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Abstract

In the standard NMR spectra, the lineshape patterns produced by a molecular rate process are often poorly structured. When
alternative theoretical models of such a process are to be compared, even quantitative lineshape fits may then give inconclusive
results. A detailed description is presented of an approach involving fits of the competing models to series of Carr—Purcell echo
spectra. Its high discriminative power has already been exploited in a number of cases of practical significance. An explanation is
given why it can be superior to methods based on the standard spectra. Its applicability in practice is now illustrated on example of
the methyl proton spectra in 1,2,3,4-tetrachloro-9,10-dimethyltriptycene TCDMT. It is shown that, in the echo spectra, the recently
discovered effect of nonclassical stochastic reorientation of the methyl group can be identified clearly while it is practically non-
discernible in the standard spectra of TCDMT. This is the first detection of the effect at temperatures above 200 K. It is also shown
that in computer-assisted interpretation of exchange-broadened echo spectra, the usual description of the stimulating radiofre-

quency pulses in terms of rotation operators ought to be replaced by a more realistic pulse model.

© 2004 Elsevier Inc. All rights reserved.
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1. Introduction

The insight in molecular rate processes that can be
gained from NMR lineshape studies is unique in its po-
tential to discern even subtle details of the relevant mi-
croscopic mechanisms. Advances in the field by the end of
the last decade were reviewed by Orrell [1]. In our recent
research on hindered rotation of the methyl group, we
were faced with a problem of discrimination between two
models of the motion: the standard model of random,
classical jumps between the equilibrium orientations, and
the damped quantum rotor (DQR) model [2]. An essential
difference between them is that in the former the NMR
signal ought to be dependent on a single rate constant
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only, in agreement with the familiar Alexander—Binsch
(AB) lineshape theory [3,4], while in the latter the signal
shape is controlled by two rate processes. These are
damping processes of certain specific quantum coher-
ences between the torsional sublevels of the methyl rotor,
which involve the spin and space nuclear coordinates
entangled by the Pauli principle. The relevant coherences
were once dubbed the overall tunneling and overall
Kramers coherences [2]. When the two corresponding
quantum rate constants, k; and kg, become equal, the
DQR lineshape equation becomes equivalent to the AB
equation. However, even in the latter instance the sto-
chastic exchange becomes ‘“‘classical”” only in an opera-
tional sense, since the two coherence-damping processes
described by 4k and & never merge into a single process.
From extensive numerical simulations we could infer that,
for the “nonclassicality coefficient” ¢ = k;/kx departing
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from 1 by less than 10%, there would be little chance to
discriminate between the AB and DQR models solely on
basis of the standard NMR spectra. More promising
conclusions were drawn from simulations of various
“echo” experiments, including the Carr—Purcell echo
technique [5,6], in which a controlled delay between the
end of the pulse sequence and start of acquisition of the
FID signal is employed. These inferences helped us to
confirm the validity of the DQR model in a broad range of
temperatures. In the cryogenic region, the quantum
character of the stochastic dynamics was identified for a
CDj3 group in a molecular crystal [7]. Surprisingly, a
similar behavior could be observed even above 170 K, in
liquid-phase spectra of strongly hindered CH3 groups in
two 9-methyltriptycene derivatives, 1,2,3,4-tetrabromo-
9-methyltriptycene TBMT, and 1,2,3,4-tetrachloro-9-
methyltriptycene TCMT (see Fig. 1) [8,9]. In these
systems, the nonclassicality coefficient ¢ is different from 1
by about 20%. Unlike for the solid-state, in liquid-phase
NMR a perfect theoretical reproducibility of the experi-
mental lineshapes is in general achievable. Therefore,
small but clearly visible deficiencies of the AB fits to the
standard experimental spectra of the 9-methyltriptycenes,
confronted with virtual perfection of the corresponding
fits to the DQR model, are by themselves a sufficient proof
of the validity of the latter. The CP-echo spectra were used
essentially for a better visualization of the effect. For
1,2,3,4-tetrachloro-9,10-dimethyltriptycene =~ TCDMT,
the system studied presently, the situation is more diffi-
cult. For this compound, arguments based solely on the
standard spectra are not convincing and use of the Carr—
Purcell echo spectra is essential for the discrimination
between the AB and DQR models. The conclusions are

TCDMT: X=Cl, Y=H, Z=CH,
TCMT: X=Cl, Y=H, Z=H
TBMT: X=Br, Y=H, Z=H
OCMT: X=Cl, Y=CI, Z=H

Fig. 1. The methyltriptycene derivatives investigated.

strengthened when the present results are compared with
those previously obtained for the other 9-methyltripty-
cene derivatives. The challenging problem considered in
this paper provides motivation to a detailed description of
the experimental and numerical procedures that can be
employed if faint lineshape effects are to be correctly in-
terpreted. Although the present contribution is focused
on exchange processes, most of the following argument
will also be valid for nontrivial relaxation effects in NMR
lineshapes.

