first and (H-), L-N) the second diffusion weighting for (H-J) antipar-
allel and (L-N) parallel wave-vector orientations. (C, H, L) reflect the effect of the dephasing
gradient pulses, (D, I, M) that of the subsequent diffusion time and (E, J, N) the effect of the
rephasing gradient pulse. (F, K, O) represent the phase distribution averaged over all three
positions considered. Note the identical distributions in (F) and (K) because for the antiparallel
orientation the effects of the two middle gradient pulses cancel, the broader distribution for the
parallel orientations (O) reflects the lower signal amplitude. For details see text and Ref. 41a.

-—

distributions (Figure 4I). The final rephasing gradient then tilts the phases again
by o (Figure 4]) and reproduces the phase distribution (Figure 4K) observed after
the first rephasing gradient (Figure 4F) and described above.

The lack of an additional effect for the second diffusion weighting is obvious if
the assumptions, a long diffusion time and a vanishing mixing time, are recalled.
Effectively, the second and third gradient cancel each other which means that the
two-wave-vector experiment with antiparallel orientations is identical to a single-
wave-vector experiment with the doubled diffusion time (Figure 4A). However,
as the diffusion was assumed to be long, a further prolongation has no additional
effect.

The phase evolution is different for the parallel wave-vector orientation where
the dephasing gradient pulse of the second wave vector amplifies the phase tilt
introduced by the previous rephasing gradient (Figure 4L). This yields locally a
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still narrow phase distribution (spanning 2«) but the centre phase varies consid-
erably, by £2a, across the pore. During the second diffusion time, the spins mix
up again completely and at the end of the diffusion time they are again uniformly
distributed with a broad phase distribution that spans 6« at any position
(Figure 4M). The final rephasing gradient adds another tilt by o (Figure 4N).
Thus the phases in the pore are distributed over a range of 8a (Figure 40).

Thus, compared to the antiparallel orientation, this distribution covers a dou-
bled phase range. A detailed calculation taking the more flattened population
distribution for the parallel orientation into account, yields the factor of 3 between
the two signal decays for small o which is consistent with Equation (14).*'*

From these considerations, it is obvious that the signal difference vanishes
for long mixing times. Then, the phase distribution is mixed up after the first
rephasing, yielding a uniform and position-independent distribution. It behaves
mirror-symmetrically for parallel and antiparallel orientations and, thus, shows
no magnitude effect anymore.

In other words, the short mixing time is required to achieve a sensitivity to
short-time correlations specific for restrictions: if a spin’s displacement is large
during the first diffusion-weighting period, it will end up close to the restricting
walls which means that the displacement during the second period must be very
small or, most likely, in the opposite direction. For a long mixing time, this
correlation is lost as the spin in the mean time may have moved to anywhere
within the pore, that is, its displacement during the second periods is independent
of its position after the first period.

This is in contrast to the anisotropy effect where a long mixing time is desired.
In this case, not the interference of the spins with the restrictions is of interest.
It would reflect the local boundary properties rather than the geometry on the pore
level. More important is the spatial distance the spins can travel in the different
directions. Thus, a long time to explore the full, restricted geometry may be benefi-
cial because it does not limit the spins” “experience” to their direct neighbourhood.
This not only holds for the mixing time but also for the encoding time, that is, the
diffusion time, such that ideally all spins are exposed to the pore’s eccentricity and
exhibit a diffusion anisotropy. In addition, a shorter mixing time would interfere
with the restriction effect. It implies an increased signal for orthogonal compared to
parallel wave-vector orientations which could mask the anisotropy effect.

2.6. Diffusion propagator

An alternative approach to describe the signal of diffusion-weighted acquisitions
is based on the diffusion propagator P(xy|r;, f) which gives the probability that a
particle with an initial position of r(0)=ry is at time ¢ found at r(t)=r,** The
propagator obeys the diffusion equation, that is,

DV?P(xo|r, t) = %P(mr, t) (22)
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with P(ro|r,0)=0d(ro—r). In the short-pulse approximation, the signal amplitude
then can be written as

M(q) = Jﬂ(ro) JP(rolrl, A)el" 4 (m=n)dr dr,. (23)

For restricted geometries it is helpful to use the so-called averaged propagator
(e.g. Ref. 43) given by

P(R,t) = J p()P(x]r + R, #)dr, (24)

which describes the average probability for any particle to be displaced by R.
The Fourier transformation of Equation (23) which was derived under the
short-pulse approximation yields

M(r) = Jp(ro)P(ro\ro +1,A)dry = P(r,t), (25)

which means that the diffusion-weighted signal M(q) is proportional to the Four-
ier transform of the averaged propagator.*

In case of fully restricted diffusion and long diffusion times, the probability is
uniformly distributed within the pore, that is, P(ry|tg +r,A) = p(xo +r). Thus,
Equation (24) can be written as

F(6) = [ plrp(ro + 1) (26)

This means that, the Fourier transform of the signal, and thus the averaged
propagator, is given by the autocorrelation of the pore geometry.’® Taking the
Wiener—Khintchine theorem into account,

M(q) = [p(q))* (27)

can be obtained, that is, the signal amplitude, as a function of q, is proportional to
the squared magnitude of the Fourier transform of the pore geometry function.*
This reproduces Equation (18), that is, Equation (12) with n=1.

As pointed out by Cory and Garroway,” this result for the NMR signal is
equivalent to the power diffraction pattern of a single slit in classical optics
whose transmission is described by the pore geometry. This so-called “diffusion—
diffraction” effect could yield information about the pore geometry with much
higher spatial resolution than achievable with conventional imaging approaches.
It means that the NMR signal as a function of q can be expected to exhibit a non-
monotonic behaviour with zeros (“dips’’) of order 2 whose positions depend on
the pore dimension along the direction of the diffusion-weighting gradient.

Extending the approach to porous structures, that is, connected pores char-
acterized by a so-called lattice correlation function, revealed an additional modu-
lation with the Fourier transform of this lattice correlation function** which can be
considered to reflect the interferences observed in a multi-slit experiment or the
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powder grating in X-ray diffraction. The first experimental observation of such a
diffraction effect was reported in 1990 by Callaghan et al.*’

2.7. Bloch—Torrey equation

For a more general description of diffusion-weighted experiments, the Bloch—
Torrey equations must be considered that add the terms for translational
spin motion to the Bloch equations.*” For the (complex) transverse magnetization
M(r, t) of spins diffusing with a diffusion coefficient D in the presence of a time-
variable gradient G(f) it is given by™*

%M(r, t) = DV*M(r,t) — iyG(t) - tM(x, ), (28)
where relaxation, Larmor precession, and bulk motion were ignored in order to
focus on the effect of diffusion. For free diffusing spins the solution is straightfor-
ward. But the description of spins diffusing in a confined geometry beyond the
short-pulse approximation has been a topic for a long time.

One of the first approaches was reported by Robertson as early as in 1966 for
spins diffusing between parallel plates in the presence of a constant gradient. He
could derive an approximative expression for the signal, however, locally
assumed Gaussian diffusion and ended up with the cumulant expansion. His
important idea was to express the magnetization in the orthonormal basis of
eigenfunctions of the Laplace operator which is present in the Bloch-Torrey
equation, for the chosen geometry. Thus, he reduced the problem in the first
steps he made to the calculation of the geometry’s Laplace eigenfunctions that
appear in many fields and have been considered for a variety of geometries.

Later, Sheltraw and Kenkre*” applied the memory function technique, well
known from other physical applications, to the problem. It yields an equation
where the partial time derivative of the magnetization depends on the time
convolution of the magnetization with a memory function. Furthermore, they
could show that their approach reduces to the cumulant expansion if the memory
time is considered to be short. This approach can model some features, like
diffraction effects, better than the cumulant expansion but accurate results are
still limited to small g values.

Caprihan et al.*® used a different approach which involves an expansion of the
diffusion propagator in its eigenfunctions for the geometry considered. Further-
more, they approximated an arbitrary gradient shape by a series of impulses, each
fulfilling the narrow-pulse limit, interleaved with periods of spin diffusion. This is
why the method often is referred to as the multiple propagator approach. For
practical calculations it must be considered that the number of eigenvalues and
eigenfunctions is infinite. However, the infinite series converges quite quickly
when successively including eigenfunctions with larger eigenvalues. Thus, the
approach is able to model diffraction patterns much better than previous
approaches.
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Callaghan®® has shown that this approach can be written in a matrix product
formalism which improves the efficiency of numerical calculations considerably
even for complex gradient waveforms and short raster times. This significantly
facilitated the application of the approach.

A different method was presented by Barzykin who considered, unlike
Robertson, the full problem in the eigenfunctions of the Laplace operator. The
infinite number of eigenfunctions is written in a matrix form which yields an
analytical solution for a constant gradient field. Considering arbitrary gradient
time courses as piecewise constant gradients, the approach can easily be extended
to any waveforms. In the limit of infinitely short raster times, it has been shown to
be identical to the matrix product formalism.”" This approach has recently been
extended by Grebenkov®>™? to general diffusion problems, that is, without focus-
ing to the Bloch-Torrey equation, yielding the so-called multiple correlation
function (MCF) description. This approach has been extended by Ozarslan
et al.?® to DWV experiments (Section 3.3.2).

50,51

3. EXTENDED AND GENERALIZED THEORY

The theoretical considerations presented in Section 2.4 are based on the assump-
tion of isolated pores and “ideal”” timing parameters, that is, short gradient pulses,
long diffusion times and either a short or long mixing time. Furthermore, the
expression for the angular signal modulation at short mixing times, Equation (14),
was derived for small g values and an isotropic orientation distribution of the
pores; a corresponding expression for long mixing times has not been reported.
Thus, the applicability of these results, although valid for any pore shape, is quite
limited.

However, several theoretical extensions and generalizations were introduced
in the past few years that will be presented in this section. Two basic branches can
be distinguished. In the first, the assumption of ideal timing parameters was
retained but the validity for any pore shape as well. The equations for short and
long mixing times were generalized to arbitrary orientation distributions and
wave-vector orientations using a Taylor expansion to second and fourth order,
respectively.”*”® Furthermore, rotationally invariant measures of the pore size
and anisotropy were identified to obtain reliable results independent of the
sample’s orientation.>**° These results were extended to experiments with multi-
ple concatenations of the two wave vectors®**” which may improve the detect-
ability of the signal modulations.”® The results for the two limiting cases of a
short and long mixing time will be presented in Sections 3.1 and 3.2. This
approach was chosen (i) to derive reliable pore measures in the presence of
macroscopic anisotropy and (ii) to avoid assumptions on the specific pore shape
that may be complex or unknown as, for example, in biological tissue. However,
this is, at the expense of the assumption of ideal timing parameters.

In the second branch, summarized in Section 3.3, the timing assumptions were
dropped which, however, requires to consider specific pore shapes and orienta-
tion distributions to yield usable solutions. The presented approaches are based
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on the matrix product formalism of the multiple propagator approach®
(Section 3.3.1) and the MCF formalism®® (Section 3.3.2). Both yield accurate results
for the finite timing parameters present in real experiments if the eigenfunctions
of the Laplace operator are known for the underlying geometry. However, the
MCEF formalism also holds for arbitrary g values which makes it the most general
approach. It involves infinite matrices but converges for a reasonable number of
elements to a solution sufficiently accurate in practice. It is required for an
accurate modelling of experimental results and a precise determination of pore
sizes in known and solvable geometries.

3.1. Ideal timing parameters: Short mixing times

Equation (14) that describes the angular modulation of the signal in a DWV
experiment at short mixing times holds only for an isotropic orientation distribu-
tion of the pores, an assumption that may be violated, for example, in biological
tissue. It cannot be used for macroscopically anisotropic samples.

In this section, the Taylor expansion of Equation (13) is re-investigated to
derive signal expressions for arbitrary pore orientation distributions and wave-
vector orientation combinations. While the results obtained are valid for any pore
shape, ideal timing parameters, including a vanishing mixing time underlying
Equation (13), are still assumed. For terms up to second order in g, a rank-2 tensor
model has been developed which also allows to identify how the pore size
measure can be determined in the more general case® (Section 3.1.1). This
model has been extended to experiments with multiple concatenations of the
two wave vectors (as shown in Figure 1E) which show an improved signal
modulation amplitude‘%’58 (Section 3.1.2). Considering the fourth-order terms
reveals that a cos 20 modulation appears which does not vanish for spherical
cells* (Section 3.1.3). Thus, the access to microscopic anisotropy seems to be
limited to DWV experiments with long mixing times.

3.1.1. Tensor model

3.1.1.1. General signal expression To describe the signal of a short-mixing-time
DWYV experiment for an arbitrary sample, a rank-2 tensor model has been devel-
oped>* which will be summarized here. In its derivation, a single pore ensemble,
that is, a single pore orientation, is considered first. The sum of Equation (13) then
is proportional to that of an individual pore, that is,

M(qy,9,) o p(q,)P(9)P(—a — 9a) (29)

where the pore index i has been dropped for clarity.

Because in general q; and q, are independent variables, M(q,q2) can be
considered as a function of the six-element vector Q = (cﬂ, qE)T. Equation (29)
then can be written as

M(Q) x p1(Q)p,(Q)p5(Q), (30)
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where the individual factors are also described as functions of Q according to

71(Q) = 5(Q1,Q2, Qs) = qulg7
B B P2(Q) = p(Q4,Q5,Q6) = p(qy) _ (31)
p3(Q) = P(—0Q1 — Q4,-Q2 — Q5,-Q — Qe) = H(~q1 — @)
For an expansion of Equation (30), p according to Equation (10) must be
considered which yields

pla)=1-3a"Ra+O0(7). (32)

where the pore volume was set to 1, the pore’s centre of gravity was chosen as
the origin of the coordinate system, and R is a 3 x 3 tensor whose elements are
given by

Ri]‘ = J p(I‘)Tﬂ"de‘. (33)
pore
Thus,
nQ=1-307(§ §)ero@),
~ 1 0 0
7 =1-30"( g )e+o@), 34
~ 1 R R
p3<Q>:1—§QT<§ §>Q+O(Q3)

is obtained for the expansion of the individual p;(Q). The expansion of
Equation (30) to second order then can be re-written as

M(Q)ocl—%QTzQ (35)

2 R

- (& ,5). -

Equation (35) describes the signal for arbitrary wave vectors q; and q, that
appear as the elements of Q. The ““diagonal’” matrices (2 R) represent the effect of
the individual diffusion weightings while the ““off-diagonal”” matrices (R) reflect
the interaction between the two wave vectors in the DWV experiments. Because R
is symmetric, T has only six independent elements that are sufficient to describe
the general experiment. They can, in principle, be determined from six measure-
ments with non-collinear Qy if the signal without diffusion weighting is known,
for example, from a separate acquisition.

