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ABSTRACT: A new approach is presented for the analysis of wideline 2H NMR lineshapes, based on automated
Ðtting of simulated spectra to experimental spectra using either “downhill simplexÏ or simulated annealing algo-
rithms. This approach provides an objective assessment of the level of agreement between experimental and simu-
lated 2H NMR spectra, and removes much of the subjectivity that is characteristic of the traditional approach
involving trial-and-error variation of the parameters used in the simulation, followed by visual comparison between
experimental and simulated 2H NMR spectra to assess the quality of Ðt. Applications of our new approach are
reported for the analysis of (i) static 2H NMR powder patterns, (ii) the temperature dependence of 2H NMR
powder patterns in the intermediate motion regime (including the case of Ðtting experimental spectra with poor
signal-to-noise ratio) and (iii) the dependence of quadrupole echo 2H NMR spectra on the echo delay. Quantitative
details relating to the dynamic properties of in its pure crystalline phase and in thethiourea-d4

inclusion compound are presented, in addition to the motion of the guest moleculeschlorocyclohexaneÈthiourea-d4
in the inclusion compound and the phosphatebenzenetricarbonylchromium-d6Èthiourea pyrazine-d4Èa-zirconium
intercalation material. 1998 John Wiley & Sons, Ltd.(
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INTRODUCTION

2H NMR spectroscopy has been applied widely to
study molecular dynamics in a wide variety of aniso-
tropic materials. Illustrative examples include phase
transitions in rotator phase solids,1,2 the dynamics of
“guestÏ molecules included in crystalline “hostÏ
structures3h6 and the motional properties of polymers
and membranes.7h9 Of the various wideline 2H NMR
techniques used to study the dynamic properties of
solids, lineshape analysis of 2H NMR powder patterns
is undoubtedly the simplest and most widely applied.
This approach is based on the fact that, when a 2H
nucleus undergoes reorientational motion on an appro-
priate time-scale, the 2H NMR lineshape is altered in a
well deÐned manner which can be interpreted in terms
of the mechanism and rate of the dynamic process.
When the rate of motion is “intermediateÏ on the 2H
NMR time-scale (i.e. frequency of motion between
about 103 and 108 s~1), the appearance of the 2H NMR
spectrum depends critically upon the exact rate and
geometry of the motion. It is generally straightforward
to simulate the 2H NMR spectrum theoretically for any
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proposed dynamic model for the 2H nucleus, and this
forms the basis of the standard procedure for interpreta-
tion of experimental 2H NMR spectra. In particular, for
a set of 2H NMR spectra recorded as a function of tem-
perature, the usual approach is to propose plausible
mechanisms for the motion and then for each of these
mechanisms (i) to simulate theoretically a set of 2H
NMR spectra for di†erent values of the rate of motion
and (ii) to decide which set of simulated 2H NMR
spectra is in best agreement with the set of experimental
spectra. Once the correct dynamic model has been iden-
tiÐed, comparison between the sets of simulated and
experimental spectra allows the rate of motion to be
determined as a function of temperature.

In terms of Ðnding the simulated spectrum that best
Ðts each experimental spectrum, the approach adopted
so far has been based on trial-and-error variation of the
parameters that deÐne the dynamic model, coupled with
an assessment of the quality of Ðt “by eyeÏ (i.e. visual
comparison between simulated and experimental
spectra). However, this procedure is highly subjective,
and the fact that complex dynamic models require
several parameters to be optimized simultaneously in
Ðtting the simulated spectra to the experimental spectra
renders the trial-and-error approach completely ineffi-
cient. Clearly, there is a pressing need for a more effi-
cient, automated and robust approach for Ðtting
simulated 2H NMR spectra to experimental spectra.
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Examples of dynamic models that require simulta-
neous optimization of several parameters are often
encountered in studies of macromolecules,10 for which
the motion is not necessarily based on a single corre-
lation time. A distribution of correlation times may be
considered by specifying a mean correlation time SqcT
and its log-Gaussian standard deviation pÈin this case,
two variables (at least) are required in the Ðtting pro-
cedure. As a second example, molecules in solids often
undergo reorientational motions about two or more
axes, each characterized by a di†erent rate constant, as
well as small-amplitude librational motions that are
rapid with respect to the 2H NMR time-scale (and may
vary in amplitude with temperature)11,12Èin such
cases, lineshape analysis requires simulation of the 2H
NMR spectra as a function of several independent vari-
ables, which signiÐcantly complicates the ability to Ðnd
the best Ðts to the experimental spectra using the tradi-
tional approach.