2. Experimental details

1,2,3,4-Tetrabromo-9,10-dimethyltriptycene TCDMT
was synthesized from commercial (Aldrich) 9,10-
dimethylanthracene and 1,2,3,4-tetrabromoanthranilic
acid (obtained from commercial (Aldrich) 1,2,3,4-
tetrabromophthalic anhydride), following strictly the
published procedure for 1,2,3,4-tetrabromo-9-meth-
yltriptycene [10]. Its structure was confirmed by
NMR spectrum at room temperature: 7.508 ppm (m, 4),
7.183 ppm (m, 4), 2.880 ppm (s, 6); solvent: CS,/CD,Cl,
(6 v/1 v). Variable temperature NMR measurements
were performed on a Bruker Avance DRX 500 MHz
spectrometer, equipped with a TBI probe and a BVT
3000 temperature unit, for a degassed solution of 3mg
TCDMT in 0.7ml CS,/CD,Cl, (6 v/1 v) sealed under
vacuum of about 0.1 Torr in an NMR tube (0.d. 5mm).
Temperature stability was ca. 0.1 K; the temperature
was measured using the methanol chemical shift ther-
mometer [11]. The methanol spectra were taken at every
second temperature setting. At the intermediate tem-
peratures, the temperature was calculated from ther-
mocouple reads calibrated against the methanol
chemical shift data for the neighboring temperature
settings. The spectra of TCDMT were measured using
calibrated n- and ©t/2-pulses of durations about 8 and
16 ps, respectively. In the standard experiments, the in-
strumental delay between the end of the pulse and start
of the acquisition, 4, was set at 6 us. In all experiments,
the repetition time was 6s and the FID signal was col-
lected (32K data points) during a half of that time; the
spectral width was ca. 5500Hz. Usually, only 16K
(acquired during ca. 1.5s) of the FID were used for
FT-processing. In the frequency-domain spectra, no
frequency-dependent phasing was used; the frequency-
independent phase factor was adjusted manually to
obtain a fair phasing in the methyl proton region. The
methyl proton spectra subject to numerical analysis were
described by 2200-3200 data points, depending on the
extent of broadening. In the fits to sets of CP-echo
spectra, each experimental spectrum in the input set was
normalized in such a way that its maximum amplitude
be 1. No statistical weighting of the data points from the
individual spectra was employed.
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3. Theory and computational procedures

The lineshape Y(w) of a 1D NMR spectrum is de-
scribed by the equation [3,4,12]:

Y(w) o< (Fy|[=i(L + o1) + R+ X] ' |p,), (1)

where L, R, and X are the superhamiltonian, the relax-
ation matrix, and the exchange superoperator, respec-
tively; the supervectors (F,| and |p,) represent the total
“spin-raising” operator | = F, +iF, and the relevant,
single-quantum part of the spin density matrix at the
start of acquisition of the FID signal, respectively. In the
sequel, it is assumed that relaxation effects can be de-
scribed by a single Lorentzian broadening w, the same
for all resonances.

In an “ideal” standard 1D experiment, i.e., one per-
formed using radiofrequency pulses of ““infinitely short”
duration, the relevant part of p, can be taken proportional
to the spin-raising operator £,. In an “ideal” CP-echo
experiment, set at the echo time 7, where both the initial
7/2 and the refocusing n pulses are applied in direction x
of the frame rotating with the pulse frequency wy, the
initial density matrix entering Eq. (1) is given by

|ps(27)) ox exp{[—i(L + woF.) — 2nwl + X]7}P,(n)
x exp{[—i(L 4+ ooF.) — 2nwl
+ X[} Py (n/2)| 7). (2)