In general, Equation (35) does not describe a cos-shaped signal modulation
because, in non-spherical pores, the signal decay depends on the wave vectors’

with

=
[I=1I=



Multiple-Wave-Vector Diffusion-Weighted NMR 249

orientation with respect to the pore which changes when varying 0. The
corresponding modulation superimposes onto the restriction effect and usually
yields a more complex curve as is demonstrated in Figure 5. However, for the
special case of an isotropic orientation distribution of identical pores, the tensor
description simplifies to Equation (13).>*

Numerical simulations performed for wave-vector combinations covering the
full range of absolute and relative angles showed a good agreement of the fitted
tensor equation described by only six elements with the data® as can also be seen
in Figure 5.
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Figure 5 Examples for the signal modulation in short-mixing-time DWV experiments of sphe-
roidal pores versus the angle 0 between the two wave vectors. (A) While the first wave vector
was fixed, the second sampled different circles starting with a parallel orientation. The symbols
represent the results of numerical simulations based on a random walk model; the solid lines
depict the fit to the tensor model sketched in Section 3.1.1. (B) shows the simulation result

for an isotropic orientations distribution of the pores. For details see Ref. 54. Reprinted from
Ref. 54 with permission from Elsevier.
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For a mixture of different pore ensembles, for example, with different orienta-
tions, pore shapes or pore sizes, the contributions of the individual populations
must be summed up according to

R=> pR, (37)

where i denotes the population and the p; represent their volume fractions.
Thereby, the symmetry of R and, thus, T is retained because the individual R,
are symmetric.

3.1.1.2. Pore size estimate The trace of T which is proportional to the trace of R is
rotationally invariant, that is, its value does not depend on the sample’s orienta-
tion or the pore orientation distributions. It is proportional to the mean-squared
radius of gyration averaged over the pore ensembles and, thus, represents a
measure of the effective pore size within the sample:

R =51e(1) = 0(8) = o

pore;

p(r)r*dr = Zp,-<R2>i (38)

with (R?); being the mean-squared radius of gyration for the ith pore ensemble
according to Equation (15). Ress can be determined, for example, from three
acquisitions with appropriate Qy if the signal without diffusion weighting is
known.

As outlined in Ref. 54, the pore size estimation, as considered so far, can also be
performed with a single-wave-vector experiment, that is, with g, =0. Mathemati-
cally, this reflects the fact that the interaction terms, that is, the “off-diagonal”
sub-matrices of T (2R), are multiples of the terms describing the effects of the
single-wave vectors, the diagonal sub-matrices (R). For an isotropic orientation
distribution, this is equivalent to the observation that (R?) of Equation (14) can be
determined from two acquisitions with different g values but without changing 0.
This observation will be met again later on (Section 4.1). But, for instance, in the
presence of an additional compartment with freely diffusing spins, there
are ambiguities in the single-wave-vector experiments that can be resolved with
DWYV experiments as will be seen now.

3.1.1.3. Contributions of Gaussian diffusion Such signal contributions may arise
not only from freely diffusing spins but also from spins subject to hindered or not
fully restricted diffusion. They are, in general, described by the diffusion tensor
which in the tensor formalism, as a function of Q and expanded to the second
order, yields

D 0
Mp(Q) x1— AefoT<0: D)Q (39)

or for isotropic diffusion
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My(@) x1-4sDQ7(§ 4 )@ (40)

Thus, the diagonal sub-matrices are extended by the contributions of the
compartment with Gaussian diffusion which hampers the pore size estimation
in a single-wave-vector experiment. But the off-diagonal sub-matrices that reflect
the interaction of the two wave vectors, do not change, that is, the signal modula-
tion observed upon varying 0 is unaffected by signal contributions from free
diffusion and, thus, represents a straightforward access to the restricted
compartment.

3.1.14. Signal difference for parallel and antiparallel wave-vector orientations The
easiest and most reliable approach to determine the diagonal elements of R which
are required to estimate the pore size, involves acquisitions with parallel and
antiparallel orientations of the two wave vectors. Thus, additional signal modula-
tions due to non-spherical cells and non-isotropic orientation distributions are
avoided and anisotropy effects due to hardware inadequacies like differing eddy-
current behaviour or gradient scaling mismatches between the different physical
gradient axes are minimized.

In this case, Equation (35) can be simplified. For q=q;==qj, only the off-
diagonal matrices of T contribute to the signal difference yielding the reduced
tensor equation* B

AM(q) =q"2Rq. (41)

This means that the rank-2 tensor R with its six independent elements is
sufficient to describe the signal difference of parallel and antiparallel wave-vector
orientations for any orientation of q. In particular, this result is independent of
contributions from Gaussian diffusion, which represents the advantage of the
double-wave-vector experiment.

3.1.2. Multiple concatenations
Recently, the tensor model has been extended to a double-wave-vector experi-
ment where the two wave vectors are ‘“concatenated”, that is, applied several
times in an alternating manner>® (see Figure 1E). Because the transition from one
wave vector to the other causes the signal difference of the restriction effect, this
approach yields a larger accumulated signal difference which may help to
improve its detectability. Although such an experiment involves the successive
application of more than two diffusion-weighting periods, it will still be consid-
ered as a two-wave-vector experiment because the full flexibility of a general
multiple-wave-experiment is not exploited.

However, Equation (11) derived for MWVs can be used to describe the signal if
qQ2j—1 =91 and qy;=q; are used yielding
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M(qy, 9z 1) < p(q1)p(q2) 0" (—a1 — (h)ﬁn_l (4, + )
~ ~ ~n ~xn—1 (42)
=p(q)P(2)7" (—a1 — 42)P™ (a1 — @),
where 7 is the number of concatenations (see Figure 1E) and the pore index has

been dropped for clarity. The derivation of the generalized tensor equation is
straightforward and yields®

1
M,(Q) x1-5Q'T.Q, (43)
with a modified tensor definition

MR (21— 1R
Q:<(2n—1r)lﬁ ! 2nE)- (44)

The corresponding adaptation of the pore size measure derived from the
tensor’s trace yields

R, = Tr (g) = ﬁTr (2) (45)

For the reduced tensor equation describing the signal difference between
parallel and antiparallel wave vectors

AM(q) = q"2(2n —1)Rq (46)

can also easily be obtained. For an isotropic orientation distribution of the pores
with |q1| =]|qz| =4, the signal can be calculated to

Miso(q,0) o< 1 — %q2<R2>(2n + (21 — 1) cosb), (47)

which extends Equation (14) to multiple concatenations.

For a half-integral number of concatenations, that is, an experiment that
terminates with a diffusion weighting of the first wave vector, the signal equation
is given by

Ml(‘ha qz) X ﬁi(‘h)zﬁi(_(h - qz)nﬂﬁz‘(ql + (h)n» (48)

where 1 now represents the number of full cycles, yielding™

T ((zn’+1)g (2n’—1)5>

@7 -1)R (7' -1R

(49)

withn' =n + % Equations (45)—(47) remain valid if # is replaced by n’.

These equations imply that the usage of multiple concatenations increases the
signal modulation by a factor of 2n —1 which is easiest to see in Equation (47).
Because the mean signal decay is proportional to 27, the relative signal modula-
tion is given by (2n—1)/2n=1-1/2n, that is, the relative signal modulation can
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be doubled. This optimum gain is achieved in the limit of large n, which is not
very feasible for experiments. However, using only two concatenations already
yields half of the gain, that is, a relative signal modulation improved by 50%.

Furthermore, numerical simulations reveal that if the higher diffusion-weight-
ing efficiency of multiple concatenations is used to shorten finite pulse durations,
an even higher gain of the signal modulation can be obtained. The additional
improvement represents a re-gain of some of the signal modulation that is lost for
longer gradient pulses (see Section 4.1). This is of particular interest for whole-
body MR systems with their weak gradient systems.”® In the example considered,
the modulation for five concatenations was more than five times higher than that
for a standard DWV experiment™ which is well beyond the theoretically expected
factor of 1.8. Thus, multiple concatenations may be able to improve the detectabil-
ity of the signal modulation, in particular on whole-body MR systems with their
limited gradient amplitudes.

3.13. Fourth-order expansion

While the preceding considerations were limited to second-order terms in g,
Ozarslan® calculated the signal expression for an isotropic orientation distribu-
tion of a rotationally and point symmetric pore up to fourth order in 4. For such
pores and a constant spin density p(r)=p, the expansion of p(q) to fourth order
can be written as™

2 1 4
pa)=1-5|  @0'dre gt @0'aro@). (50
pore
where § is the unit vector along q. The signal for an isotropic orientation distribu-
tion and g; =g, =4 is then given by

Miso(9:9,) = 1= J e (2 + cos0) [(q- r)’d4dr

+ 151 (4 +4cosl + 4cos29)J J (q- ) dqdr
pore
1
+§q4(7 + 8cosf + 3 cos20) J J J q: rl dqdrldrz
poreJ pore

+§q4(1 - 2C0520)J

pore

| L<a-n>2<ayr2>2dadrldr2.
pore

(51)

Thereby, the ﬁ\ integration is performed over the surface of the unit sphere, that is,
all possible orientations of §, and §, is a unit vector in a direction perpendicular
to  that is obtained if §, is decomposed into components parallel and perpendic-
ular to §,, that is, it obeys §, = q, cos0 + q, sin0.

In Equation (51), cos 0 and cos 20 terms are present in the fourth order. While
the first modulation is known from the second-order term where it reflects the
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restriction effect and is proportional to the pore size, it may, at a first glance, be
possible that the cos 20 modulation contains information about the local anisot-
ropy as it does for the long mixing time regime. However, for spheres with a
radius of ry, Equation (51) yields>

1 1
Miso(q,0) =1 — §q2r§(2 + cosf) + mq4ré(55 + 48 cost + 5 cos20), (52)

which means that the cos 20 modulation does not disappear for isotropic pores.
Thus, short mixing times seem to be unable to identify local anisotropy even if the
fourth-order contributions are considered. This is different from the long mixing
time regime as mentioned above and will be shown in the next section.

3.2. ldeal timing parameters: Long mixing times

So far, only signal expressions for ellipsoidal pores with isotropic orientation
distributions were reported for DWV experiments with long mixing times, that
is, investigating the anisotropy effect. Similar to the derivation in the preceding
section, Taylor expansions of Equation (16) up to fourth order which have been
reported recently will be considered in order to derive equations valid for arbi-
trary orientation distributions and wave-vector orientations under the assump-
tion of ideal timing parameters. This will include expressions for the signal
modulation with the angle 0 between the two wave vectors for an isotropic
orientation distribution.

First equations were reported by Ozarslan® for pores exhibiting rotational and
point symmetry and yielded a cos20 modulation for the anisotropy effect
(Section 3.2.1). More recently, a tensor approach for arbitrary pore shapes was
presented (Section 3.2.2) from which a rotationally invariant measure of the
microscopic anisotropy can be derived® (Section 3.2.3). It has also been extended
to multiple concatenations® (Section 3.2.1).

3.2.1. Rotationally symmetric pores

First expressions for the angular dependency of the DWV signal at long mixing
times were derived by Ozarslan.”® Under the assumption of a rotationally sym-
metric pore that is also point symmetric about its centre of gravity, and a constant
spin density p(r)=p he obtained

Miso (ql7 q2) =1- 2q2fporejs (a'r)zdadf + %lfJ JS (l('\l '1‘)4(?1/(\1(311'
pore

+ % 72+ cosZH)J

pore

| | @ny@ndganan s
pore

+%q4(1 - cosZH)J

pore

J L("\l'r1>2(/‘\1L’f2)2dﬁdf1dr2
pore

for an isotropic orientation distribution where the expansion of p(q) according to
Equation (50) has been used. Furthermore, as in Equation (51), the q integration is
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performed over the surface of the unit sphere, that is, all possible orientation of ﬁ,
andq, is a unit vector in a direction perpendicular toq that is obtained ifq,
is decomposed into a component parallel and perpendicular to qi, that is, it
obeys §, = q, cos + §, sin0.

These results demonstrate that the angular modulation shows a cos 20 depen-
dency. As examples for specific pore shapes, ellipsoids of revolution (semi-axes a
and b) and cylinders (radius rp, length /) were considered, the latter being a model
for the studies performed on microcapillaries. The calculations yielded

2
Misoeni(g,0) =1 — qu (24 + b?)
X (54)
2625‘7 (97114 +32b* + 66a°b + 7 (a* — b?) cosZH)
and
Miso.cyl(% ) 1- 7q (61’0 + 12)
(55)

1 \ i
+ 10,800 q* (615r0 + 221 + 1502 + 5(372 — I?) cosze),

respectively, the first being consistent with the signal difference between parallel
and orthogonal wave vectors obtained by Cheng and Cory.®

3.2.2. Tensor model

A different approach that is able to handle arbitrary orientation distributions, was
presented in Ref. 55 and will be sketched in this section. It is also based on a Taylor
expansion of Equation (16) for ideal timing parameters but uses a formulation
involving tensor expressions like the one in Equation (35).

3.2.2.1. Taylor expansion Terms up to fourth order are required to be able to
model the anisotropy effect that for a single pore ensemble yields an expansion
of p given by

Zq]qkj p( r]rkdr Z q]qkqu p(r)r]-rkrldr
pore pore

]k 1 ]kl 1

S G| pannds + (7). (56)
jkLm=1 pore

where the pore volume has again been set to 1 and the pore’s centre of gravity was
chosen as the origin.

With the rank-2 (3 x 3) tensor R and defining a rank-4 (3 x 3 x 3 x 3) tensor S
with elements N B
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R]k = Iporep (1‘) T]‘der,

57
Sikim = fporep(r)r]-rkrlrmdr7 (57)
Equation (56) can be re-written to
{3
p(q)=1--9'Rq Z %QkQZJ p(r)rjrrdr
pore (58)

.4;’—‘1\)\

Z qi9kq19m ]klln+o(q )
]klm 1

from which the Taylor expansion of |p(q) * can be calculated to

~ R 1<
@ =p@p'@=1-a"Ra+;(a"Ra) +15 > gagianSum +O().

jokLm=1
(59)
The expansion of Equation (16) up to fourth order then yields
2 12 2
M(dy,qp) o< 1- qugqv +ZZ(q3§qv) +(a'Ray)(alRq;)
(60)

122 Z v kv 1qv,m ]klm—f'O(Q)

v=1jk Lm=1

where Greek and Latin indexes refer to the wave-vector number and Cartesian
coordinates, respectively, and g,,; denotes the jth component of wave vector q,.
After the leading constant, the terms in Equation (60) represent (in the order of
appearance) (i) the second-order term of p and (ii) its square (fourth order) for
each wave vector, (iii) a mixed product of the second-order terms of p between the
two wave vectors (fourth order) that reflects the interaction between the two wave
vectors and causes the anisotropy effect and (iv) the fourth-order term of p for
each wave vector.

3.2.2.2. Modified Voigt notation A handier notation of Equation (60) could be
obtained using the modified Voigt notation which effectively allows to reduce the
dlmensmn of symmetric rank 4 tensors. Defining a six-element vector

(‘hyqZ’Q37Q1Q27Q1L]3,LIzq3) yields

1 1
o Z 991G ,kzn1:3q
ik, lm=1

ch

(61)

for the last sums in Equation (60) with
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Siin Stz Susz 25112 251113 251123

Stz S Swosz 25122 251223 25203
S _ S1133  S2233  Sas 251233 251333 252333 62)
= 251112 251222 251233 451122 451123 4S1223 |

251113 251223 251333 451123 451133 4S1233

251123 252203 252333 451223 451233 452233

Note that only the positions of the elements S;; are uniquely defined while
those of the other elements are ambiguous and were chosen to obtain a symmetric
tensor. The factors reflect the multiplicity of the index combinations.