In this paper, we describe a computational approach
for 2H NMR lineshape analysis, based on Ðtting simu-
lated spectra to experimental spectra using either
“downhill simplexÏ or simulated annealing optimization
algorithms. To illustrate the application of the tech-
nique, we consider the dynamic properties of the

molecules in the chlorocyclohexaneÈthiourea-d4
inclusion compound and in the purethiourea-d4

crystalline phase of the dynamics of thethiourea-d4 ,
guest molecules in the benzenetricarbonylchromium-

inclusion compound [(g6-d6Èthiourea C6D6)Cr(CO)3È
thiourea ; abbreviated subsequently as BTCC-d6È
thiourea] and the dynamics of guestpyrazine-d4
molecules in the phosphatepyrazine-d4Èa-zirconium
intercalation material.

EXPERIMENTAL

2H NMR spectra were recorded at 76.8 MHz on a
Bruker MSL500 spectrometer and at 46.1 MHz on a
Bruker MSL300 spectrometer, using standard Bruker
5 mm wideline probes. The stability and accuracy of the
temperature controller (Bruker B-VT1000) were ca.
^2 K. 2H NMR spectra were recorded using the con-
ventional quadrupole echo [(90¡)ÕÈq-

pulse sequence,13 with 90¡(90¡)ÕBn@2ÈqÈacquireÈrecycle]
pulse duration in the range 2.0È3.5 ls, and echo(tp)
delays q\ 13 and 65 ls. Note that no spectral distor-
tions occur for these values of q ; for the probes used,
such distortions are observed only for q\ 10 ls. The
recycle delay was taken as ca. and ranged10 ] T 1,
from 5 to 420 s depending on the sample and tem-
perature. Phase cycling was employed to eliminate
quadrature phase errors.

The inclusion com-chlorocyclohexaneÈthiourea-d4
pound was prepared by slowly cooling a solution con-
taining chlorocyclohexane and dissolved inthiourea-d4

After collecting the crystals, they were washedCH3OD.
with 2,2,4-trimethylpentane to remove any chlorocyclo-

hexane molecules adhering to their external surfaces.
The sample prepared in this way was characterized by
powder x-ray di†raction (verifying that the host struc-
ture was the same as that reported previously for
chlorocyclohexaneÈthiourea14). Details of preparation
and characterization of the inclusionBTCC-d6Èthiourea
compound and the phosphatepyrazine-d4Èa-zirconium
intercalation material are given in Refs 15 and 16,
respectively.

2H NMR LINESHAPE ANALYSIS

In modelling dynamic processes, each 2H site involved
in the motion can be deÐned by the Euler angles Ma, b,
cN, which specify the orientation (relative to a space
Ðxed reference frame) of the principal axis system of the
electric Ðeld gradient (EFG) tensor at the 2H nucleus.
We use VPAS to denote the EFG tensor, in its principal
axis system, at the 2H nucleus. The properties and con-
ventions relating to this tensor are as follows :

(a) The components of VPAS are taken such that
o V
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oP o V
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(b) The static quadrupole coupling constant s is deÐned
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For the molecule, the z-axis of VPAS wasthiourea-d4
taken to lie along the direction of the NÈD bond and
the y-axis of VPAS was taken to be perpendicular to the
plane of the molecule.17

For the molecule, the z-axis of VPAS wasBTCC-d6
taken to lie along the direction of the CÈD bond and
the y-axis of VPAS was taken to be perpendicular to the
plane of the benzene ring.18