In Eq. 2), F.=E xI" =1 x F* and P,(«) describes
rotation by angle o about axis x of the rotating frame.
Now, in the standard experiment, the exchange pro-
cesses represented by X will be reflected in the lineshape
only to the extent to which they can affect the course of
the FID signal during the acquisition; the initial density
matrix is independent of the system’s internal dynamics.
On the other hand, in the CP-echo experiments (and in
echo experiments in general), the dynamics described by
X can feature not only the course of the FID but the
density matrix p,(27) at the start of the FID acquisition
as well. This is the reason why the CP-echo spectra can
exhibit an enhanced sensitivity to details of the exchange
mechanisms described by X. This remark is particularly
true for series of echo spectra measured for appropri-
ately chosen echo times. An enhanced sensitivity to de-
tails of exchange mechanism, observed for simulated
multiple quantum spectra [13], can be rationalized in a
similar way. As compared to the MQ spectra, experi-
ments involving echo spectra are less time-consuming.
The applicability of the echo techniques may by limited
by the fact that all narrow impurity signals will be rel-
atively amplified at longer echo times, causing distor-
tions in the frequency range of interest. Also, when the
signals of interest undergo ‘“‘smearing” over a broad
frequency range, the echo spectra will be of limited or no
utility because of instrumental deformations in the de-
tection of rapidly decaying signals.

In this paper, the discussion is focused on nonclassi-
cal stochastic behavior of strongly hindered methyl
groups. The pertinent DQR exchange superoperator can
be written as [2]:

x:—%“[zi WP = Px PPk
1) . . R )
+¥(1 W I =0 x U], 3)

where P is the operator of cyclic permutation of the
methyl proton spins, and U =1[2(P+P') - 1] is a
unitary selfinverse operator. When the nonclassicality
coefficient ¢ = k/kx equals 1, the AB superoperator
describing the classical jump process of rate constant
k = kx /3 = k/3 is obtained, where £ is an inverse of the
mean residence time in one orientation. However, one
has to remember that also in the latter instance the
underlying stochastic process retains its composite
character. It must also be stressed that for ¢ # 1 it would
be inappropriate to interpret the superoperator in the
Lh.s. of Eq. (3) as one describing the classical hopping
with rate constant k = kx /3 plus some sort of “inco-
herent tunneling” with rate constant &' = kx(c — 1)/2.
At cryogenic temperatures the values of ¢ can drop be-
low 1 [7] so that in such instances the alleged ‘““inco-
herent tunneling” would have to occur with a negative
rate constant! We have recently reported an alternative
formulation of the exchange superoperator describing
the effect concerned, which appears to be less prone to
such a misinterpretation [14].

In our previous studies on the triptycene derivatives
[8,9], we could identify this novel effect by a careful
comparison of the fits of the AB and DQR lineshape
equations to the experimental spectra. The FORTRAN
routines once developed by us for the purposes of line-
shape analysis in single-crystal spectra [7] were modified
appropriately to handle liquid-phase spectra as well.

In all of the methyltriptycene derivatives investigated
by us, including TCDMT, the methyl protons form an
A,B spin system showing no detectable J-couplings to
other protons in the molecule. The choice of molecules
with such a symmetry was motivated by the necessity of
reducing to a minimum the number of spectral param-
eters to be adjusted in the iterative fits. On the other
hand, the set of adjustable parameters must not be too
small since discrepancies between the theoretical models
and the spectra actually observed might also result from
an inconsiderate fixing of some sensitive parameters of
the theoretical lineshapes. The J-coupling constant be-
tween protons A and B, J, is an example of such a pa-
rameter. Unlike typical J-couplings between geminal
protons attached to an aliphatic carbon atom, in both
TCMT and TBMT the parameter J shows a significant
dependence on temperature [9]. For this reason, the
spectra of TCMT and TBMT could be interpreted
quantitatively in relatively narrow temperature range in



P. Bernatowicz et al. | Journal of Magnetic Resonance 169 (2004) 284-292 287

which the parameter J could still be extracted from the
spectra. Another important parameter is the “natural”
linewidth w. For an A,B spin system, the magnitude of
w can be extracted from the spectrum as long as the
resonances of protons A and B remain well-separated;
this is because the exchange broadenings suffered by
these resonances are not identical and are strictly in-
terrelated. By and large, from our own experience with
the methyltriptycene derivatives it follows that, in the
slow exchange limit, the following spectral parameters
can be simultaneously adjusted: kg, ¢, J, w, the chemical
shifts 5 and o, the overall amplitude factor, the slope
and intercept of the baseline, and a parameter measur-
ing admixture of dispersion in the nominally absorption
spectrum. When some impurity signals of well-defined
Lorentzian shape occur in the spectral region, they can
also be included in the fits; three parameters are to be
adjusted for each such signal: the width, position, and
amplitude. When sets of CP-echo spectra are fitted, the
“global” parameters kg, ¢, J, w, 0a, and d5 are common
for the entire set (as well as the widths and positions of
the impurity signals). The remaining, “local” parameters
involve the individual spectra. Of course, in the mini-
mization routine employed by us (the Gauss—Newton
algorithm) both the global and local parameters are
treated on equal footing as they involve the same sum-
of-squares surface.