Similarly, the squares and the mixed product of the second-order terms can be
written as

1 (T7Rq) = d'Rg (63)
and
(a7Rq)(afRa;) = R, (64)

respectively, with

R%, RiiRy»  RuRsz  2Rp1Riz 2Rp1Ri3 2Rq1Rp3
Ri1Rp» R%, R»R3z  2R1pR2  2Ri3R2  2R»Rp3
R11R3s3  RxnRs3 RZ, 2R12R33 2R13R33 2R23R33 (65)
2R11R12 2R1pR» 2R1pRsz 4R3,  4RppRiz 4RppRys |
2R11R13 2R13R»m  2Ri3Rs; 4RipRiz 4R%3, 4Ry3R»;
2R11R2s  2R»Rx; 2Rp3R3s 4R1pRps 4Ri3Rx; 4R35,

=

Just as S, R was set up symmetrically. It has 21 different elements
that are products of the six independent elements of R. But it must be emphasized
that this only holds for a single pore orientation. Accordingly, Equation (60) can be
re-written to

2 I rae omae I gs
M(q,qp) x1-) q/Rq,+3> 4/ Rq, +qRG+5> 4,54,  (60)
v=1 v=1 v=1

without rank-4 tensors. T
A combination of the vectors q, and q, to single vectors Q = (q{,q;) and

T
Q= (?1?, c~1§> , respectively, yields the final tensor equation

M(Q)wl—%QTQQJr%QTQQ (67)
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with the second-order (6 x 6) tensor

2R 0
5= (%0 2x) B
and the fourth-order (12 x 12) tensor
. (S+3R 6R
u=|(= L ) (69)
= 6R §+3R

respectively, which both are symmetric.

Equation (67) holds for any pore shape, orientation distribution and arbitrary
wave-vector orientations. It yields, in general, complex modulations with the
angle 0 between the two wave vectors and reproduces the results of numerical
simulations very well (Figure 6).

3.2.2.3. Multiple pore ensembles For a mixture of pore ensembles, each with a
volume fraction of p; (3_p; = 1), the signal is the weighted average of the individ-
ual contributions, that is, the tensor equation (67) remains valid if

LZZPiTa,i, QzZpiQ (70)
i

and
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Figure 6 Examples for the signal modulation in long-mixing-time DWYV experiments of spheroidal
pores versus the angle 6 between the two wave vectors. While the first wave vector was fixed, the
second sampled different circles starting with a parallel orientation. The symbols represent the
results of numerical simulations based on a random walk model; the solid lines depict the fit to the
tensor models sketched in Section 3.2.2. Courtesy of M. Lawrenz. Reprinted from Ref. 55 with
permission from Elsevier.
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are used where = Ta,i/ g, R, f{i and g are the tensors for the individual

ensembles. In this general case, Equation (67) contains 42 independent elements,
6 in the second-order (R) and 36 in the fourth-order terms (U). For the special case
of an isotropic orientation distribution of identical cells, Equation (67) simplifies to

1 1
— (3(R*) + 3(RuRy) + 4(R})) + G (R}) cos20 | g*

, 2,00\ 2
Miso(g,0) < 1 3<R W+ 30

(72)

for 1=g>=g where (R?) = >\ Ry = Joore p(r)r*dr is the mean-squared radius of
gyration, (R*) = [ p(r)r'dr, and

(Rfy) = 2 Sk Re + Zk,z RyRu,
(RY) = Z R — Z RyxR- (73)
[

Thus, Equation (72) reproduces the cos 20 dependency of Equation (53). It is
caused by the interaction term, that is, the off- diagonal matrices R in U. For
ellipsoidal pores with semi- axes ofa, a and b (RM =14% Ry =10?), the modula-
tion amplitude yields & (R?) =3k (a? —1?)* which is “consistent  with
Equation (17) derived by Cheng and Cory.?

3.2.3. Measures of microscopic anisotropy

It is obvious that the pre-factor of the angular modulation in Equation (72), (Ry/),
reflects the pore eccentricity, that is, microscopic anisotropy, because the modula-
tion is known to vanish for spherical cells. However, it is not clear how a rota-
tionally invariant measure of the microscopic anisotropy can be determined in the
general case of an arbitrary orientation distribution, that is, from Equation (67).
This problem will be addressed in this section.

A measure of the microscopic anisotropy must be based on the fourth-order
terms of Equation (67), ideally a linear combination, it must be rotationally
invariant, that is, independent of the pore orientation distribution, and depend
on the pore eccentricity. Furthermore, it should be accessible with a limited
number of measurements, that is, wave-vector combinations, and should be
independent of the pore size. It has been shown™ that such measures can be
derived from the tensor model presented. They may help to characterize the
microscopic anisotropy in samples with complex or unknown pore geometry
and, therefore, will be presented here and compared to a measure of macroscopic
anisotropy derived from the diffusion tensor.

3.23.1 Ipma A first approach towards a microscopic anisotropy measure is the
Ima according to™®
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6
Ima = ZRkk - Z Ry + Zzﬁmm (74)

kl=1 m=4
k<l

which involves nine different elements of g For an ensemble of identical pores
with a single orientation, it is given by

3 3 3
_ § 2 § : § : 2
k=1 k=1 k=1
k<l k<l

= (Tr(g))z —-3 23: (Rklel — Rl%l)-

k=1
k<l

(75)

Thus, it is obtained from two invariants of the tensor g, the squared trace
(invariant I;) and the surface element (invariant I),°*®° and as such it is also
rotationally invariant. Because Iyia is a linear combination of elements of R, it is

for a mixture of pore ensembles given by
Ima = ZPiIMA,i, (76)
i

that is, also rotationally invariant.

The Iya can be determined from 15 diffusion-weighted measurements with
different orientation combinations of the two wave vectors, for example, accord-
. 55
ing to

IMA - ZMkk - Z Mkl + Z ( Mkl kil + Mkl kl Mkl,kl) . (77)

k=1 kl 1
k<l k<l

Here, My represents the signal obtained with the two wave vectors along the
axes e, and e; and M that obtained with the two wave vectors along the
diagonals defined by e;+e; and e, +e;. Note that the number of measurements
required is lower than the number of different elements of U that is, not the full
tensor needs to be determined to calculate Iya.

For an isotropic orientation distribution, Iyia is sensitive to the anisotropy of
the pores. This is obvious if the results of Mitra, Cheng, Callaghan and their co-
workers presented in Section 2.4.3 are recalled that predict a signal difference
between orthogonal and parallel wave-vector orientations for eccentric pores.
In Equation (77), all acquisitions with parallel wave-vector combinations
contribute with a positive sign while those with orthogonal combinations have a
negative sign. The sensitivity for a single pore ensemble with a fixed orientation
can also be realized if Iyys is considered in the eigenvector coordinate system
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where Ry;=0 for k#[ and Ry= Ry with the eigenvalues R. Then, Equation (75)
yields

IMA—ZRk ZRkRz 22 (R — Ri)?, (78)

k=1 k=1
k<l k<l

that is, I\ja vanishes for isotropic cells (R =R;) and is positive if Ry # R, for any k #1
(anisotropic cells). Because in mixtures the Iy;5 of the individual pore ensembles
are averaged, this also holds for any orientation distribution.

3.2.32. MAindex For a one-dimensional pore with length 2r that can be regarded
as an ellipsoid with semi-axes of 0, 0 and r and represents the ““most anisotropic”
case, an Iy value of (1/9)r* is obtained according to Equation (78). This means
that Iy1s increases with the pore size which may not be an optimal choice for an
anisotropy measure. To eliminate this dependency, the second-order term based
on R can be involved. A simple approach is to use the trace of R, that is, >, Ry,
which is rotationally invariant and increases with the square of the pore’s dimen-
sions. Correspondingly, a dimensionless, rotationally invariant measure of the
anisotropy that does not depend on the pore size, can be defined as>

VIm \/ Zk 1Rkk 2Zkl 1sz+42m 4Rmm
i 1Rkk it Rk

For an isotropic orientation distribution, the MA is proportional to y/(R%), that
is, the amplitude of the cos 20 modulation ((1/15)(R;), see Equation (72)) is
proportional to the square of MA.”® If an ensemble of identical pores with a single
orientation is considered, Equations (75) and (78) are valid and MA is equivalent to

%Zilzl (R — Ry)?
k<l

Zilek

where the Ry are the eigenvalues of R. For ellipsoidal pores with semi-axes a, b and
c and a single orientation, Equation (80) provides

MA =

(79)

MAsingle = 5 (80)

V@ =07 + @ =) + (2 - )
MAen = ;
V2(a2 + b2 + 2)

which for semi-axes of 0, 0 and r is 1, that is, independent of r.

Equation (80) seems to suggest that the MA can also be determined from the
second-order tensor R. As mentioned, this is only true for a simple pore ensemble
where the elements of R are directly related to those of R but not for mixtures of
pore ensembles as can easily be seen. Modelling the measured signal according to
Equation (67) then yields the averaged tensor elements

(81)
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Ry = Z PiRix (82)
with R; ;; being the kl-element of = ﬁ and, for k, [<4,
Ry = Zpiﬁi,kl = Z]ﬂiRi,kkRi,zz (83)
which yields the important difference:
Ra =" piRiaRin # Y piRigc+ Y piRisk = RieRy. (84)
i i i

Hence, the elements I~{kl cannot be obtained from the (averaged) Ry but rather
represent in general independent variables.

This crucial difference can be demonstrated for a one-dimensional pore, that is,
an ellipsoidal pore with semi-axes of 0, 0 and r. For a single ensemble with pores
oriented along x, the only non-vanishing element of R is Ry; = (1/ 3)” which yields

a MA value of /5r4/(37*) =1. It is identical to the value according to
Equation (80). For two ensembles oriented along x and y with equal weighting
factors p;=1/2 the same MA value is obtained: /2 x 1 3r*/(37*) = 1. But since
Ri1=Rop=(1/6)r*, the value according to Equation (80) yields

2 x4t —Lrt/ (3 #?) =1 thatis, only half of the value. Adding a third ensem-
ble along z (p;=1/3) also does not alter MA because /3 x 1 174/(37%) = 1. How-
ever, Now Rj3=Ryp=R3;3=(1/9)* and Equation (80) would  yield
V3 & =3 x&r/(3r7) =o.

3.2.3.3. Comparison with measures of macroscopic diffusion anisotropy For a sin-
gle pore orientation the defined MA shows parallels to anisotropy measures
derived from the standard (single-wave-vector) diffusion tensor. For instance,
Equation (80) which was derived for a single pore orientation is equivalent to

>i(Ri — (R))?
Vo6(R) ’
with (R) =1 Tr(R 1 3™ Ry This formulat1on demonstrates the similarity to the
=3 2k y

(macroscoplc) amsotropy measure RA,°' the relative anisotropy, that is derived
from the diffusion tensor according to

MAsingle = (85)

> (D — (D))?
V6(D) ’

where Dy are the eigenvalues of the diffusion tensor and (D) =} >, Dy. Note that
the diffusion coefficients D are proportional to the mean-squared displacement,

RA =

(86)
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that is, the elements of Equation (86) can be re-written to be quadratic in r like
those of Equation (85).

This comparison underlines the feasibility of the MA to describe diffusion
anisotropy. But two things should be emphasized. First, the RA refers to the
diffusion tensor, that is, it is effectively based on the displacement ellipsoid while
MA aims to describe the pore geometry directly. Second, the RA vanishes for pores
with an isotropic orientation distribution (Dy=D) while the MA defined in
Equation (79) retains the value that is observed for a single pore orientation as
has been shown above.

Thus, the macroscopic and microscopic anisotropy yield complementary infor-
mation. The macroscopic anisotropy detects the orientation coherence of eccentric
pores on a sample or imaging voxel level, however, it cannot distinguish between
a reduced coherence and a lower fraction of eccentric pores. This is different for
the microscopic anisotropy that reflects only pore eccentricity, independent of
their orientation distributions.

3.2.4. Multiple concatenations
For experiments with multiple concatenations of the two diffusion-weighting
periods (see Figure 1E), the signal of Equation (12) must be considered. The
corresponding adaptations for the presented tensor model and the measures of
the microscopic anisotropy have been reported in Ref. 57.

Assuming that the two wave vectors q; and q, are applied 7n; and n, times,
respectively, Equation (12) simplifies to

M(qy,q,) o [p(aqq) 15 (qz) ™, (87)

where only a single pore ensemble is considered. Furthermore, due to the long
mixing times assumed, Equation (87) holds for an arbitrary order of the wave
vectors, that is, not only for alternating wave vectors. The tensor equation
obtained is given by

M(Qum,m) o 1= 3QVTy (m1,12)Q + 150" T (m, m2)Q (58)

with the symmetric second-order (6 x 6) tensor

2n1 R 0
E<”h”2)=< 0 2n25) (89)

and the symmetric fourth-order (12 x 12) tensor
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. ( ) ni + 5(3711 (2n; — 1)) g 67’[11’123 (90)
Y m,ny) = ~ ~ ~ |-
- 6n1ny; R n2§+(3n2(2n2 - 1))5

Correspondingly, the calculation of Iyjo must be performed according to

ZMkk_ Z Mkl+2 Z ( My +5 Mklkl Mkl,kl) SNV

kil=1 k=1
k<l k<l

The signal expression for an isotropic orientation distribution with n;=n,=n
then is given by

2
Migo (12,4, 0) oc 1 — §n<R2>qz + [%n(lw +%<R§ )~ 3 <Rkk>] q
(92)

n o L 4
+ %<Rkk>+E<Rkl>C0520 q .

Numerical simulations demonstrated the validity of these equations.””

These results imply that there is no inherent advantage of multiple concatena-
tions at long mixing times. Instead of applying n concatenations, the gradient
amplitude could be increased by a factor n. However, it has been shown in
numerical simulations that for experiments involving long gradient pulses that
are required due to limited gradient amplitudes, for example, on whole-body MR
systems, the signal modulation is increased if the higher diffusion-weighting
efficiency of multiple concatenations is used to shorten the pulse length accord-
ingly.”” Thus, the usage of multiple concatenations may help to improve the
detectability of the anisotropy effect on amplitude-limited MR systems.

3.3. Arbitrary timing parameters

While the approaches presented in Sections 3.1 and 3.2 can handle any (unknown)
pore shape and orientation distribution, they are based on the assumption of ideal
timing parameters that are difficult or impossible to fulfil in real experiments:
short gradient pulses (6 —0), short or long mixing times (t,,—0 or 7, — o0,
respectively) and a long diffusion time (A — 00). Furthermore, they are limited
to small or moderate g values as higher-order terms were neglected in the Taylor
expansion. Thus, efforts were made to develop theoretical approaches that are
valid for DWV experiments with arbitrary timing parameters.

The first approach to model DWV experiments with arbitrary timing para-
meters was presented by Ozarslan and Basser™ It is based on the matrix product
formalism*” of the multiple propagator method*® (see Section 2.7) and considered
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terms up to second order in g (Section 3.3.1). More recently, Ozarslan and Basser™
developed an extension of the MCF formalism>>™° (see Section 2.7) suitable for
experiments with gradient pulses applied in different directions, that is, compati-
ble with DWV experiments (Section 3.3.2). It is valid for arbitrary g and, thus,
represents the most general approach reported. Both approaches provide general
solutions but yield usable results only if specific pore shapes are considered and
the corresponding eigenfunctions and eigenvalues are known.