For the molecule, the z-axis of VPAS waspyrazine-d4
taken to lie along the direction of the CÈD bond and
the y-axis of VPAS was taken to be perpendicular to the
plane of the molecule. The direction of the y-axis of
VPAS was determined from spectral simulations in the
intermediate motion regime (see also Ref. 17) for c\ 0¡
(y-axis of VPAS perpendicular to the molecular plane)
and c\ 90¡ (y-axis of VPAS in the molecular plane) and
comparing the results with the experimental spectrum
recorded at 263 K. For c\ 90¡ the width of the simu-
lated powder pattern is less by ca. 10% than the width
of the experimental powder pattern, whereas for c\ 0¡
the simulation adequately reproduces the width and
other features of the powder pattern (see Applications).

The Ðrst step of 2H NMR lineshape analysis involves
Ðnding values of static quadrupole interaction
parametersÈthe static quadrupole coupling constant (s)
and the static asymmetry parameter (g)Èthat best Ðt
the experimental spectrum in the static (slow motion)
regime. These values are then used as the static param-
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eters s and g in simulations when a dynamic model is
considered.

In many cases, rapid (i.e. frequency greater than ca.
108 s~1) small-amplitude motions occur in addition to
the main dynamic process, and inÑuence the 2H NMR
lineshape to some extent. In general, it is not necessary
(and not convenient) to introduce these motions explic-
itly within the dynamic model used for simulation of the
2H NMR spectrum, but rather to subsume the e†ects of
these motions within the quadrupole interaction param-
eters used in the simulations. This is done using a
motionally averaged (“e†ectiveÏ) quadrupole coupling
constant (denoted s*) and a motionally averaged
(“e†ectiveÏ) asymmetry parameter (denoted g*), rather
than the true static quadrupole coupling constant (s)
and the true static asymmetry parameter (g). The varia-
tion in the amplitude of rapid small-amplitude motions
with temperature may be taken into account readily by
allowing s* and g* to be temperature dependent. In
many cases, the values of s* and g* may be computed
directly from knowledge of the amplitude of these rapid
small-amplitude motions, allowing only one additional
parameter (i.e. amplitude), rather than two parameters
(i.e. s* and g*), to be varied in the lineshape Ðtting pro-
cedure.

In the present work, simulations of quadrupole
echo 2H NMR spectra in the intermediate motion
regime were obtained using the modiÐed version of the
TURBOPOWDER program.19 Simulations of static 2H
NMR powder patterns were carried out using the modi-
Ðed version of the POWPAT program.20 The lineshape
simulations take into account distortions in the inten-
sities of shoulders in the 2H NMR spectrum arising
from Ðnite pulse power.21 The number of crystallite
orientations considered was typically between 80 and
400, giving “smoothÏ simulated 2H NMR powder pat-
terns. Spectrum widths were in the range 180È500 kHz
with 200È1024 data points.

AUTOMATED PROCEDURES FOR FITTING
SIMULATED SPECTRA TO EXPERIMENTAL
SPECTRA

To assess the level of agreement between experimental
and simulated 2H NMR lineshapes (either for a static
powder pattern or for a powder pattern inÑuenced by
molecular motion), we have used a merit function (R-
factor) that provides a point-by-point comparison
between corresponding digitised data points in the
experimental and simulated 2H NMR spectra :

R\ 1
N

;
i/1

N
(I

i
exp[ I

i
calc)2

where is the intensity of the ith digitized data pointI
i
exp

in the experimental 2H NMR spectrum (i \ 1, 2, . . . , N)
and is the intensity of the ith digitized data point inI

i
calc

the simulated 2H NMR spectrum. In all cases discussed
here, the experimental intensities were normalized,I

i
exp

prior to any Ðtting procedures, such that each spectrum
has the same maximum value of The above deÐni-I

i
exp.

tion of the R-factor assumes that the experimental
errors in the measurement of each data point are inde-
pendent of each other and equal to each other.