For sets of (at least two) CP-echo spectra, it has
proven advantageous (or, sometimes, even necessary) to
abandon the standard assumption of ideal pulses that
are represented by rotation superoperators. We gener-
ally use a more realistic description. The pulse of du-
ration f,, applied along axis x of the rotating frame, is
described by the evolution superoperator representing a
pulse with an ideal rectangular envelope,

lo(t + t,)) = exp{[—1i(L + woF, + 0, F,) — 2nwl
+ Xltp (1)), (4)

where for the nominal n/2- and n-pulses ¢, is set equal to
one-fourth and one-half, respectively, of the length of the
2m-pulse, determined by suitable calibration. The pulse
strength, ,, is one more “global” parameter which is
iteratively adjusted in the fitting procedure. The param-
eter w; proves to be extractable from the sets of echo
spectra in the slow exchange limit only, where the ex-
change term X is small in comparison with the imaginary
terms. Thus, in practice this term (as well as the linewidth
term) can be dropped from the exponent in Eq. (4) and the
relevant calculations can be performed in Hilbert space,

plt+ t,) = exp|—i(H + woF + o F)t,]p(t) expli(H
+ woF. + o )y, (5)
where A is the standard NMR Hamiltonian. In our

calculations for three-proton systems, we used Eq. (4)
despite of the fact that the usual factoring of the Liou-

ville superoperators entering the exponent could not be
benefited from (in presence of the radiofrequency term,
invariance under rotations around z axis no longer ex-
ists). For such systems, the size of the complex matrix to
be diagonalized is 64 x 64, and it drops to 40 x 40 when
the selection rules generated by the existing C; symmetry
of the spin system are exploited. Numerical diagonal-
ization of complex matrices of that size poses no prob-
lems in the fitting process. An implementation of the
simplified expression in Eq. (5) would involve alterations
of the logistic of our computer program which was
originally designed to handle single-crystal spectra.
When large spectral matrices are to be handled, the
techniques exploiting the intrinsic sparsity of the Liou-
ville superoperators may prove useful [18]. Some ques-
tions concerned with fitting of the effective pulse
strength will be discussed further in the next section.

4. Results and discussion

In TCDMT, the two methyl groups are equivalent by
symmetry (see Fig. 1). Because they occupy distant po-
sitions in the molecule, they can be treated as two in-
dependent DQR’s. The standard spectra of the methyl
protons in TCDMT were measured in the range 195 K—
room temperature. At temperatures below 198 K and
above 270K the line broadenings due to the rate pro-
cesses become comparable with the “natural” broad-
enings. In such instances, our assumption that the
natural linewidth is the same for all resonances of the
methyl protons may be insufficiently exact. Such spectra
are not taken into account in the present studies. In the
regime of slow exchange (198-210 K), which is of central
interest here, apart from the standard spectra, two
CP-echo spectra for suitably chosen echo times were
measured at each temperature. Because of increased
intensities of some impurity signals, echo spectra for
longer echo times would be of a limited utility for
quantitative fits. (The impurities, present in minute
amounts, could not be removed completely using stan-
dard purification procedures; presumably, they originate
in part from a spontaneous decomposition of the sol-
vents used.) The fits of the AB and DQR equations to
the standard spectra measured in the slow exchange
limit are shown in Fig. 2. At a first glance, both of the
models afford a fair reproduction of the experimental
lineshapes. For the DQR fits, the RMS errors are con-
sistently smaller, although the differences between the
fits can hardly be visualized (unless one looks at the
signals of proton B through a magnifying glass, see inset
in Fig. 2). However, the nonclassicality coefficient ¢ (set
equal to 1 at the AB-stage of the iterative fit, and subject
to adjustment at the DQR-stage) proves to be a sensitive
parameter of the lineshape function. Its values, delivered
by the fitting routine at convergence, are consistently
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Fig. 2. The standard spectra of the methyl protons in TCDMT in the
slow exchange limit superimposed with the “best fit” theoretical
spectra. For each temperature, the top and bottom plots depict the AB
and DQR fits, respectively. The impurity signals included in the fits,
with assumed Lorentzian lineshape, are marked with x.