3.3.1. Matrix product formalism

Using the matrix product formalism*® of the multiple propagator method*® (see
Section 2.7), Ozarslan and Basser> presented a first model for DWV experiments
with arbitrary timing parameters which will be shortly summarized here. They
considered d-dimensionally isotropic pores, that is, parallel plates (d=1), cylin-
ders (d=2) and spheres (d =3), for which analytical solutions can be obtained, and
applied a modified discretization scheme to improve the accuracy for a reasonable
raster time.

3.3.11. Isotropic pores For small ga=7 Ga and an arbitrary gradient pulse shape
G(t) applied for a time T in the direction of restriction, that is, perpendicular to the
plates or the cylinder’s long axis, the signal obeys

M(G(t)) 1 —2y%a? st J e”! G (t) *Fy,(t)dt (93)
with
Fdn J"t 7w,mt dt/
ocan
W pn = 2
a (94)
1
Sdn =

oc§ (ocdn d+l)

where the s;,, satisfy > - 54, =1/2(2+d). D is the bulk diffusivity, a;,=
n(n—(1/2)), and o, , and o3, are, respectively, the roots of the derivatives of the
first-order Bessel and spherical Bessel functions, that is, they satisfy the expres-
sions J'1(02,,) =0 and 1 (3, ,) =0. For clarity the dimensionality subscript d will be
dropped in the following paragraphs.

For a DWV experiment with the pulse sequence of Figure 1C, that is, 7, >,
Equation (93) yields

M(G1,G2) 1 — (A(G} + G3) + BG1G, cosb) (95)

with
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=2y HZZSH =v (2 e~ @nd + e @n(A=0) _ po—wul + efwn(AJré)) 7

I’l

B = 2))2[122 ( e~ @n(tm=0) _ 9a—0nTm + e~ On(tm+d) _ 9a=0u(Attm—0)

+4e—my,(A+rm) _ ze—(x),z(A+rm+(5) + e—wV,(ZA+rm—(5) _ Ze—m,,(ZA+rm) 4 e—(u,z(2A+Tm+(5)) )

(96)

A similar expression, not reproduced here, is obtained for 7,,, =0. These results
represent a generalization of the equations presented earlier, for example, Refs.
62,63, and for ideal timing parameters (A — 00, 6 — 0, Ty — 0 or 7, — 00) simplify to
the equations of Mitra” (Section 2.4.3) for the geometries considered. It should be
noted that these equations contain the bulk diffusion coefficient D in the w,, terms
defined in Equation (94) which means that it needs to be known for an accurate
size determination.

With these solutions, the effect of finite timing parameters was analyzed for
short mixing times t,, > ¢ which revealed a reduction of the modulation ampli-
tude with increasing ¢ and 7., and decreasing A, however, without a significant
distortion of the cos-shaped curve.*

Experiments performed by Shemesh et al.** on microcapillaries with diameters
in the pm-range (5-19 pm) demonstrated the very good performance of the equa-
tions presented above. Thereby, a clever modification was introduced to account
for potential higher-order effects. Signals were acquired for several g values and
their g dependency was fitted with an expression containing second and fourth-
order terms. The second-order contribution identified then was analyzed with the
equations described above. Thus, the observed signal curves could be well repro-
duced with the theoretical model for a variety of wave-vector orientations and
finite timing parameters.®* The estimates of the capillary diameter obtained from
the fits were in general in very good agreement with the nominal values, only for
very short diffusion times some deviations were observed. These deviations
appear due to the very small restriction effect present at short diffusion times
which makes the analysis very sensitive to signal distortions caused by noise. The
results obtained with the theoretical approach described by Mitra’ (see
Equation (14)) were less accurate and revealed, in particular for finite pulse
durations, significant underestimations, for example, about 8 um were calculated
for a 10£1-pum capillary for an experiment with 7.5-ms gradient pulses. This
underlines the need for models compatible with arbitrary timing parameters for
accurate size estimations.

3.3.1.2. Arbitrary orientation of cylinders So far, gradient pulses perpendicular to
a restricting surface were considered which is not a constraint for spheres but, for
example, for cylinders. However, Ozarslan and Basser” could also generalize the
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equations to cover arbitrary gradient orientations and presented the results
obtained for the example of cylinders.

This is straightforward by decomposing an arbitrary gradient G into a compo-
nent G'=G +n along the cylinder axis (n) yielding a free diffusion term and a
component G—(G-+n)n=G—-G'n perpendicular to it where the signal is
described by two-dimensional diffusion in isotropic pores as calculated above.
Thus, the signal for 7, > 6 is given by

M., >5(G1,Ga,n) o 1 — e 7PF(A-0/3)(C1+62)

. (A (G'% + G’%) + B, >5G'1G'2 cosl) + C) (97)

with

C=1-A(G]+Gj3) — B,,>:G1G> cos. (98)

As shown in Ref. 33, this approach can be applied to an arbitrary (known)
orientation distribution of cylinders; however, the corresponding calculations
may be quite tedious. Thus, it is noted that numerical calculations may be more
feasible than analytical ones for complex orientation distributions.*
Corresponding calculations for an isotropic orientation distribution yielded a
signal difference between parallel and orthogonal wave-vector orientations
although infinitely long cylinders were considered.*

This seems to reflect that the anisotropy effect, as pointed out above
(Section 2.4.3), is not limited to fully restricted diffusion but also appears for
anisotropic Gaussian diffusion.” In the current calculations, the Gaussian con-
tributions were included with higher-order terms which seems to introduce the
anisotropy effect. As outlined in Ref. 33, the anisotropy effect can also be under-
stood when considering a diffusion weighting that is strong enough to effectively
null the signal decay of a cylinder if it has a component along the cylinders axis.
Then only those cylinders that are oriented perpendicular to the wave vectors, will
contribute significantly to the signal. Clearly, more cylinders, those with an
orientation in a full plane, will contribute if the wave vectors are parallel or
antiparallel than for an orthogonal orientation where only one orientation fits.

The equations for specific geometries reported in this section were derived for
arbitrary timing parameters and, thus, extend the approaches presented in the
previous sections and have been applied for the analysis of in vivo acquisitions
(see Section 4.1.2). However, as already mentioned, they were obtained by con-
sidering terms up to second order in the wave vector 4. This does not only mean
that their validity is limited if wave vectors are large and the signal decay is very
pronounced. But also that they are unable to describe the anisotropy effect in fully
restricted geometries because there the relevant signal modulation appears in the
fourth-order terms. Thus, more general calculations would be desirable that, aside
from being valid for arbitrary timing parameters, covers higher-order terms. Such
an apgroach, based on the MCF formalism, was recently presented by Ozarslan
et al.*® and will be sketched in the following section.
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3.3.2. MCF formalism
For the theoretical consideration of DWV experiments with arbitrary timing
parameters, that is, >0, A<oco and/or 0< 1y, <00, the MCF formalism 0-53 (see
Section 2.7) is a promising tool. It accurately describes the diffusion-weighted
signal for a piecewise constant gradient shape which is fulfilled for rectangular
pulse shapes usually considered and provides an approach to approximate the
signal for arbitrary gradient waveforms. Recently, it has been extended by
Ozarslan et al.* to experiments with variable gradient directions as required for
the general DWV experiment and will be summarized here shortly following the
presentation given in Ref. 36.

The Bloch-Torrey equation for the (complex) transverse magnetization M(r, t)
for spins diffusing with a diffusion coefficient D in the presence of a time-
dependent gradient G(t) is given by*

0

§M(r, t) = DV>M(r, t) — iyG(t) - tM(r, t), (99)

where relaxation, Larmor precession and bulk motion were ignored in order to
focus on the effect of diffusion.

Using the bra-ket notation,®®® the transverse magnetization can be written as

M(r,t) = (x|]M(t)]). (100)

First, a one-dimensional problem will be considered. With a complete ortho-
normal basis |k), that is,

J ) (x| K)dr = (k|K') = due,
STk k| =1, (101)

k

where [ is the identity operator and M can be written as

(M) = (xlk) (kIM(D)). (102)

k

As the basis system |k), the eigenfunctions of the Laplace operator V2, denoted
u(r), are chosen with

V2uk(r) = —/lkuk(r) (103)

for the kth eigenfunction with eigenvalue /7, where it is assumed that the 1(r) obey
the reflective Neumann boundary condition, that is, surface relaxation or pore
leakage is neglected. Thus, and considering the nth time interval with a piecewise
constant gradient (G,;), Equation (99) can be written as

o (xlk) 5 - 0 <k|M = —DZ (k|M(t,)) A (x]K)

flan 1 (elk) (KIM(£0))-

(104)



Multiple-Wave-Vector Diffusion-Weighted NMR 269

Integration over r after multiplication with (k'|r) yields

0
K|M(ty)) = —D kIM(t,)) MO
ar, 1 Z | Kok (105)
—iy Zk (kIM(t4))Gy = x [ (K'|r)x(x|k)dr
By introducing the operators A and A with
(K'|Alk) = D2k (106)
and
KIAK) = [ (et (107)
Equation (105) can be simplified to
0
EM(t)) = —(A+17Gy+ A)M(). (108)

For the temporal evolution of the transverse magnetization in the nth interval,
the solution

[M(t,)) = e (FHGe ATV IM(T, 1)) (109)

is obtained where T,,_ is the end time of the (1 — 1)th interval. In the bra notation,
it yields

(M(ta)| = (M(T,y)le” (G AT, (110)

where T denotes the Hermitian conjugate. Defining the duration é,,=T, —T,,_; for
each of the intervals, the magnetization after all N intervals is given by

< TN |_ |He A —iyGy, A On

(111)
0) |He— Adn—iq,,« A
n=1
with q=70 G.
If M(0) is assumed to be constant across the pore, (M(0)|x (0| and
N o
(M(T)| = (0] [J e~ (Aorian- A7) (112)
n=1
Thus, the diffusion-weighted signal is given by
N ' . *
N) = <0 ~(Adn—iq, - A7) 0> : (113)

For arbitrary geometries or a variable gradient direction, the one-dimensional
basis |k) considered to far must be extended to |[kmn) with
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Vzukmn (1‘) = _)vkmnukmn (I‘) (114)
This also affects, accordingly, the operators A
<I€1’l’ll1’l/|/\|k7’ﬂ7’l> = Djvkmnékk’émm’énn’ (115)
and A
(K'm'n'|Alkmn) = J(k/m’n'|r>r<r|kmn>dr7 (116)

that is, A in general has three components, and the signal equation equals

M(Ty) = <000

N
I1 o (A0u—iq,- AT)
n=1

000> . (117)

However, for specific geometries the variables may be separable. Thus, the
three-dimensional problem is reduced to one- and two-dimensional ones and the
signal expression can be written as a product of the individual results. For
instance, for a cylindrical pore of radius ry and length /, the eigenvalues A, are
given by

k> ol
jvkmn = <_12 + :;n) (118)
0

where oy, is the nth zero crossing of the derivative of the mth-order Bessel
function, and the variable along the cylinder axis (z) can be separated from
those perpendicular to it (r, ¢).

Example calculations of the MR signal for spherical, ellipsoidal and cylindrical
pores were performed®>® and will not be given here. For ideal timing parameters,
the results obtained reproduce the well-known features for short and long mixing
time and show that the basic signal modulations, although distorted at higher
g values, are present over a large range of g values. The deviations of the cos 20-
modulated signal for finite timing parameters from the ideal curve observed at
lower g values emphasize the need to apply a framework that takes finite timing
parameters into account, for an accurate interpretation of experimental results.
This is demonstrated in experiments on cylindrical microcapillaries with typical
timing parameters and g values yielding a pronounced signal decay for which the
extended framework delivers very good size estimates.”® A direct comparison of
the theoretical curves point up the deviations for approaches focusing on the
lower-order terms: for large g, even for the ideal timing parameters, considerable
deviations are present.*

It should be noted that this approach not only can handle finite pulse duration
for the pulse sequences shown in Figure 1 but also can be applied to other
diffusion-weighting preparations. For instance, to compensate cross-terms with
background gradient fields, additional gradient pulses may be required that can
easily be considered in the MCF approach.
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The analytical solutions provided involve matrices of infinite dimension (A, A)
which is due to the fact that an infinite number of eigenfunctions and eigenvalues
exist. This means that infinite calculations are required for an exact solution.
However, only a finite number of these will deliver significant contributions
and the equations converge sufficiently fast to be feasible in practice. Ozarslan
et al.’ report that considering the eigenfunctions corresponding to the first 20
eigenvalues was sufficient to obtain a very accurate result in their examples.

Thus, solutions based on the MCF framework are expected to be very valuable
tools to evaluate experiments with arbitrary timing parameters and for any wave-
vector orientations and magnitudes. However, the underlying geometry and
the corresponding eigenfunctions and eigenvalues for the Laplace operator need
to be known for an accurate estimation. Although the eigenfunction problem is
relevant in many fields and has been solved for standard geometries, it may be
tedious to derive new solutions for a complex geometry if it is known at all. Thus,
relaxing this constraint and deriving general signal expressions or properties for
complex or arbitrary (unknown) pore shapes would be very promising but seems
to be challenging.

Thebulk diffusivity D is contained in the equations within A, that s, it either must
be known, for example, in model systems from some reference experiment, or has to
be included as a fit parameter. Regarding the latter approach, it must be kept in mind
that the product of the bulk diffusivity and the geometry eigenvalues appears within
the terms. To obtain a result for the size estimate, they have to be distinguished, that
is, the eigenvalues must be ““decoupled” from the bulk diffusivity. This could be
achieved with acquisitions at different g values that ensure sufficiently large con-
tributions from different eigenfunctions to reliably discriminate /; and D.

As noted in Ref. 35, the MCF framework can also be used to consider the effect
of imaging gradients on the acquired MR signal. This does not only cover imaging
gradients, like slice-selection and spoiler gradient pulses, applied within the
diffusion or mixing time but, for restricted diffusion, may also be relevant for
gradient pulses switched after the diffusion weightings. In this case, the spins’
movement during the imaging gradients may be correlated to their displacement
during the diffusion weighting. This also means that the phase dispersion intro-
duced by the imaging gradients may not be independent from that caused by the
diffusion weighting and the signal amplitude may change with the imaging
gradients.