As discussed above, in order to obtain satisfactory
agreement between experimental and simulated 2H
NMR spectra, it is often necessary to optimize several
parameters that deÐne the dynamic process. In general,
each value of can be regarded as a function of theI

i
calc

set (denoted X) of the M variables that are allowed to
reÐne in the Ðtting procedure : . . . ,X\ Mx1, x2 , x

M
N.

The automated Ðtting procedures that we employ here
adjust the variables in the set X in order to achieve the
minimum value of R, corresponding to the best Ðt
between experimental and simulated spectra (subject to
the constraints and approximations inherent within the
model and the experimental errors contained within the
experimental data). We considered two di†erent
approaches for achieving this multi-dimensional opti-
mization : (i) a downhill simplex method22,23 and (ii) a
simulated annealing algorithm.24

The downhill simplex method invokes a simple algo-
rithm for minimization of R. It is particularly straight-
forward in implement, as it requires only evaluation of
the function of interest (i.e. simulation of spectra for a
set of variables) and does not require evaluation of
derivatives (unlike more sophisticated methods for
minimization). However, as with any algorithm based
on minimization, there is the potential danger that the
calculation Ðnds a local minimum in R, rather than the
global minimum. The more robust, quasi-global opti-
mization approach based on a simulated annealing
algorithm allows this problem to be overcome.

The simulated annealing algorithm explores param-
eter space using the well known Metropolis sampling
algorithm,25 which operates as follows. Starting from an
initial set of parameters (based on some appropriateX1
initial “guessÏ), a sequence of parameter sets is thenX

j
generated. Importantly, each new parameter set (X

j`1)
in not generated “from scratch,Ï but is derived from the
previous parameter set The process for generating(X

j
).

the parameter set from the set (termed a “moveÏ)X
j`1 X

j
comprises the following steps.

1. Each parameter within the set is subjected to aX
j

random “displacementÏ to generate a new “trialÏ value,
giving rise to a trial parameter set The dis-X

j
trial.

placement in the value of each parameter is con-
strained to lie within speciÐed maximum and
minimum bounds, which may be chosen to be di†er-
ent for each parameter. Furthermore, the maximum
displacement may be taken as a function of the
control parameter T (see below), such that the
maximum allowed displacement decreases as T
decreases. The value of the merit function R for the
trial set of parameters is then calculated.X

j
trial

2. The trial parameter set is then accepted orX
j
trial

rejected on the basis of the di†erence (Z) between its
value of R and the value of R for the previous
parameter set X

j
:

Z\ R(X
j
trial) [ R(X

j
)
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If ZO 0, the trial parameter set is accepted as the
new set (i.e. If Z[ 0, however, the trialX

j`1 \X
j
trial).

set is accepted as the new set (i.e. withX
j`1 \X

j
trial)

probability exp( [ Z/S) and rejected with probability
1 [ exp([ Z/S), where S represents an appropriate
scaling of Z and can be regarded as proportional to
an e†ective “temperatureÏ T . If the trial set of param-
eters is rejected, the new set is taken to beX

j
trial X

j`1
the same as the previous set (i.e. X

j`1 \X
j
).

Steps 1 and 2 are repeated to generate a Markov chain
of parameter sets . . . , In theX

j`2 , X
j`3 , X

j`4 , XF .
simulated annealing approach, an annealing schedule is
applied, involving a gradual reduction of T as the calcu-
lation proceeds. By decreasing T sufficiently slowly, the
simulated annealing technique leads, in principle, to the
region of parameter space containing the lowest
minimum in the merit function R. In our calculations, T
was reduced by a factor of 0.85 (see Ref. 26) every 600È
1000 moves. Starting values of T were chosen between
20 and 300 K. Note that in the limit T ] 0, the simu-
lated annealing algorithm becomes equivalent to the
downhill simplex method.