different from 1 as they oscillate in the range 1.08-1.13.
Actually, the upper limit should be lowered to 1.09,
since the only value exceeding 1.09, that of 1.132, was
obtained at 198 K where the combined relaxation and
field-inhomogeneity broadenings are still comparable to
the exchange broadenings; the fits may therefore suffer
some residual bias, as pointed out in the foregoing.
Above 200K, the bias is negligible. Attempts at an ex-
traction of the values of ¢ from the substantially
broadened spectra above 220 K gave inconsistent re-
sults. The spectra above 220K were analyzed under
assumption that ¢ is temperature-independent; the value
of ¢ was set equal to 1.085, the arithmetic average of the
values obtained in the range 201-210K. Similarly,
above 209 K the average values of |J| = 12.57 Hz and,
above 220K, of dp — o =416Hz (0.832ppm) were
assumed and kept fixed in the fits. The latter assump-
tions will be commented upon further later on. Above
220 K, the values of w were not adjusted; they were as-
sumed equal to the average half-widths-at-half-heights
of the aromatic proton signals.

The deficiencies of the AB fits, shown in Fig. 2, even
when considered in the context of the evident perfection

of the corresponding DQR fits, are too small to allow
for a unequivocal discrimination between the two
models. For this reason, we had to resort to the use of
the CP-echo spectra. The fits to the echo spectra were
performed with optimization of the pulse strength. A
comparison of the AB and DQR fits to the sets of CP
echo spectra measured at 201.5 and 204 K is shown in
Fig. 3 for the signals of proton B. The deficiencies of the
AB fits that are almost invisible for the standard spectra
are now substantially amplified. On the other hand, a
perfect reproduction of the experimental lineshapes
could be achieved within the DQR model, where only
one more adjustable parameter was added. For the
signals of protons A, (not shown), both the fits seem
equally perfect at a first sight, although some slight in-
feriority of the AB fits is still discernible for the spectra
with longer echo times. The values of the relevant pa-
rameters, obtained in the DQR fits to the standard and
echo spectra, are given in Table 1. In general, the dif-
ferences between the results of fits to the standard and

T/K Echo time t/ms
204
X

4
8

201.5

J\/\—\/!

10
T T T T
2.37 2.32 2.27 2.22 [ppm]

Fig. 3. The CP-echo spectra of the methyl proton B in TCDMT in the
slow exchange limit superimposed with the “best fit” theoretical
spectra. For each echo time, the top and bottom plots depict the AB
and DQR fits, respectively.
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Table 1

Results of iterative lineshape analysis of the standard and CP-echo spectra of 1,2,3,4-tetrachloro-9,10-dimethyltriptycene TCDMT?*
T (K) 7 (ms)® w (Hz)° J (Hz) kg (571 c=k/kg
198 0 1.56(1) 12.593(5) 20.4(1) 1.132(6)
198 5,10 1.51(1) 12.567(3) 25.3(1) 1.156(3)
201.5 0 1.53(1) 12.55(1) 52.4(2) 1.077(3)
201.5 5,10 1.48(1) 12.501(4) 51.9(1) 1.098(2)
204 0 1.51(1) 12.55(1) 70.0(3) 1.078(4)
204 48 1.49(1) 12.60(1) 69.3(2) 1.096(2)
208.5 0 1.37(2) 12.62(3) 128.2(6) 1.090(7)
208.5 3,6 0.97(2) 12.55(2) 129.1(3) 1.078(3)
210 0 1.48(2) 12.57 156(1) 1.077(5)
220.5 0 0.75 12.57 537(1) 1.085
231 0 0.70 12.57 1779(2) 1.085
242 0 0.60 12.57 4736(3) 1.085
251.5 0 0.60 12.57 10290(10) 1.085
259 0 0.55 12.57 19210(20) 1.085
265.5 0 0.50 12.57 30780(30) 1.085

#The standard errors, quoted in parentheses, were calculated with neglect of the possible statistical correlations between the fitted parameters.

®Echo times; © = 0 means standard spectrum.
“Numbers without standard errors are assumed values (see text).