In a very crude example, this can be seen if the gradient pulses of the second
diffusion weighting of a DWV experiment are considered as imaging gradients,
for example, for frequency predephasing and encoding. If the predephasing is
applied immediately after the diffusion weighting which corresponds to a short-
mixing-time DWV experiment, the signal depends on the polarity and direction of
the imaging gradients. Only if the temporal gap between the diffusion weighting
and the imaging gradients, that is, the “mixing time”, is long enough to ensure
that spin paths and related phase dispersions are uncorrelated, such dependen-
cies will vanish. Note that this differs from free diffusion where avoiding an
overlap of diffusion weighting and imaging gradients is sufficient as free diffu-
sion is uncorrelated on any finite time scale.
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3.4. Ideal timing parameters versus exact solutions

Regarding the theoretical approaches presented, two basic branches can be dis-
tinguished. In the first, the general equations of Mitra” which are valid for any
pore shape but were derived under the assumption of ideal timing parameters
were used as starting point. Their Taylor expansion, to second or fourth order in g,
could be performed in a more general context dropping the assumption of ran-
domly oriented pores which may not be realistic in samples like biological tissue.
Thus, general signal expressions for arbitrary pore shapes, pore orientation distri-
bution and wave-vector orientations were obtained in terms of tensor models in
the limit of short and long mixing times that are applicable to macroscopically
anisotropic samples.”**® From these expressions, rotationally invariant measures
of the pore size and the microscopic anisotropy, that is, the pore eccentricity, were
identified that are independent of the macroscopic properties of the sample and
can be determined with a few measurements.”** Thus, the tensor models provide
a reasonable and practical approach to characterize samples with a complex or
unknown inner structure or macroscopic anisotropy like biological tissue.

Multiple concatenations of the two wave vectors have been shown to allow a
shortening of the pulse duration® (e.g. Sections 3.1.2 and 3.2.4) getting closer to
the assumption of short gradient pulses while simultaneously increasing the
signal modulation which may help to improve the detectability. Nevertheless,
deviations from the equations will be present in experiments with finite timing
parameters yielding a reduced modulation amplitude as has been shown with the
more elaborated theoretical models yielding exact solutions for specific geome-
tries>>>® (see Section 3.3) and in numerical simulations®®® (see Section 4.1.1).
Some strategies to minimize these deviations in experiments or to consider them
in the analysis will be discussed in Section 4.

In this context, the concept of the centre-of-mass propagator which was intro-
duced to account for finite gradient pulse durations®” seems also to be interesting.
It allows to consider deviations from the short-pulse approximation, as assumed
in the tensor models presented, by replacing the particle propagator by a propa-
gator describing the displacement of the centre-of-mass of the particle’s trajectory
during the finite pulse. Thus, the basic equation of the short-pulse approximation
remains valid.”” While it is difficult to obtain exact results without considering
specific pore shapes and timing parameters, the qualitative impact of finite timing
parameters is easy to estimate.

It seems to be straightforward to apply this concept to the tensor models derived.
This means that it can be expected that the basic equations and properties of the
tensor models and the measures derived from them can be retained for experiments
with finite timing parameters but will reflect a slightly distorted rather than the exact
pore geometry. Thus, the values determined will depend on the experimental
parameters used, pulse duration, diffusion and mixing time, and g value. But it
can be expected that the derived results are reproducible and, in particular, that pore
size or anisotropy differences can be detected reliably. These properties are crucial but
also sufficient for many applications in biomedical or clinical research.

Regarding these aspects, the tensor models can be seen in line with the usage of
the (single-wave-vector) diffusion tensor” in vivo. It is obvious, that the diffusion
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in tissue is not Gaussian and the tensor elements or measures derived from it like
the fractional or relative anisotropy will depend on the b value, the diffusion time
and the pulse duration.

In the second branch of theoretical models®**® (Section 3.3), solutions for finite
timing parameters and larger g values were investigated with the Bloch-Torrey
equation as the starting point. The most general model is based on the MCF
formalism and provides an exact solution for arbitrary timing parameters and g
values in terms of the eigenfunctions of the pore geometry under the Laplace
operator”® (Section 3.3.2). Although infinite sums are involved, the expression can
be determined with a high accuracy for a feasible number of eigenfunctions if
these are known as for most simple geometries. This approach very successfully,
and compared to the models based on ideal timing parameters more accurately,
describes the experiments performed on microcapillaries with finite timing para-
meters, including diffraction effects that usually are difficult to model appropri-
ately (e.g. Sections 4.1.3 and 5.2). Even at large g values, the size estimates derived
are in an excellent agreement with the nominal values or the results from light
microscopy. As pointed out in Ref. 36, effect like surface relaxation can easily be
added to the formalism. Thus, for an accurate determination of pore sizes as may
be required, for example, in material sciences, this approach is indispensable.

For samples with complex or unknown pore structure, the approach seems to
face some limitations. While a calculation of the eigenfunctions for complex
geometries may only be tedious, it may be difficult to obtain expressions for
unknown geometries or describe signal properties that are valid in general.
Furthermore, for an accurate parameter estimation the bulk diffusivity may be
required which may not always be available or easily determinable.

Another problem are samples with an non-isotropic orientation distribution,
that is, macroscopic anisotropy. This concerns not only the modelling of the signal
for an unknown orientation distribution but also the question which wave-vector
combinations need to be chosen to characterize the sample reliably. Although it can
be argued that averaging measurements covering the full range of wave-vector
orientation yields a result equivalent to an isotropic orientation distribution that
can be analyzed,” such acquisition schemes are time consuming and may be
inappropriate for in vivo measurements. This holds in particular for the anisotropy
effect where for each orientation of the first wave vector, the equator must be
sampled with the second wave vector to ensure a sufficient isotropic measurement.

Thus, both branches provide specific advantages and drawbacks. But an
extension towards a model combining the benefits of both approaches would be
an ideal solution.

4. ANGULAR SIGNAL MODULATION

Studies investigating the signal modulation with the angle between the wave
vectors will be summarized in this section. All of them deal with DWV experi-
ments which is the simplest experiment showing the specific MWV effects. In the
first part, the restriction effect will be covered which can be used to estimate pore
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or compartment sizes (Section 4.1), in the second, the anisotropy effect is consi-
dered which is able to detect diffusion anisotropy on a microscopic level even in
macroscopically isotropic samples (Section 4.2).

4.1. Restriction effect

In this section, experimental results and numerical simulations of the restriction
effect observed at short mixing times (see Section 2.4.3) are presented that aim to
detect and analyze the cos 0-shaped signal modulation with its signal difference
between parallel and antiparallel wave vectors. Because of this difference, that is,
the modulation amplitude, scales with the pore size, it offers access to an estima-
tion of pore or compartment sizes. The studies cover the range from first experi-
ments in phantoms and extracted spinal cord tissue (Section 4.1.1) to in vivo
acquisitions in the human brain (Section 4.1.2) and experiments on well-defined
model systems validating the size estimation in microcapillaries and fixed yeast
cells using light microscopy (Section 4.1.3).

4.1.1. First experiments

First experiments that demonstrate the detectability of the restriction effect
according to Equation (14)” and estimate the size of diffusion compartments,
were performed on a whole-body MR system at 3 T (maximum gradient ampli-
tude 40 mT m™").”° In this study, various phantoms, water between polymer
beads (diameter 42 pm), plant tissue (radish root) and fixed pig spinal cord as
well as bulk water as a control without restrictions were investigated at various
mixing times. Thereby, DWV experiments were performed with one static wave
vector and the other sampling eight directions uniformly distributed on a circle,
that is, all of the diffusion weightings were applied in a plane.

The pulse sequence was set up to minimize systematic variations with the
direction of the diffusion weightings. To reduce effects of magnetic field inhomo-
geneities, diffusion-weighting preparations insensitive to (static) background gra-
dient fields were employed for each wave vector. Slice-selection and spoiler
gradients were applied perpendicular to the plane of the diffusion weightings to
avoid variable cross-terms. Different spoiler amplitudes around the refocusing RF
pulses were used to ensure dephasing of unwanted coherence pathways. Further-
more, the variant with 7,,, > was chosen (Figure 1C) to abandon a modulation of
the b value with 0 according to Equations (2) and (3). The imaging acquisition was
performed with an echo-planar”* readout.

In all samples, except for the bulk water, a cos-shaped signal modulation was
observed when varying 0 with a clear signal difference between parallel and
antiparallel orientations”™ (see Figure 7). This modulation decreased when the
mixing time 1, was prolonged, most rapidly for the spinal cord, most slowly for
the radish. For water between beads and the spinal cord, the increase of the
modulation amplitude with g could be shown. These observations are consistent
with the theoretical expectations.

The modulation and the parallel-antiparallel difference persisted and only
minor variations of the signal curve were observed in additional experiments
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Figure 7 Signal amplitude versus 0 acquired on a whole-body MR system with a short-mixing-

time DWV experiment on (A) a bead phantom, (B) a bulk water reference and (C) extracted
pig spinal cord. For details see text and Ref. 70. Courtesy of M. Koch. Reprinted from
Ref. 70 with permission from John Wiley & Sons.
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where different parameters were varied like the direction and polarity of the static
wave vector, the slice- and phase-encoding directions, the slice thickness, the
rise times of the diffusion-weighting gradient pulses, the diffusion times and
the direction of the static wave vector.”’ Thus, other causes for the modulation,
like cross-terms, gradient scaling errors or eddy currents, could be ruled out and the
angular modulation could be assigned to represent the expected restriction effect.

The modulation amplitudes observed were quite low, typically about 5-10%,
which was the reason for the careful design of the pulse sequence and the various
cross-check experiments. In particular, the signal decay ratio for parallel and anti-
parallel wave-vector orientations was far from a value of 3 which is expected from
Equation (14). This deviation can, to some extent, be related to the finite pulse
durations and mixing times employed. But calculations of the signal amplitudes
also revealed that already a 5% volume fraction of freely diffusing spins would
reduce the decay ratio from 3 to about 1.03.”% Such spins may, for instance, be
present in the extracellular space of the tissue or, in case of the beads, represent
those that leave “their” interstitial space via the connections existing.

Thus, the experiments, performed at two different g values, were analyzed
with a model that apart from the second-order term of Equation (14) considered
a free diffusion term (up to second order) with a variable volume fraction.
Involving acquisitions at two different g values, the cell size \/(R?), that is, the
square root of the mean-squared radius of gyration, and the relative volume
fraction could be determined. The size obtained for the beads (4.1 pm) was in
quite good agreement with the mean radius of an interstitial space in a close
packing of identical spheres with a radius of 21 um (about 5 um). The values
obtained in the spinal cord (1.9 um) were also quite similar to typical axon radii
(about 1.5 um).”>”® However, it must be kept in mind that the experiment is
expected to reveal a volume fraction-weighted average which should be shifted
towards larger cells (see also Section 4.1.2). This means that the cell size is
underestimated. A more severe underestimation was observed in the radish
yielding a size of about 14 pym while it could be estimated to about 100 pm
using light microscopy.

As pointed out in Ref. 70, the assumption of ideal timing parameters underly-
ing the derivation of Equation (14) were clearly violated in the experiments which
is expected to yield a reduced signal modulation, that is, an underestimation of the
pore size. For the radish, the diffusion time achievable at a reasonable SNR value
(106 ms) was much below tp=a?/2D (about 2.5s) which is the time a spin
typically needs to cross a pore of size a with a bulk diffusivity of D. For the spinal
cord, the pulse duration (17 ms) exceeded the corresponding t of about 1 ms
considerably. And the interstitial spaces in the bead phantom are connected, that
is, diffusion is not strictly restricted. While such deviations, to some extent, can be
modelled by the free diffusion term, it is obvious that the size estimates obtained
do not represent accurate results”’ and may be close to the expected values, for
example, in the beads phantom, due to concurrent deviations towards smaller and
larger values as pointed out by Weber and Ziener et al.*’

They simulated the signal for two-dimensional diffusion in a circular geometry
(radius rp) in order to investigate the effect of larger g values and of finite gradient
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pulses and diffusion times for, as in their experiments, 7,, =0 on the apparent cell
radius derived from Equation (14).*” They could show that for gry up to about 1,
the deviation from the nominal size is below 10%. For finite 6 and A, a similar
underestimation occurs if 6/71p~0.4 and A/tp~2.5. Thus, for the given experi-
mental parameters, there is an “optimal”’ radius with the best size estimation: for
smaller cells, the underestimation due to the finite pulse duration dominates
while for larger cells it is the insufficient diffusion time that yields systematic
errors.”” This means that cells not “compatible’”” with the experimental parameters
will show a signal modulation amplitude that is lower than expected, which may
explain the severe underestimation of the radish cell size reported in Ref. 70.

Considering mixtures of pore sizes with distributions determined from tissue
samples for short gradient pulses, Weber and Ziener et al.”” could conclude that
an estimate of the mean diameter is quite close to the true value if the relative
volume fractions are taken into account.”” Permeable cell membranes were shown
to yield an overestimation of the cell radius which increases with the diffusion
time and, thus, can be identified.”” This is consistent with the idea of Cory et al’to
investigate pore leakage with DWV experiments.

But the main target of the study of Weber and Ziener et al.” were measure-
ments on excised rat spinal cord tissue on a NMR spectrometer at 17.6 T with a
gradient system capable of 1 Tm™ ' which allows considerably shorter gradient
pulses (3 ms). In these experiments, the signal difference between the parallel and
the antiparallel wave-vector orientations is already visible in the acquired images
and a cos-shaped signal modulation with the angle between the two wave vectors
is clearly present (Figure 8A and B). With about 25% signal difference at a
diffusion time of 50 ms (Figure 8C), its amplitude is much more pronounced
than in the earlier experiments on a whole-body MR system (about 5-10%).”°
Regarding the much shorter gradient pulses and the simulations, this difference
seems to be caused by the shorter ¢ achievable on their system.

With increasing diffusion time, the signal modulation and, thus, the estimated
radius of the spinal cord cells showed a saturation behaviour which was also found
in the simulations. It indicates that in this regime the diffusion time is large enough
to observe fully restricted diffusion. This is a clever strategy to reduce the impact of
finite timing parameters when using models based on ideal timing parameters,
and also is applicable if, for example, the bulk diffusivity appearing in the MCF
approach is unknown. The cell size estimated using Equation (14) in the ““satura-
tion” range was about 3.2 pm which is very good agreement to results obtained
from g-space imaging techniques.”* Thus, despite of the rather simple model used
for the data analysis, a very good agreement with the literature is obtained.

The simulation results of Weber and Ziener et al.®” were reproduced in Ref. 68
and extended by considering three-dimensional diffusion, non-vanishing mixing
times and typical whole-body MR gradient amplitudes. An interesting finding
was that for amplitude-limited gradients, like on whole-body MR systems, there
seems to be an optimum pulse duration where the largest signal modulation is
observed. Below it, that is, for shorter pulses, the modulation is reduced due to the
lower g values. For longer pulses, the modulation decay with prolonged ¢, already
reported by Weber and Ziener et al.*” dominates. For ellipsoidal cells with
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Figure 8 Results of DWV experiments at vanishing mixing times performed in rat spinal cord.
(A, B) Spin-echo DWYV images of excised rat spinal cord for (A) parallel and (B) antiparallel
wave-vector orientations at a diffusion time of 100 ms showing the higher signal intensity for
the antiparallel orientation. (C) Signal modulation versus the angle between the two wave vectors
for diffusion times of 20, 50, 100 and 200 ms. In contrast to Figure 7, the experiments were
performed on a high-field spectrometer (17.6 T) with a gradient system capable of 1T m™ .
For details see text and Ref. 67. Courtesy of C. Ziener. Reprinted from Ref. 67 with permission

from John Wiley & Sons.

semi-axes of 2.5, 2.5 and 7.5 pm a modulation of a few percent can be expected
for typical whole-body MR parameters, which should be observable on
current systems.
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4.1.2. In vivo experiments

The first in vivo demonstrations of the restriction effect were performed in the
human corticospinal tract on a standard whole-body MR system (3T,
40 mT m™').”>7® White matter tract fibres are expected to exhibit a pronounced
diffusion restriction. The specific target region was chosen because of the dense
packing and high orientation coherence of the fibres which maximizes the amount
of spins undergoing restricted diffusion if diffusion weighting is applied in a plane
(almost) perpendicular to the tract. Furthermore, its location deep in the brain is
expected to make it less sensitive to artefacts like ringing effects occurring close to
the brain’s surface or to the ventricles, or due to magnetic field inhomogeneities and
related cross-terms with background gradient fields. This is also the reason why the
second study’® could be performed without the background gradient compensation
applied in the phantom” and the first in vivo study,” which yielded considerably
shorter echo times and, thus, a significantly improved signal-to-noise ratio (SNR).
The diffusion weighting was applied within the transverse image plane which was
almost perpendicular to both corticospinal tracts. In the second study,”® only four
diagonal directions were used to apply two physical gradients simultaneously and
maximize the diffusion-weighting efficiency. Thus, the gradient pulse durations
could be shortened to about 10 ms. In addition, all eight different parallel and
antiparallel wave-vector combinations were sampled in order to minimize the
influence of absolute wave-vector orientations upon averaging.