In the present work, the downhill simplex and simu-
lated annealing algorithms were combined with the
modiÐed TURBOPOWDER and POWPAT programs
used for simulation of 2H NMR lineshapes. Our
FORTRAN77 code was compiled on the following plat-
forms : Silicon Graphics R8000/R8010 (90 MHz), Silicon
Graphics R4400/R4010 (200 MHz), Silicon Graphics
R4400/R4010 (150 MHz), Hewlett-Packard 9000/712
(80 MHz) and IBM PC (Pentium 120 MHz). In this
paper, we illustrate the applications of these approaches
for the analysis of (i) static 2H NMR powder patterns,
(ii) the temperature dependence of 2H NMR powder
patterns in the intermediate motion regime (including
the case of Ðtting experimental spectra with poor signal/
noise ratio) and (iii) the dependence of quadrupole echo
2H NMR spectra on the echo delay.

APPLICATIONS

Fitting 2H NMR powder patterns for static systems

The Ðtting procedures described above were applied to
analyse the 2H NMR spectra of at 228 Kthiourea-d4
and the inclusion com-chlorocyclohexaneÈthiourea-d4
pound at 233 K. In both cases,14,27 there are two crys-
tallographically inequivalent 2H environments, which
we denote as “axialÏ and “equatorialÏ The(Dax) (Deq).
NÈD bond for the axial deuterons forms an angle

with the axis of the CxS bond, whereas thebaxB 180¡
NÈD bond for the equatorial deuterons forms an angle

with the axis of the CxS bond. Therefore, thebeqB 60¡
Ðtting procedure requires optimization of two pairs of
quadrupole interaction parameters, and for thesax gax
axial deuterons and and for the equatorial deu-seq geq
terons.

In addition to s and g, two other parameters, the
line-broadening factor (L ), applied as a Lorentzian
broadening, and the 90¡ pulse duration were also(tp),

optimized in the spectral simulations. The line-
broadening factor accounts for the intrinsic width of
each line contributing to the powder pattern, and
incorporates e†ects due to dipolar interactions between
the 2H nucleus and neighbouring nuclei of non-zero
spin, Ðeld inhomogeneity and magnetic susceptibility,
all of which are difficult to assess directly from experi-
ment. The 90¡ pulse duration, on the other hand, is
usually determined experimentally for a reference
sample with a strong 2H NMR signal [e.g. or deu-D2O
terated poly(methyl methacrylate)] and is included as a
parameter in spectral simulations to take into account
distortions due to power roll-o† e†ects.21 It is impor-
tant to note that the “e†ectiveÏ pulse duration in the
experiment for the sample of interest may be di†erent
from the 90¡ pulse duration measured for the reference
sample, owing to di†erences in the dielectric properties
of these samples. Furthermore, it has been shown28 that
because the load characteristics of probes are not purely
resistive, better Ðts to experimental spectra can some-
times be achieved using an “e†ectiveÏ pulse duration that
is longer than the pulse duration determined experimen-
tally. For these reasons, the parameters L and weretp
optimized together with s and g in the Ðtting procedure.
As L and may be regarded as “correctionÏ factors,tp
their optimization will mainly inÑuence the overall
quality of Ðt, without necessarily inÑuencing the best-Ðt
values of the quadrupole interaction parameters s and g
obtained in the Ðtting procedure.

Both downhill simplex and simulated annealing tech-
niques were applied in the analysis of andthiourea-d4

The number of evalu-chlorocyclohexaneÈthiourea-d4 .
ations of the R factor was approximately 800 for the
downhill simplex calculation and 58 000 for the simu-
lated annealing calculation, corresponding to total com-
puting times of ca. 0.3 and 24.5 h, respectively, on the
Hewlett-Packard 9000/712 workstation. The results of
the lineshape Ðtting are shown in Fig. 1 and the
optimum values of the parameters are given in Table 1.
The best-Ðt values of the parameters were found to be
not particularly sensitive to the initial values used in the
calculationsÈthe quality of the initial guess is therefore
not critical. Furthermore, the best-Ðt values found by
the downhill simplex and simulated annealing tech-
niques are similar. The quadrupole interaction param-
eters determined for the axial deuterons are in close
agreement with those reported previously27 from single-
crystal 2H NMR studies of at 120 Kthiourea-d4 (sax\
212 ^ 3 kHz; For the equatorialgax\ 0.154^ 0.007).
deuterons, the deviations from the values reported pre-
viously kHz; are(seq\ 207 ^ 3 geq\ 0.180^ 0.016)
larger. In principle, values of the anisotropic tensor
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Figure 1. Best üts of simulated 2H NMR spectra to experimental 2H NMR spectra for pure crystalline (left)thiourea-d
4