CP-echo spectra are commensurate with the corre-
sponding standard errors. (The standard errors quoted
in Table 1 are calculated with a neglect of the off-diag-
onal elements of the Hessian matrix; as such, they are
generally underestimated since the possible statistical
correlations between the fitted parameters are ignored.
A more elaborate error analysis is out of scope of the
present paper.)

The foregoing evidence of the nonclassical character
of the methyl group dynamics in TCDMT will be
strengthened when it is presented against the back-
ground of our previous findings for other methyltripty-
cene derivatives. In Fig. 4, previously unpublished
details of the fits to the spectra of TBMT are shown. For
the latter compound, and also for TCMT, the deficien-
cies of the AB model are already visible for the standard
spectra [8,9]. For TBMT and TCMT, the average values
of ¢ in the ranges 187-197K and 179-187K, respec-
tively, are 1.18 and 1.19, respectively. For the investi-
gated sample of TBMT, the spectral regions of interest
happened to be free from intense impurity signals. This
allowed us to exploit series of echo spectra covering a
broader range of echo times. Just as in the fits for
TCDMT, the realistic model of the radiofrequency
pulses was used and the parameter w; was adjusted.
Thus, for the unquestionable inadequacy of the AB fit
one can hardly blame imperfections of the experimental
pulses. The problem of pulse modeling will be discussed
in detail later on. Actually, the evident perfection of the
DQR fits to the series shown in Fig. 4 once helped us to
dispel ultimately our fears that the effects involved might
have resulted from nonvanishing temperature gradients
within the sample. We simulated possible effects of such
gradients by producing variously weighted sums of the
theoretical echo spectra calculated from the AB equa-
tion. The calculations were done for a number of values

>

Echo time tms

15

2.27 2.22 217 212 [ppm]

Fig. 4. (A) The standard spectra of the methyl protons in TBMT at
187K superimposed with the “best fit” theoretical spectra obtained in
the AB (top) and DQR (bottom) fits, respectively. (B) The corre-
sponding CP-echo spectra superimposed with the “best fit” theoretical
spectra. For each echo time, the top and bottom plots depict the AB
and DQR fits, respectively.
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of k covering some reasonable interval. Such artificial
echo spectra were further subject to the DQR fits. The
achieved reproducibility of the lineshapes involved was
far from perfect. It seems that the actual deformations
of the experimental spectra due to temperature gradients
are minor. It seems that the resulting bias involves
mainly the values of w which appear to be somewhat
overestimated.

We could also exclude the eventuality that some
residual ordering of the dissolved molecules, enforced by
the external magnetic field, may be at stake: attempts at
fitting the possible residual dipolar couplings as extra
parameters in the AB model did not lead to a satisfac-
tory improvement of the fits.

Now, the conclusion that the general nature of the
stochastic dynamics must be the same for TCDMT and
TBMT is confirmed by the evident similarity of the
lineshape effects shown in Figs. 3 and 4. Some quanti-
tative differences are discussed below. In Fig. 5, the
values of J obtained in the fits for TBMT, TCMT, and
TCDMT are plotted against temperature. A substantial
dependence of J on temperature, observed for the two
former compounds, was tentatively explained [9] in
terms of the coherent tunneling [15-17]. A theoretical
model of dependence of the coherent tunneling on
temperature far above the cryogenic range has not been
proposed yet. With such a model still lacking, for
TBMT and TCMT we could not extrapolate the values
of J to the temperatures where this parameter is no
longer extractable from the broadened spectra. Unbi-
ased fits were obtainable in relatively narrow tempera-
ture ranges of about 10K only. For the compound
investigated presently, the values of J do not show a
clear dependence on temperature. It seemed thus rea-
sonable to assume that in TCDMT the magnitude of J is
controlled entirely by the usual electron-mediated
mechanism so that dependence of J on temperature

IJI[HZ]
12.7 4
.
. >l
O
©.. TCDMT
12.3
<o
11.9 4
11.5 4
170 180 190 200 210 T[K]

Fig. 5. Temperature dependences of the values of J obtained in the
DQR (full symbols) and AB fits (open symbols) for TCMT, TBMT,
and TCDMT. The values obtained from standard and CP-echo spectra
are represented by diamonds and circles, respectively.