The signal difference between parallel and antiparallel wave-vector orientations
could be consistently observed in both in vivo studies”>”® with a higher reliability in
the second one due to the increase in SNR. Cell diameters were estimated based on
the matrix product formalism provided by Ozarslan and Basser™ for cylinders, that
is, Equations (97) and (98), which is valid for arbitrary timing parameters. Thus, a
mean diameter of about 13 pm”® was obtained (see Figure 9).

Furthermore, the fit also revealed the angulation of the model cylinders rela-
tive to the plane of the diffusion weighting. It showed a correlation with the
angulation of the first eigenvector calculated from a standard diffusion-tensor
acquisition.”® Thus, an estimate of the fibre orientation relative to the image plane
could be obtained solely based on acquisitions with diffusion weightings applied
within the plane.

At a first glance, the mean cell size estimated (13 pm) seems to be too large as
typical axon diameters in the corticospinal tract are about 1-3 um.”>”*> However,
taking the axons” volumes and thus their relative signal contributions into
account, a volume-weighted mean diameter of about 8 pm can be derived from
the spinal cord data of Ref. 73. This is close to the value determined by Weber and
Ziener et al.” for rat spinal cord (6.4 pm) and not too far away from the value
calculated in the corticospinal tract (13 pm) regarding the simplified model of
identical cylinders. Deviations may also be related to the appearance of the bulk
diffusivity in Equations (95) and (96) via the w,, defined in Equation (94) and in the
additional terms to describe contributions of freely diffusing spins. Its value in the
cylinders, that is, within the cells, needs to be known for an accurate estimation
but may differ from the self-diffusion coefficient of water at 37° which was used in
the study.
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Figure 9 Mean-squared radius of gyration as obtained from a short-mixing-time DWYV experiment
in the human corticospinal tract in vivo. Only voxel exceeding an intensity threshold were
considered. For details see text and Ref. 76. Courtesy of M. Koch.

4.13. Model systems

First experiments to determine pore sizes in a well-characterized model system
were performed by Shemesh et al.®* on a 8.4-T NMR spectrometer (maximum
gradient amplitude 1.9 T m™'). They investigated parallel-oriented microcapil-
laries with diameters between 5+1 and 19+1 um for a variety of timing para-
meters. To minimize the influence of susceptibility-related background gradients,
the capillaries were oriented along the static magnetic field.

The experiments revealed, as expected from simulations®”’®® and the theoretical
approaches® presented, a reduced signal modulation for prolonged gradient pulse
durations, mixing times or reduced diffusion times while the basic cos 6 dependency
was retained (Figure 10). The data were analyzed with the results of the matrix
product approach of Ozarslan and Basser™ using Equations (97) and (98). Because
these equations only cover second-order terms, multiple g values were sampled and
the curve was fitted to an expression 1 —ag”+bg* from which only the second-order
factor 2 was used for the analysis. Thus, a very good agreement of the experimentally
determined diameters with the nominal ones was obtained.”* Typical deviations
were below 5% of the nominal diameter and well within the variance given by the
manufacturer (+1 pm). Some larger deviations were present for very short diffusion
times which are related to the very low modulation amplitude present which causes
a high sensitivity to noise or b value-induced distortions.

Using Equation (14) which was derived for ideal timing parameters, the
analysis yielded significant underestimations, for example, 8.0 pm were estimated
for the 10£1-um capillaries compared to 10.5pum for the matrix product
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Figure 10  Signal decay versus 0 for a short-mixing-time DWV experiment on parallel, water-filled
capillaries for different timing parameters varying (A) the gradient pulse duration (9), (B) the mixing
time (t,,) and (C) the diffusion time (A). Both wave vectors were applied in the plane perpendicular
to the capillary axis. Note that the signal decay factor (denoted as u?) is shown, that is, the
difference to an experiment without diffusion weighting (Mo 1—u?g?), which reverses the shape
shown in Figure 2A. For details see text and Ref. 64. Courtesy of N. Shemesh. Reprinted from Ref.
64 with permission from Elsevier.
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formalism if a pulse duration of 7.5 ms was used. This underlines the need to take
the finite timing parameters into account if accurate size estimates of known pore
geometries are desired.

Another interesting finding of this study was that even in the absence of a
signal modulation, for example, at mixing times as long as 100 ms (see
Figure 10B), the capillary diameter (101 pm) could be well estimated, both
with the matrix product formalism (10.4 pm) and Mitra’s approach (9.1 pm). At
a first glance, this seems to be surprising as the interesting and unique feature of
the DWV experiment is the angular modulation that directly reflects restricted
diffusion. But both theoretical derivations yielded (second-order) expressions that
depend on the cylinder/pore size as the only fit parameter. Thus, these terms do
not only describe the modulation amplitude but also the mean signal decay
which, for instance, can be seen in Equation (14). In other words, the mean signal
decay also reflects the pore size in these models and can be used to estimate the
capillary diameter quite reliably. However, the signal decay in more complex
systems may not only be defined by the spins in a restricted geometry but may
also contain contributions from freely diffusing spins. In this case, size estimates
based on the signal decay will fail and only the signal modulation present in DWV
experiments is expected to reflect the spins in the restricted compartment only.

Such a model system was investigated in a subsequent study by Shemesh
et al.”” where a compartment with free water has been added to the microcapil-
laries. In this case, the experiments were analyzed with the recently presented
MCF formalism (see Section 3.3.2) provided by Ozarslan et al.*® The angular signal
modulation could be reliably observed and the size of the capillaries (19+1 um)
could also be estimated accurately (20.3+£0.3 pm) if signal contributions of freely
diffusing spins were included in the fit function.

At very low g values the modulation was not detected but this regime
(9<100 cm™ ') was well below that typically used in previous studies of the
same authors to investigate the angular modulation (g up to 300-500 cm™').
Thus, the absence of a significant modulation could be related to the low g values
involved as is known that the modulation is expected to increase with ¢°.

Most recently, two studies”®”” employed light microscopy to validate pore or
cell size estimates based on DWV experiments. Komlosh et al.”® investigated
water-filled glass capillary arrays with a nominal size of 10 um which by optical
microscopy could be determined to have an inner diameter of 9.3 pm. DWV
imaging experiments performed on a 7-T NMR spectrometer, using pulsed gra-
dients up t0 295 mT m ™' and analyzed with the MCF approach of Ozarslan et al.*®
(Section 3.3.2) for cylinders, yielded a size of 9.3540.07 which represents an
excellent agreement.

Shemesh et al.” performed DWV experiments on fixed yeast cells and, also
based on the MCF model®® (Section 3.3.2) for cylinders, determined the mean size
to 5.46 £0.45 pm. This value perfectly fits the average size of 5.32+0.83 um that
was determined from light microscopy. These two studies demonstrate the high
accuracy achievable with DWV experiments as a tool to investigate pore or cell
sizes.
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4.1.4. Summary

In summary, the restriction effect characterized by a cos § modulation and a signal
difference between parallel and antiparallel wave-vector orientations, could be
detected experimentally, not only on high-field spectrometers but also on stan-
dard whole-body MR systems. The accuracy achieved in model systems of known
geometry and spherical cells as validated by light microscopy is impressive, in
particular if the analysis is performed with the MCF approach that takes the finite
timing parameters into account and is valid for arbitrary g values. First experi-
ments in tissue and in the human brain in vivo revealed a reasonable to good
agreement with values from the literature and demonstrate its feasibility for
in vivo applications.

4.2. Anisotropy effect

In this section, experiments showing the signal difference between parallel and
orthogonal wave-vector orientations as a sign of microscopic diffusion anisotropy
are summarized. A pioneering experiment detecting the microscopic anisotropy
effect, that is, the signal difference between parallel and orthogonal wave vectors,
was performed by Cheng and Cory® in 1999 on a 14-T spectrometer capable of
12.5-Tm™ ' pulsed gradients. They investigated macroscopically isotropic sam-
ples of yeast cells with different eccentricities as confirmed by light microscopy.
Such cells were generated from spherical yeast cells by radiation and controlling
their culture time to obtain different eccentricities with a ratio of minor to major
axes of about 1:5 and 1:10, respectively.

For g values above 0.15 um ™', the signal curves of both samples showed a
higher signal for parallel than for orthogonal wave vectors® which is consistent
with the theoretical expectations. By analyzing the results with the signal expres-
sion of Equation (17) that they derived for ellipsoidal cells at long mixing times,
the cell sizes could be estimated to 2.2 pm along the short axis (ellipsoids of
revolution were assumed) and 13.0 and 18.9 pm, respectively, along the long
axes. These results were in reasonable agreement with the observations obtained
by light microscopy (short axis about 4 um, long axis about 15 pm and >20 um).
Some deviations were attributed to the finite pulse duration used that, although
only 1.0 ms, can be expected to violate the short-pulse approximation which was
assumed in their derivation, along the cells’ short axes (tp~1 ms). However,
the finite diffusion time used (20 ms) may also have had an influence towards
the slight underestimations because it is shorter than 1 for the long axis of the
prolonged cells (about 33 ms).

Callaghan and Komlosh™ could observe the anisotropy effect in a polydomain
lyotropic liquid crystal system investigated on a 7-T spectrometer. Dispersed in
water, lamellar bilayers aggregate that yield randomly oriented domains in which
water diffusion effectively is limited to two dimensions. By describing the angular
dependency of the diffusion coefficient locally, that is, in a domain, by an ellipsoid
of revolution, the signal for parallel and orthogonal wave-vector orientations
could be calculated. These calculations yielded a lower signal for the orthogonal
orientation as demonstrated for one- and two-dimensional diffusion. The
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experiments performed could show such a difference at large g values. The
diffusion coefficient obtained from the fit for the short axis of the ellipsoid was
an order of magnitude smaller than that of free water.

An extensive study of Komlosh et al.** reports the experimental observation of
the anisotropy effect in capillaries, cortical grey matter tissue of monkeys and
excised pig spinal cord. The capillary phantom consisted of randomly oriented,
water-filled tubes (length 0.5 mm, inner diameter 20 pm, outer diameter 90 pm)
and was set up to mimic the microstructure of grey matter with a well-character-
ized model system. The tubes were immersed in a fluid without proton NMR
signals and a density lower than that of water which effectively moved residual
water out of the sensitive volume of the detection coil. Similarly, the grey and
white matter samples were immersed in a fluid which also does not deliver a
proton NMR signal and which has a magnetic susceptibility comparable to that of
tissue to avoid field gradients caused by susceptibility differences. The experi-
ments were performed on a vertical 7-T system capable of pulsed gradients with
an amplitude of 1.5 Tm ™.

In the phantom and the grey matter sample, only minor differences in the
decay curves for diffusion gradient pulses along three orthogonal axes where
observed in a standard single-wave-vector experiment which demonstrates that
the samples were macroscopically isotropic. In other words, despite of the diffu-
sion anisotropy present on a microscopic level, the diffusion tensor is (almost)
spherical. The spinal cord tissue exhibited a significant macroscopic anisotropy in
such experiments, but not within the plane perpendicular to the cord axis.

However, in all three samples, consistently and significantly lower signals
were detected in the DWV experiments with orthogonal wave vectors, which
reflects the microscopic diffusion anisotropy.® In the capillary phantom, the
difference increased when prolonging the diffusion time, which is consistent
with the expectations. For the pig spinal cord, the signal difference is also
observed within the plane perpendicular to the cord axis that appeared isotropic
in the single-wave-vector experiment.

In the absence of an alternative model, the signal decay in the capillary
phantom was analyzed using the model provided by Callaghan and Komlosh®
that assumes locally anisotropic but Gaussian diffusion (see above). For a short
diffusion time (15 ms) where the anisotropy effect is less pronounced, the fit to
the data is quite good, however, at a diffusion time of 70 ms deviations are
present, in particular for larger g values. These deviations are expected to be
caused by the non-Gaussian character of the diffusion in restricted geometries if
the diffusion times are sufficiently long such that most of the spins can ““feel” the
restrictions.

In a subsequent study, the authors extended their experiments to spin-echo
MR imaging on the microimaging system used.® The results on the phantom and
on the spinal cord could be reproduced well which demonstrates that the combi-
nation of the DWV diffusion weighting with an imaging readout does not yield
significant interferences. Furthermore, different regions-of-interest of the spinal
cord sample could be analyzed separately. All regions investigated (left/right
lateral and ventral/dorsal white matter and left/right grey matter) revealed a
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Figure 11  Signal amplitude versus 0 for a long-mixing-time DWV experiment on randomly
oriented, water-filled capillary fractions at two different q values. The signal difference between
parallel and orthogonal wave-vector orientations reflects the microscopic diffusion anisotropy.
For details see text and Ref. 81. Courtesy of N. Shemesh. Reprinted from Ref. 81 with permission.
Copyright 2010, American Institute of Physics.

very similar difference of about 20% between the parallel and orthogonal wave-
vector orientations applied within the plane perpendicular to the cord axis.

In their study investigating randomly oriented fractions of microcapillaries,
Shemesh et al.*' were also able to detect the anisotropy effect and presented
results showing the angular dependency of the signal in detail (Figure 11). It
basically resembled the cos 20-shaped signal curve expected, for example, from
Equation (53)* but exhibits a slightly higher signal for antiparallel compared to
parallel orientations.

The latter deviation cannot be reproduced with the underlying MCF mode
(Section 3.3.2) which accounts for the finite timing parameters used, that is, it
cannot be assigned to residual contributions of the restriction effect. It seems to
reflect the influence of uncompensated background gradients that are caused by
the susceptibility differences between the water and the capillary material.
Although a diffusion weighting insensitive to (constant) background gradients
was employed, such effects may not be avoided completely: due to the diffusion
movement of the spins the background gradients to which they are exposed to,
may vary in time.

In a subsequent study of Shemesh et al.” the anisotropy could also be detected
in fixed, randomly oriented cells of cyanobacteria. These cells are known to have
an elongated shape, as was confirmed with light microscopy, and showed the
typical difference between parallel and orthogonal wave-vector orientation.