and the inclusion compound (right). Top trace, simulated spectrum; middle trace,chlorocyclohexane–thiourea-d
4

experimental spectrum; bottom trace, diþerence between simulated and experimental spectra. The experimental
spectra were recorded using the following conditions. 46.1 MHz; 228 K; ls ; q\ 13 ls.Thiourea-d

4
: t

p
\ 3.4

76.8 MHz; 233 K; ls ; q\ 13 ls. The truncated narrow peak at zero frequencyChlorocyclohexane–thiourea-d
4

: t
p
\ 2.4

in the experimental spectra probably arises from residual amounts of (the solvent of crystallization). This part ofCH
3
OD

the spectrum was not considered in the ütting procedure. The best-üt simulated spectra were obtained using the
POWPAT program combined with the simulated annealing algorithm. The optimum values of the parameters in each
case are shown in Table 1.

components determined for a single crystal and a poly-
crystalline sample may di†er, as systematic errors may
be introduced in determining the orientation depen-
dence of the bulk magnetic susceptibility of a single
crystal (such orientation dependence is averaged out in
the case of a polycrystalline sample)Èa similar problem
has been demonstrated in determining the principal
components of the shielding anisotropy tensor.29
However, in the case of the signiÐcant dif-thiourea-d4 ,
ference in the values of and between the presentseq geq
work and Ref. 27 is probably due to slight di†erences in
the nature of rapid small-amplitude librational motions
at 228 and 120 K [we note also that several phase tran-
sitions occur in solid thiourea between these tem-
peratures (at 169, 176, 190 and 202 K27)]. The ways in
which s and g are inÑuenced by these motions depend
on the angle between the axis of libration and the NÈD
bond direction (strictly the z-axis of VPAS), which in
general should be di†erent for the axial and equatorial
deuterons. For example, an increase of the amplitude of
libration about the CxS bond on increasing tem-

Table 1. Parameters for the best-üt simulated 2H NMR
spectra shown in Fig. 1a

Parameter Thiourea-d4 ChlorocyclohexaneÈthiourea-d4
sax (kHz) 210.1 207.0

gax 0.154 0.142
seq (kHz) 204.1 202.4

geq 0.130 0.169
L (Hz) 1130 1420
tp (ls) 3.48 2.46

R 1.24 1.29

a In the Ðtting procedure, the fractional convergence tolerance in the merit func-
tion R was 10~6. The estimated uncertainties in the values of the best-Ðt param-
eters are *s B ^ 0.5 kHz, *g B ^ 0.002, *L B ^ 15 Hz, ls (L*tpB ^ 0.01
denotes the Lorentzian broadening factor and denotes the 90¡ pulsetpduration).

perature is expected to cause a substantially greater
change in the values of and than the values ofseq* geq* sax*
and (which will remain almost unchanged).gax*

Fitting 2H NMR powder patterns for dynamic
systems in the intermediate motion regime

2H NMR spectra recorded for at tem-thiourea-d4
peratures from 263 to 333 K (Fig. 2) are clearly not
static powder patterns, although the total widths of the
spectra recorded at 323 and 333 K are only slightly (ca.
3%) less than that of the “staticÏ spectrum recorded at
228 K. The “innerÏ powder pattern with intensity
maxima at ^16.5 kHz and shoulders at ^99.5 kHz
conÐrms the existence of deuterons undergoing substan-
tial motion at temperatures in the range 263È333 K. In
this temperature range, the lineshape can be interpreted
as a superposition of two powder patterns (one similar
in appearance to the powder pattern of a static system).
The 2H NMR spectra in the range 263È333 K have
been simulated successfully on the basis of a dynamic
model comprising a two-site n jump motion of the thio-
urea molecule about its CxS axis, together with rapid
small-amplitude librational motions (the amplitude of
which increases as temperature is increased).