should be negligible. Hence, we could analyze the
spectra from a wide temperature range, under an addi-
tional assumption that 5 — dg is also temperature-in-
dependent. The latter is suggested by the behavior of
oa — op observed in the range 195-210 K. The assump-
tion of ¢ independent of temperature is arbitrary since
no data about the behavior of ¢ over wide temperature
ranges are available for liquid-phase temperatures. The
values of kg determined under the above assumptions
(see Table 1) present a fair linear alignment on the Ar-
rhenius plot shown in Fig. 6. The activation energy and
decimal log of the preexponential factor are 44.8(4) kJ/
mol and 13.4(1), respectively. For a comparison, the
Arrhenius activation energies once found for TCMT,
TBMT, and 1,2,3,4,5,6,7,8-octachloro-9-methyltripty-
cene OCMT using the AB model are 39, 43, and 59 kJ/
mol, respectively [10]. The values of ¢ (1.19, 1.18, 1.09,
and 1.01 for TCMT, TDMT, TCDMT, and OCMT,
respectively) do not correlate strictly with the activation
energies, although some qualitative relationship does
occur. Generally, the quantum character of the sto-
chastic dynamics should be more apparent for methyl
groups with lower hindering potential. A closer identi-
fication of the structural factors that control the mag-
nitude of ¢ is one of our current research tasks.

The average value of |J| in TCDMT, 12.57 Hz, coin-
cides with the limiting, low-temperature value of this
parameter in TCMT (see Fig. 5). For electron-mediated
spin couplings such a coincidence could be expected since
the immediate surroundings of the methyl groups are
virtually identical in both the compounds. This provides
an independent corroboration to our previous assess-
ment that in TCMT the residual coherent tunneling must
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Fig. 6. The Arrhenius plot for rate constant kx in TCDMT. Above
210K, the data were obtained under assumption of ¢ = 1.085. The
activation energy and decimal log of the preexponential factor are
44.8(4) kJ/mol and 13.4(1), respectively, where the standard errors do
not reflect inaccuracies in the temperature measurements.
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vanish completely in the low temperature limit [9]. (From
the fact that the dominating, magnetic component of |J|
is negative we could previously deduce the sign of the
tunneling contribution in TCMT and TBMT to be po-
sitive; as is stated in [9], the latter cannot come from the
splitting of the ground torsional state alone and the
higher torsional states must be engaged.)

One more effect is apparent from the data in Fig. 5,
which can serve as a valuable hint in future studies on
the methyl rotation in liquid-phase NMR. When the
spectra are interpreted in terms of the AB model, the
adjusted values of |/| show much stronger decrease with
increasing temperature than those obtained from the
DQR fits. For TCMT and TBMT, this artificial effect
was already commented upon [9]. Now the same effect
can be seen for TCDMT, the compound for which the
unbiased estimates of J do not show any remarkable
dependence on temperature. It seems that such a un-
derestimation of the values of |J| in the fitting process is
a partial remedy to the inadequacy of the AB model,
whose efficiency increases along with the progressing
obliteration of the fine structure due to the J-couplings.
Actually, when in the AB fits the value of |J| is put equal
to the average from the DQR fits (12.57 Hz) and is not
optimized, the fit deficiencies are readily visible already
for the standard spectra. It is noteworthy that for
OCMT, for which the values of ¢ are quite close to 1,
such artificial temperature trend was not observed for
the estimates of J obtained in AB fits. Therefore, a de-
tection of such a trend in the results of AB fits may in-
dicate that the underlying stochastic dynamics are
nonclassical even when there are no clear discrepancies
between the theoretical and experimental lineshapes.

Finally, we discuss the problem of pulse modeling in
computer-aided interpretation of CP-echo spectra. In
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Fig. 7. A comparison of the DQR fits to the CP-echo spectra of TBMT
at 187K, obtained with assumed ideal pulses (left panel) and with
optimized pulse strength (right panel).

Fig. 7, the DQR fit to the set of three echo spectra,
shown in Fig. 4, is compared with the similar fit per-
formed under assumption of ideal radiofrequency pul-
ses. The accuracy of the latter fit is evidently worse than
of the former, which can be seen particularly clearly for
the 15 ms-echo spectrum.