Recently, experiments detecting the microscopic anisotropy in an echo-planar
imaging experiment on a whole-body MR system (3 T, 40 mT m ™ ') in ex vivo pig
spinal cord tissue have been reported.® In these experiments, diffusion weighting

136
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was performed in a plane perpendicular to the cord axis. Here, all 64 wave-vector
combinations obtained from eight directions uniformly distributed on a circle
were applied and averaged in order to minimize systematic signal variations
depending on the absolute orientations of the wave vectors.

A W-shaped angular modulation with a significant difference between parallel
and orthogonal wave-vector orientations could be observed in the tissue that was
considerably higher than in a microscopically isotropic reference fluid.** This
finding is consistent with the studies of Komlosh et al.***° However, it should
be noted that the difference could only be reliably detected after averaging all data
from the different absolute wave-vector orientations (and polarities) within the
diffusion-weighting plane.®” This reflects the significant influence of the absolute
wave-vector orientation on the signal in these experiments which most likely
represents eddy currents and related distortions in the echo-planar images but
may also be caused by cross-terms with background gradient fields due to the
small size of the bottle used, or even slight differences in the gradient scaling
along different axes. All these effects are expected to be present for the experiment
performed with the reference fluid as well where a systematic signal variation
with 0 of about 1.0% was observed.® Since the modulation in the spinal cord
tissue was considerably higher (6-10%),” this seems to rule out such systematic
effects as the main source for the modulation. Thus, the feasibility of microscopic
anisotropy measurements on whole-body MR systems has been demonstrated.

In summary, the anisotropy effect has been detected in a variety of, mostly
macroscopically isotropic, samples as a signal difference between parallel and
orthogonal wave vectors, even on whole-body MR systems. The effect therefore
seems to be feasible for the study of porous media and biological tissue.

5. NEGATIVE DIFFRACTION EFFECT

In this section, the diffraction pattern of diffusion-weighted experiments will be
considered. Its properties in standard single-wave-vector experiments are shortly
summarized in the following paragraphs before the promising features of the
negatlve diffraction effect of MWV experiments discovered by Ozarslan and
Basser’ will be presented covering theoretical considerations (Section 5.1) and
the experimental results (Section 5.2) obtained so far.

Following a first experimental observation by Callaghan et al.**® for water
diffusing between loosely packed polystyrene spheres, diffusion-diffraction
effects were detected in a variety of samples, such as a highly concentrated
water/oil emulsion,® a stack of rectangular microcapillaries® or glass plates,®
a single cylindrical tube,” and erythrocytes.®*™

Although very promising for the determination of pore or cell sizes, the
method bears some drawbacks. First, short and strong gradient pulses are
required which are hard to achieve in human applications. More importantly,
the occurrence of the diffraction dips and peaks relies on a proper alignment of
the diffusion weighting and a sufficient “lattice coherence”. For instance, if the
diffusion weighting is slightly tilted out of the direction perpendicular to the
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restricting geometry, the characteristic dips are rapidly lost as has recently been
demonstrated for parallel-oriented microcapillaries.”! Similarly, a distribution of
sizes can reduce or destroy the diffraction effect which has been detected in
experiments on erythrocytes® and cylinders® and was investigated systemati-
cally in a recent study on capillaries.” Thus, pore or compartment size estimations
on the basis of the diffusion—diffraction are often not feasible. However, this may
change with DWV experiments as will be shown in the next section.

5.1. Theoretical considerations

Ozarslan and Basser’ could show that in a short-mixing-time MWV experiment
additional diffraction ““dips”” appear (see Section 2.4.4). For the parallel orientation
of two wave vectors with identical magnitudes, these additional dips occur at half
the g values compared to the single-wave-vector experiment. For an even number
of diffusion weightings, the additional dips appearing only for n>1 share a
unique and very interesting feature: they represent zero crossings of the signal
of odd order, that is, a sign reversal of the signal is observed at the dips. This is the
reason why it is sometimes referred to as a ““negative’ diffraction effect.

One interesting feature of this behaviour is that half the g value is sufficient to
observe a diffraction dip, which could reduce gradient hardware demands. The
simple theoretical considerations (see also Section 2.4.4) were performed for ideal
timing parameters (t,,, =0) where two gradient pulses overlap which would not
yield an advantage. But the authors could also show using the matrix product
formalism (see Section 3.3.1) that the diffraction pattern is retained for 7,,, > 5, that
is, for non-overlapping gradients which indeed reduces hardware constraints.

Even more important is the sign reversal of the signals. The authors could
show that the corresponding dips are much less sensitive to a distribution of pore
sizes.” They considered the signal average for parallel planes or spheres with
different distributions of the plane distance and the radius, respectively. All dips
observed for a single-wave-vector experiment in such systems rapidly level out if
the distribution is broadened which is consistent with experimental results.***>*3
Thus, a reliable detection of the dips is not possible and the size cannot be
estimated. This also holds for the extension to a three-wave-vector experiment.
The first dips appear at lower g values for a narrow size distribution but are also
lost for broader ones.” In contrast, the DWV experiment preserves some of the
additional dips, in particular the first one. In the examples investigated theoreti-
cally, all dips were retained for parallel planes, in spheres only the first dip while
the second faded out for broader size distributions.” However, to derive a size
estimate, a single dip already is sufficient.

A similar behaviour can be observed for finite timing parameters’ which were
considered using a slightly modified version of the matrix product formalism.*’
The dips with sign reversal remain clearly detectable for finite diffusion times,
which also is in contrast to the single- and odd-wave-vector experiments. For
finite mixing times, the additional dips are shifted while those also present in the
standard experiment are retained and in the limit of very long mixing times the
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additional dips coincide with the standard dips (see also Section 2.4.4). For finite
pulse durations, all dips are shifted.

In their extension of the MCF formalism (see Section 3.3.2) to DWV experi-
ments,*® the authors also investigated theoretically the behaviour of the diffrac-
tion pattern for spherical pores in a two-wave-vector experiment upon a variation
of the angle 0 between the two wave vectors which, so far, was assumed to be 0°.
They could show that the first negative diffraction dip occurring for the DWV
experiment is shifted towards higher g values if the angle is increased. For
antiparallel wave vectors (0=180°), it vanishes completely. However, it can also
appear at g values larger than those for which the first diffraction dip is observed
in a single-wave-vector experiment, for example, for §=135°. Such an angular
shift can also be seen in the signal equation valid for ideal timing parameters, that
is, Equation (21) (see Figure 3B and Section 2.4.4).

In a more recent study based on the MCF model (see Section 3.3.2), Ozarslan
showed that the negative diffraction effect is even present for isotropic orientation
distributions of ellipsoids or cylinders.*® This seems to imply that the effect can be
observed for arbitrary orientation distributions and wave-vector orientations. It
also represents a major advantage compared to single-wave-vector experiments
where the diffraction dips are known to vanish rapidly if the wave-vector orien-
tation is not perpendicular to the restricting geometry.”!

5.2. Experimental results

The first experimental observation of negative diffraction effects in a two-wave-
vector setup was reported by Shemesh and Cohen*' for arrays of parallel, water-
filled microcapillaries (with diameters of 20 and 29 pm) investigated on a 8.4-T
spectrometer (maximum gradient amplitude 1.9 T m™'). Thereby, the capillaries
were aligned along the static magnetic field to avoid background gradients caused
by the different susceptibilities of water and the capillary material. The diffusion
weighting was applied perpendicular to the capillaries’ axes. The minimum
mixing time used (5 ms) was longer than the gradient pulse duration (2 ms),
that is, in the DWV experiment the gradient pulses of the two diffusion weight-
ings did not overlap.

In their experiments, they could demonstrate the basic properties of the nega-
tive diffraction effect, that is, that (i) the first diffraction dip occurred at half the
g value compared to a single-wave-vector experiment and (ii) the signal changed
the sign after the first diffraction dip (Figure 12). Estimating the capillaries’
diameter based on the first g value at which a dip occurred, yielded correct results
within the diameter variance reported by the manufacturer (+1 pm).

This verifies the theoretical predictions of Ozarslan and Basser including the
occurrence of the negative diffraction effect without overlapping gradient pulses,
that is, at lower amplitudes or shorter gradient pulses.

It was also shown that the additional dips disappear for long mixing times or if
one of the diffusion weightings is applied along the cylinder axis which indicates
that a correlation of the spins’ paths between the two diffusion weightings is
necessary for the observation of the negative diffraction effect. Furthermore, it
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Figure 12 NMR signal versus g for (A, B) DWV experiments with a mixing time of (A) 5 ms

and (B) 50 ms and (C) a single-wave-vector experiment acquired on parallel, water-filled capillaries
with an inner diameter of 29 um. Note that q.;r=q/2. For details see text and Ref. 41. Courtesy
of N. Shemesh. Reprinted from Ref. 41 with permission from Elsevier.

could be demonstrated that two different diffraction patterns can be observed in a
mixture of microcapillaries with two different sizes if the diffusion time is chosen
appropriately.

In a second diffraction study,”” the authors investigated a modified phantom
where the tube containing the microcapillaries was surrounded by water, that is, a
free compartment had been added. The MCF model used®® (Section 3.3.2) was
extended accordingly by including signal contributions from freely diffusing
spins with their volume fraction as a fit parameter. As expected, the signal
curve for lower g values was distorted such that the initial decay was quadratic
in g which is typical for free diffusion. For larger g values where the signal decay of
the free compartment was significant, a bend is observed in the signal curve as a
function of g, whose position depends on the relative volume fraction of the free
compartment. The signal curve then follows the well-known shape for restricted
diffusion including the negative diffraction effects from which the capillary diameter
could be estimated accurately.

More recently,” their experiments were extended to arrays of microcapillaries
of different sizes (between 10+ 1 and 29 £ 1 pm) (see Figure 13). As expected from
the theoretical considerations,” the first dip in the DWV experiment remained
narrow and deep and could easily be identified for the different size distributions,
although it can be shifted towards larger g values for broader size distributions
(Figure 13B). In the single-wave-vector experiment, the dips flatten out for
broader distributions (Figure 13A). The estimation of the mean capillaries” size
is well within the expected range, for example, for the broadest distribution
(14.9+£4.6 pm) a value of 13.0 pm is obtained. An observation of multiple diffrac-
tion patterns is not reported, which may be accounted to the large number of
different sizes involved.

Furthermore, an interesting observation is reported” that could explain the
insensitivity of the first dip over a large range of size distributions. Due to the zero
crossing at this dip, pores with sizes smaller or larger than the mean diameter
contribute with different signs to the signal. While those being smaller did not
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Figure 13  Absolute signal amplitude versus g acquired on samples of parallel-oriented, water-
filled microcapillaries with (A) a single-wave-vector and (B) a short-mixing-time DWV experiment.
The samples differed by the size distribution of the capillaries they contain, covering 19-pm
capillaries only (blue/dark triangles) and mixtures of capillaries between 10 and 29 pm with
distributions broadening from SDOO1 (black/squares) to SD0O03 (green/light triangles). The
diffusion weighting was applied perpendicular to the cylinder axis. Note that, as in Figure 12, the
g-axis was adjusted to show dips at the same positions in both plots. For details see text and Ref.
94. Courtesy of N. Shemesh. Reprinted from Ref. 94 with permission. Copyright 2010, American

Institute of Physics.
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reach their first zero crossing and yield positive signals, the larger ones are
already in the negative signal regime. Thus, the zero crossing is quite robust
against size distributions. This is different for the single-wave-vector experiment
or, more general, odd-wave-vector experiments, where all sizes have a positive
signal, that is, all sizes with non-vanishing signal contributions shift the curve
towards larger signals and flatten the dip. It should also be noted that the robust-
ness seems to be best for the first dip.”* At larger g values, not only the signal
decays significantly due to the higher diffusion weighting but also the dips for the
individual pore sizes diverge more and more.

Investigating a phantom consisting of short fractions of water-filled microca-
pillaries that were randomly oriented, Shemesh et al.*! could also demonstrate
that the negative diffraction dips persist in samples that exhibit an orientational
dispersion (Figure 14). This is another feature unique to the negative diffraction
dips of DWV experiments as the single-wave-vector dips were shown to disap-
pear for such orientation distributions®' (see also Figure 14A). The sizes estimated
from the dip again were in very good agreement with the nominal values. As in
earlier DWV experiments,”” diffusion weightings compensating for (static) back-
ground gradient effects were applied in this study due to the pronounced mag-
netic susceptibility differences between the water and the capillary material.
Without such a compensation, the diffraction dips were lost completely.®'

In summary, the negative diffraction dips present in short-mixing-time DWV
experiments seem to lack the major drawbacks of the diffusion-diffraction
described previously. They are insensitive to an orientation or size distribution
of the pores involved which represents a crucial advantage for the application of
diffraction experiments in complex samples, for example, like biological tissue.
Moreover, DWV diffraction experiments can be realized with lower gradient
amplitudes if a mixing time sufficient to avoid gradient overlaps is involved.
Thus, the feasibility of such experiments is considerably improved and may
even make it possible to observe diffusion—diffraction effects in vivo.

6. SUMMARY

MWYV diffusion-weighting experiments involve two or more diffusion-weighted
periods applied successively, after some mixing time, in a single acquisition.
Recent progress in such experiments has been summarized focusing on the
angular signal modulation and new aspects of diffusion—diffraction. After pre-
senting the basic principles including prior work (Section 2), extended and
generalized theoretical considerations (Section 3) and experimental studies inves-
tigating the signal modulation upon a variation of the angle between the wave
vectors (Section 4) and diffraction effects (Section 5) were presented.

Interest in MWV experiments has risen due to their ability to provide access to
the sample’s microstructure beyond the scope of standard, single-wave-vector
experiments. This includes the estimation of pore or cell sizes via the “restriction
effect”’, that is, the signal difference between parallel and antiparallel wave-vector
orientations at short mixing times, which represents a fingerprint of diffusion
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Figure 14  Absolute signal amplitude versus g for different directions of the diffusion weight-
ing acquired on a sample of randomly oriented fractions of water-filled microcapillaries (inner
diameter 29 pm) with (A) a single-wave-vector and (B) a short-mixing-time DWV experiment.
Note that, as in Figure 12, the g-axis was adjusted to show dips at the same positions in both
plots. For details see text and Ref. 81. Courtesy of N. Shemesh. Reprinted from Ref. 81 with
permission. Copyright 2010, American Institute of Physics.

restrictions and increases with the pore size. Or the detection of locally anisotropic
diffusion via the “anisotropy effect”, the signal difference between parallel and
orthogonal wave-vector orientations at long mixing times, which, for example,
reflects pore eccentricity independent of an orientation coherence and, thus, even
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can be detected in macroscopically isotropic samples. Another interesting effect is
the “negative diffusion-diffraction’” occurring in experiments with an even num-
ber of wave vectors: the presence of zero crossings with a signal reversal of the
signal amplitude when increasing the wave vectors’ magnitude.