In principle, the librational motions can be decom-
posed into three orthogonal components : (i) libration
about an axis perpendicular to the molecular plane, (ii)
libration about an axis parallel to the vector between
the two nitrogen atoms in the molecule and (iii) libra-
tion about the CxS bond. In principle, these motions
could be incorporated explicitly into the analysis,
although this would require an appropriate potential
function for the librational motions to be speciÐed and
the amplitudes of each of the components (i)È(iii) to be
optimized as a function of temperature. In the present

( 1998 John Wiley & Sons, Ltd. MAGNETIC RESONANCE IN CHEMISTRY, VOL. 36, 855È868 (1998)
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Figure 2. Left : experimental 2H NMR spectra recorded at 46.1 MHz for pure crystalline with q\ 13 ls andthiourea-d
4

ls. The temperature at which each spectrum was recorded is shown. The truncated narrow peak at zero fre-t
p
\ 3.4

quency in the experimental spectra probably arises from residual amounts of (the solvent of crystallisation). ThisCH
3
OD

part of the spectrum was not considered in the ütting procedure. Right: best-üt simulated 2H NMR spectra calculated
for the two-site n jump motion discussed in the text. The optimum rate (i) of this jump motion is shown in each case.
Best-üt simulated spectra were obtained using the TURBOPOWDER program combined with the downhill simplex opti-
mization algorithm. The optimum values of the parameters are shown in Table 3.

work, we simpliÐed the analysis by considering only the
major component of the librational motion. According
to neutron di†raction studies30 at ambient temperature,
motion (ii) has the largest amplitude (^11¡) and can be
described by a rapid libration between azimuthal
extrema ^' (the centre of this range corresponds to the
“equilibriumÏ orientation of the thiourea molecule in the
crystal). All orientations inside this range are assumed
to be equally populated [i.e. the potential function U(')
is assumed to be constant]. On this basis, values of s*
and g* for axial and equatorial deuterons can be deter-
mined using the formalism developed in Ref. 31 as a
function of one parameter only (the angle ') on the
assumption that the values of the static quadrupole
interaction parameters s and g determined at 228 K
(Table 1) correspond to the limiting behaviour as '] 0.
This approach allows approximate values of s* and g*
for the axial and equatorial deuterons to be estimated
at each temperature by optimizing only one parameter.

Lineshape simulations for the two-site n jump motion
of the thiourea molecule about its CxS axis, combined
with the librational motion discussed above, involved

optimization of three parameters : the jump frequency i
for the two-site n jump motion, the libration amplitude
' (as discussed above) and the angle between thebeq
CxS bond direction and the bond directionNÈDeq
(strictly the z-axis of VPAS). Optimization of the angle

is necessitated by the fact that the frequency separa-beq
tion between the “innerÏ intensity maxima in the spectral
simulations depends critically on the value of andbeq ,
the possibility that exhibits some temperaturebeq
dependence cannot be excluded. In our calculations, the
angle was Ðxed at 178.5¡, based on the valuebax
obtained from neutron di†raction studies30 (tests
showed that variation of by as much as ^3¡ givesbax
no perceptible change in the simulated 2H NMR
spectrum).

The downhill simplex algorithm was chosen for opti-
mization in this case. The number of evaluations of the
R-factor required to Ðnd the optimum solution was
typically between 200 and 400. Typical computation
times for each evaluation of the R-factor in the interme-
diate motion regime are summarized for di†erent types
of workstation in Table 2 [we note that simulation of
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Table 2. Typical computation times (in seconds) for evaluation of the merit function R
in the intermediate motion regime for diþerent types of computer workstation used
in this worka

Workstation Nc \ 100 Nc \ 200 Nc \ 300 Nc \ 400

Silicon Graphics R8000 (90 MHz) 16 61 138 244
Silicon Graphics R4400 (200 MHz) 52 205 460 817
Silicon Graphics R4400 (150 MHz) 67 279 603 1086
Hewlett-Packard 9000/712 (80 MHz) 69 138 315 546
IBM PC (Pentium 120 MHz) 71 287 636 1136

a Calculations refer to the two-site n jump motion for the equatorial and axial deuterons in solid thiourea-
with di†erent numbers of crystallite orientations considered in simulation of the 2H NMR powderd4 , (Nc)pattern. The number of data points considered was 848.

powder patterns (as required in the evaluation of R) is
generally more time consuming for the intermediate
motion regime than for the slow or rapid motion
regimes].