In the experiment, the pulses were applied at
2.788 ppm. The lengths of the n- and /2-pulses were set
to 1/2 and 1/4, respectively, of the length of the 2r pulse,
33.6 us, calibrated for the methyl proton doublet cen-
tered at 3.066 ppm (not shown). For perfectly rectan-
gular pulses, the nominal strength of the RF field,
w1 /2n, would be 29.76kHz. In the DQR fit shown in
Fig. 4 and in the right panel in Fig. 7, the optimized
value of w; /27 is 27.47(1) kHz; in the AB fit (Fig. 4), the
corresponding value is 27.20(2) kHz. In general, when
w 1is included in the optimized set, there are two solu-
tions of the least-squares problem for CP-echo spectra
of the triptycene derivatives. It is dependent on the
starting value of w;, which of the two solutions will be
obtained at convergence. When the starting value of the
latter is smaller (greater) than the nominal value, the
final value will also be smaller (greater) than the nomi-
nal value. The adjusted values of w; are symmetrically
disposed around the nominal value; the corresponding
minima on the sum-of-squares surface can have either
the same or somewhat different depths. In any case,
differences between the corresponding optimum values
of the “global” parameters kg, ¢, J, w, oo, and dp are
commensurate with the standard errors involved. More
pronounced differences occur for the “local” parameters
which measure deviations from perfect phasing for the
individual echo spectra in the fitted set. To avoid any
ambiguities, as the correct values of the global param-
eters we always take the optimum values corresponding
to the smaller of the two RMS errors. It must be stressed
that we have never been faced with the situation where
the RMS errors involved are (nearly) equal while the
corresponding values of the parameters of interest are
substantially different. A typical instance of such a
double minimum on the sum-of-squares surface is il-
lustrated in Table 2, where the pertinent fit results for
the CP echo spectra of TBMT at 187K are collected.
The fit variants delivering under- and over-estimated
values of w; are numbered I and II, respectively; II1
denotes the fits with assumed ideal n- and n/2 pulses.
From the data in Table 2 it is seen that for the DQR fits,
the RMS errors in variants I and II are nearly identical.
The values of the parameters of interest, obtained in
these fits, are practically the same; in comparison with
the standard errors involved, the greatest is the differ-
ence between the values of c¢. (The standard errors
are probably underestimated, see the parenthetical
comment above.) However, it is still small with respect
to the typical scatter of the values of ¢ obtained from the
standard and CP-echo spectra. On the other hand, the
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Table 2

Results of fits to the set of three CP-echo spectra (r = 5, 10, and 15ms) of 1,2,3,4-tetrabromo-9-methyltriptycene TBMT at 187 K with optimization
of RF pulse strength (variants I and II) and with assumed ideal pulses (variant III)

Fit variant ; /2n (kHz) w (Hz) J (Hz) kx (s7") ¢ =k/kx RMS error®
DQR I 27.49(1) 1.77(1) 12.447(4) 55.0(1) 1.169(1) 335
DQR II 32.16(1) 1.78(1) 12.449(4) 54.5(1) 1.179(1) 337
DQR III — 1.32(1) 12.558(6) 59.3(2) 1.195(2) .529
AB1 27.20(2) 2.44(2) 12.096(6) 54.9(2) 1 617
AB II 32.42(2) 2.46(2) 12.081(6) 54.7(2) 1 .644
AB 111 — 1.98(2) 12.15(1) 61.9(4) 1 815
% As a percentage of max. amplitude of the experimental spectrum.
values of kg, J, and w obtained in variant III are sig- Acknowledgment

nificantly different from their counterparts in variants I
and II. Note a dramatic increase of the RMS error in
variant IIT as compared to I and II; this is visualized in
Fig. 7. It must be added that for sets of CP-echo spectra
covering a narrower range of echo times the differences
between the particular fit variants are in general smaller
than in the case depicted in Fig. 7. For the CP-echo
spectra of TCDMT (Fig. 3), there is virtually no
differences between the values of &k, ¢, J, 0o, and dp
obtained in variants I and II, although the RMS errors
in variant | are consistently lower by about 2-3% than in
variant II.

In summary, despite of some difficulties involving the
possible doubling of the least-squares solutions, use of
realistic models of the radiofrequency pulses can be
recommended when series of CP-echo spectra are to be
analyzed. The discriminative potential of such an ap-
proach with respect to alternative models of molecular
rate processes was shown on the example of the methyl
group dynamics in TCDMT. With arguments derived
solely from the standard spectra, the quantum character
of that process could not be demonstrated convincingly.
By and large, the argument revealing the true origin of
the effect discussed in this paper is ultimately based on
the fact that the evidently flawed AB fits to the echo
spectra can be confronted with the perfect DQR fits. In
the approach with assumed ideal pulses, where neither
of the two descriptions is perfect, the situation would be
less clear and there might still be a room for speculations
about alternative explanations of the effect.
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