Regarding the theoretical modelling, two basic approaches can be distin-
guished. The generalized Taylor expansions presented in Sections 3.1 and 3.2
aim to derive signal expressions for arbitrary pore shapes, orientation and size
distributions, and wave-vector orientation combinations and could be used to
define rotationally invariant measures of the pore size and anisotropy, that is,
eccentricity, that can easily be determined experimentally. This is at the expense of
(i) ignoring higher-order terms and (ii) retaining the assumptions of ideal timing
parameters. Performing acquisitions with several g values and diffusion times and
including signal contributions from freely diffusing spins in the equations,
improves the modelling of the measured signal modulation and yields better
estimates of the pore size (see Section 4.1.1). Similarly, acquisitions focusing on
the pore eccentricity, that is, the microscopic anisotropy, can be expected to
benefit from such approaches. These approaches aim to characterize samples
with unknown or complex microstructure, like biological tissue, in the presence
of a macroscopic diffusion anisotropy in order to detect differences and changes
without the need to derive exact pore or cell diameters.

Of particular interest could be the MA index defined which characterizes the
pore eccentricity, or more general the diffusion anisotropy, on a microscopic level.
It reflects solely the pore or cell properties and thus, for instance, could be
considered as a good measure for white matter integrity. This is in contrast to
the anisotropy measures derived from the standard diffusion tensor which reflect
the orientation coherence of eccentric pores or cells on a sample or voxel level, that
is, in case of white matter the fibre coherence.

Exact solutions of the Bloch-Torrey equations can be obtained with the MCF
formalism (Section 3.3.2), that is, accurate results for arbitrary timing parameters
and g values that are even able to model diffraction effect. Thus, it is the method of
choice for an accurate signal modelling and the exact determination of pore
parameters for experiments with arbitrary timing and diffusion-weighting para-
meters. Although the exact result involves infinite terms, only a limited number of
eigenfunctions will contribute significantly, that is, with a reasonable number of
terms practically accurate results can be easily calculated. But the methods relies
on a priori knowledge of the pores’ orientation distribution, and the pore shape’s
eigenvalues and functions to the Laplace operator which may be difficult to
obtain, in particular if the microstructure is complex or unknown.

First experiments detecting the restriction effect were reported in various
phantoms including extracted spinal cord tissue (Section 4.1.1). Cell size estima-
tions based on the simplifying assumptions of ideal timing parameters, that is,
short gradient pulses and mixing times and long diffusion times, were in a good to
reasonable agreement with literature values, depending on the pulse durations
involved. This also holds for in vivo applications in the human corticospinal tract
(Section 4.1.2). Studies of the well-defined model systems of parallel microcapil-
laries revealed the superior modelling and improved size estimation achievable
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with the MCF model (Section 4.1.3) which may also increase the accuracy of in vivo
applications. The method was validated by light microscopy, in capillaries as well
as in samples of yeast cells (Section 4.1.3), which demonstrates its feasibility for
accurate estimations of pore and cell sizes.

The experimental observation of the anisotropy effect (Section 4.2) was first
reported in elongated yeast cells more than a decade ago. It has been verified in
other macroscopically isotropic samples like microcapillaries and monkey grey
matter, and in extracted spinal cord tissue, even on a whole-body MR system,
demonstrating the accessibility of diffusion anisotropy on a microscopic level.
Thus, an information complementary to the macroscopic diffusion anisotropy
derived from diffusion-tensor measurements which reflects the combined effect
of microscopic anisotropy and pore or cell orientation coherence can be obtained
with MWV experiments. It may, for instance, be used to define a measure of white
or grey matter integrity that is independent of the macroscopic coherence on a
voxel or sample level, and can, for example, help to distinguish a reduced white
matter fibre coherence from a lower fibre density. Other potential applications in
clinical diagnostics involve the identification of pathologies accompanied by a
change of the cell shape or by the absence, appearance or variation of the volume
fraction of eccentric cells.

The detectability of both, the restriction and the anisotropy effect, can be
improved with multiple concatenations of two wave vectors when applied with
limited gradient amplitudes like on whole-body MR systems. While such experi-
ments to investigate the microscopic anisotropy simply benefit from the shorter
pulse durations sufficient to achieve the desired diffusion weighting (see
Section 3.2.4), experiments aiming to detect the restriction effect in addition
show an inherent increase of the modulation amplitude of typically 50% up to a
factor of two which is related to the increased number of transitions from one
wave vector to the other (Section 3.1.2).

While the restriction effect could not be observed in the 2D variants of MWV
experiments, the microscopic diffusion anisotropy has also been investigated with
the DDOSY method previously (see Section 2.1). Compared to this approach
involving an independent variation of the amplitudes of the two wave vectors,
the one-dimensional experiment based on the angular signal modulation consi-
dered here in detail bears several advantages. First, considerably less wave-vector
combinations need to be sampled to detect the anisotropy effect speeding up the
acquisition significantly which could be crucial, in particular for in vivo applica-
tions. Second, an interpretation of the experiment seems to be easier with a direct
assignment to the pore shape or geometry instead of referring to a more abstract
distribution of diffusion coefficients that, in addition, may be distorted due to the
pearling effect of the inverse Laplace transform (e.g. Ref. 25). Thus, the angular
modulation may provide a faster and simpler approach to detect and characterize
microscopic diffusion anisotropy.

Of particular interest is also the negative diffraction effect. The feasibility of the
diffusion—diffraction dips to determine pore or cell sizes has been known for a
long time, however, applications to complex pore geometries or in tissue suffered
from its sensitivity to size or orientation distributions which severely hampers the
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reliable detection of the dips. However, as demonstrated theoretically (Section 5.1)
and experimentally (Section 5.2), the zero crossings with sign reversal appearing
in MWV experiments with an even number of wave vectors, are much more
robust and can even be observed in isotropically distributed microcapillaries.
Furthermore, the dips appear at lower g values which reduce hardware demands
and facilitate the observation. Using the MCF model for the analysis, yields very
good results for the capillary diameter which demonstrates the feasibility for a
robust and reliable estimation of pore sizes. Thus, MWV experiments may be of
considerable value to improve the applicability of diffusion—diffraction in
practice.

7. CONCLUSION

The extension of standard, single-wave-vector experiments to MWV experiments
with multiple diffusion-weighting periods provides additional and complemen-
tary information about the sample yielding new insights into its microstructure.
The modulation of the signal with the angle between the wave vectors can be used
to assess pore or cell size and shape, that is, eccentricity, with a simple experiment
that is also applicable on whole-body MR systems. The negative diffraction
present in even-wave-vector experiments is expected to represent a crucial
advance towards an application of the diffusion—diffraction effect to pore charac-
terization because of its robustness against size and orientation distributions.
Thus, MWV experiments can be expected to become a very valuable NMR tool.
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277,278
in vivo experiments, 279-280
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Hermitian matrix C, 53
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double quantum experiments
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Diffusion propagator
averaged propagator, 244
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244
Wiener-Khintchine theorem, 244
Dipolar decoupling
chemical shift, 192
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quadrature artefacts, 193
RF nutation frequency, 192
transient response, 194
Distant dipolar field (DDF), 160
Double quantum (DQ) experiment
2,3-dibromopropionic acid
non-selective DQ excitation, 76-78
spin-selected ZQ experiment, 81
spin-selective DQ-5Q excitation, 78-81
product operator approach

chemical shift evolution, 70-71
displacement vector, 74
magnetization, 70
non-selective pulses, 71
passive coupling, 74
three-spin system, 72-74
two selective pulses, 72
Double-wave-vector (DWV) experiment
angular signal modulation
(see Angular signal modulation)
arbitrary timing parameters, 264-265
matrix product formalism, 259261
MCEF formalism, 268-271
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Dynamic nuclear polarization (DNP), 178
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Floquet theory
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resonant effect, 200
simulated linewidth, 199-200
spin dynamics, 198
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4Q dimension, 94
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spectral complexity, 88-89
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2-Fluoropyridine
molecular structure and interacting spins,
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4Q detection
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cross sectional displacement, 85
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spin-state-selected DQ-J-resolved experiments

advantages, 100
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SQ dimension, 100
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deviation effect, 202
Floquet theory, 203
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clean HMBC, 14-15
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phase-sensitive gradient HMBC, 10-11
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1H-13C and 1H-15N TS-HMBC experiment,
46, 47

MATS-HMBC pulse sequence, 47, 49
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relative sensitivity, 47, 49
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two-bond correlations

heteronuclear 2 bond correlation (H2BC), 40
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applications
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13C correlation spectrum, 215
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delay settings, 24-25
regular vs. different, 25, 27
theoretical and experimental signal-intensity
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J-multiplied HSQC and HMQC spectroscopy
enhanced sensitivity, 165-166
human ubiquitin analysis, 166-167
J-resolved spectroscopy, 160-162
J-scaled COSY
cytosine, SECSY spectrum, 168-169
vs. normal COSY, 168
pulse sequence, 167
scaling factor, 167
selective J-resolved spectroscopy, 161-164
shimming technique, 159-160
SQC spectra, 158-159
SSnQ-J-resolved spectroscopy, 163-165
J-resolved HMBC, 27-30
J-scaled iMQC spectroscopy (JSIS),
inhomogeneous field
origin
dipolar interactions, 169
pulse sequence, 170-171
scaling factor
increased resolution, 177-178
transverse relaxation time, 175-176
structure
cyclohexane, 174-175
histidine, 1D 'H NMR spectra, 174, 176
histidine, 2D "H NMR spectra, 174, 177
methyl ethyl ketone, 174-175
theoretical analysis
angular frequency shift, 172
magnification mechanism, 171
projection spectrum, 173-174
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Legendre polynomial, 113
Liver cancer, 133
Localized magic angle turning (LOCMAT), 117
Long-range coupling constants
ACCORD-BIRD-HMBC, 23-24
ACCORD-HMBC, 22
broadband HMBC, 24
CIGAR-HMBC, 22-23
determination, 26-27
IMPACT-HMBC, 31-33
J-IMPEACH-MBC, 30-32
J-resolved HMBC, 27-30
Low-pass J-filter (LPJF), 6-7
Lung cancer, 133
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Magic angle spinning (MAS), 186. See also
High-resolution magic angle spinning,
112-128

Magic angle turning (MAT), 117

Magnetic resonance imaging (MRI), 170
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Magnification mechanism, 171
Matrix product formalism
cylinders, 266267
isotropic pores, 265-266
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Metabolomics and metabonomics, 128
Methylnitroacetanilide (MNA), 210
Microscopic anisotropy
Ima, 259-261
MA index
averaged tensor elements, 261-262
ellipsoidal pores, 261
macroscopic diffusion anisotropy, 262-263
rotationally invariant measure, 261
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Multiple concatenations, DWV experiment
long mixing times
advantages, 264
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isotropic orientation distribution, 264
tensor equation, 263-264
short mixing times, 251-252
generalized tensor equation, 252
isotropic orientation distribution, 252
modified tensor definition, 252
numerical simulations, 253
parallel and antiparallel wave vectors, signal
difference, 252
pore size, 252
signal modulation, 252-253
Multiple quantum (MQ) NMR, 63-64
active spins, 64
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2,3-dibromopropionic acid, DQ experiments
non-selective DQ excitation, 76-78
spin-selected ZQ experiment, 81
spin-selective DQ-SQ excitation, 78-81
2-fluoro-N-(2-fluorophenyl)benzamide (see 2-
Fluoro-N-(2-fluorophenyl)benzamide)
2-fluoropyridine, 4Q detection
AX spin system, 84
cross sectioal displacement, 85
doublet separation, 85-86
molecular structure and interacting spins,
84, 85
SQ dimension, 84-85
N coupled spin system, 64-66
non-selective excitation, 67-68
passive spins, 64
spin dynamics, DQ excitation
AMX spin system, 69-70
polarization operator approach (see
Polarization operator approach)
product operator approach (see Product
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spin-selected 3Q-J-resolved experiments, 103
spin-state-selected DQ-J-resolved experiments
(see Spin-state-selected DQ-J-resolved
experiments)
spin-state-selective detection, 69
spin systems
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heteronuclear systems, 83-84
proton spectra, 81-82
spin-selective homonuclear MQ,
heteronuclear systems, 82-83
SSMQ-J-resolved experiments, t delay, 103-106
Multiple-quantum spectroscopy
correlation patterns, 215-216
determination factors, 216-217
DQ/SQ CRAMPS, 217
organic molecules, 215
Multiple-wave-vector diffusion-weighted NMR
basic pulse sequences, 233
DWYV experiment, 232
MWYV pulse sequence, 232
pulsed-field-gradient spin-echo, 232
signal modulation, 234
trapezoidal diffusion gradient pulses, 234
vanishing mixing time, 232, 234
DDOSY method, 230
DEXSY method, 230
double-wave-vector experiment (see Double-
wave-vector (DWV) experiment)
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first theoretical approach
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diffusion propagator, 243-245
fully restricted diffusion, 235-236
negative diffraction, 239-241
phase evolution, 241-243
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negative diffraction effect (see Negative
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two-dimensional Fourier transformation, 229
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theoretical considerations
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MCEF formalism, 288
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Parallel diffusion weightings, 227
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Phase-sensitive gradient HMBC, 10-11
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DQ excitation
chemical shift evolution, 70-71
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passive coupling, 74
three-spin system, 72-74
two selective pulses, 72
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Restriction effect
angular signal modulation
cell size, 276
circular geometry, 276-277
cos-shaped signal modulation, 268-270
ideal timing parameters, 270
model systems, 280-282
modulation amplitudes, 276
parallel-antiparallel difference, 274-276
saturation behaviour, spinal cord, 277, 278
In vivo experiments, 279-280
whole-body MR systems, 277-278
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signal amplitude, 237
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vanishing mixing times, 236-237
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Saturation-transfer-difference (STD), 118
Selective J-resolved spectroscopy
pulse sequence, 163
SERF method, 162
spin pairing, 161-162
strychnine, 163-164
Selectively tailored accordion F; refocusing
(STAR) operator, 36
Selenite-induced cataracts, 136-137
Shimming technique, 159-160
Signal-to noise ratio (SNR), 178
Single-quantum coherence (SQC), 158
Spin echo resolved spectroscopy (SECSY), 167
Spin-spin couplings, 63
Spin-state-selected DQ-J-resolved experiments
2-fluoropyridine
advantages, 100
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DQ dimension, 99-100
SQ dimension, 100
pulse sequence, 164-165
remote couplings, 103
spin resonance, 163
two phenyl ring molecules
2-fluoro-N-(2-fluorophenyl)benzamide,
102, 103
3-fluoro-N-(3-fluorophenyl)benzamide,
100-102

T

TANGO HMBC experiment, 12-13
Tensor model
long mixing times
modified Voigt notation, 256258
multiple pore ensembles, 258-259
Taylor expansion, 255-256
short mixing times
Gaussian diffusion, 250-251
parallel vs. antiparallel wave-vector
orientations, 251
pore size estimate, 250
signal expression, 247-250
Thalassiosira pseudonana, 125
Thymol, 212-213
Time-shared (TS) HMBC

1H-13C and 1H-15N TS-HMBC experiment,
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MATS-HMBC pulse sequence, 47, 49

parallel acquisition, 48-49

pulse sequence building block, 45

relative sensitivity, 47, 49

spectral widths, 45
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Ulcerative colitis, 132

Ultrafast-NMR (UF-NMR) spectroscopy

carbonyl carbon atom, 50-52
dynamic nuclear polarization (DNP), 51
real-time observation reactions, 49-50
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Whole cells and tissues
Campylobacter jejuni, 125-126
microalgae, 125
mycobacteria, 126
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X-ray powder diffraction (XRPD), 211
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