The results obtained from Ðtting the simulated spec-
trum to the experimental spectrum at each temperature
are shown in Fig. 2, and the optimum values of the
parameters are given in Table 3. The best-Ðt values for

between 263 and 333 K are in the range 61.1È61.3¡,beq
in excellent agreement with the value (61.24¡) deter-
mined from neutron di†raction data for atthiourea-d4
ambient temperature.30 The corresponding angle deter-
mined from single-crystal 2H NMR studies of thiourea-

at 120 K is 62.8¡.27 On the assumption of Arrheniusd4
behaviour for the temperature dependence of i, the acti-
vation parameters for the two-site n jump motion about
the CxS bond [determined from a graph of ln(i/s) vs.
(T /K)~1] are kJ mol~1 andEa \ (47.8^ 1.1)
A\ (4.4^ 1.9)] 1014 s~1.

In a similar manner, we analysed the temperature
dependence of the 2H NMR spectra for the

inclusion compound inchlorocyclohexaneÈthiourea-d4
the range 276È363 K using the same dynamic model
and Ðtting procedure. The results are shown in Fig. 3
and Table 4. The best-Ðt values for between 276 andbeq
363 K are in the range 60.5È60.7¡. The activation
parameters for the two-site n jump motion about the
CxS bond [determined from a graph of ln(i/s) vs.

(T /K)~1] are kJ mol~1 andEa \ (37.4^ 1.0)
A\ (1.6^ 0.6)] 1012 s~1.

Fitting 2H NMR powder patterns with poor
signal-to-noise ratio for dynamic systems in the
intermediate motion regime—assessment of the
robustness of automated ütting procedures

We now consider 2H NMR spectra of the pyrazine-
phosphate intercalation material, whichd4Èa-zirconium

provide a test of the robustness of our automated Ðtting
procedures for data with poor signal-to-noise ratio
and with no prior knowledge of the motional model.
Based on a qualitative inspection of the observed line-
shapes, the following dynamic models for the pyrazine-

guest molecules were considered :d4
(i) a dynamically homogeneous situation in which all

molecules undergo a two-site n jumppyrazine-d4
motion about the molecular axis, with equalC2
populations for the two molecular orientations ;

(ii) a dynamically homogeneous situation in which all
molecules undergo a four-site n/2 jumppyrazine-d4

motion about the molecular axis, with equalC2
populations for the four molecular orientations ;

(iii) a dynamically inhomogeneous situation comprising
two types of guest molecules with di†erent dynamic
behaviourÈmolecules of type A undergo the two-

Table 3. Parameters for the best-üt simulated 2H NMR spectra for shown inthiourea-d
4

Fig. 2a

T (K) i (s~1) beq (¡) ' (¡) sax* (kHz) gax* seq* (kHz) geq* R

263 1.45 ] 105 61.17 5.3 208.8 0.142 203.3 0.129 2.10
273 3.27 ] 105 61.17 8.0 207.5 0.137 203.1 0.127 1.82
283 5.71 ] 105 61.22 9.2 206.9 0.134 202.9 0.126 1.50
293 1.45 ] 106 61.23 10.3 206.2 0.132 202.8 0.125 1.38
303 2.27 ] 106 61.30 10.4 206.1 0.131 202.7 0.125 1.02
313 4.48 ] 106 61.30 12.5 204.5 0.124 202.4 0.123 1.16
323 8.93 ] 106 61.34 13.6 203.6 0.120 202.2 0.121 1.68
333 1.37 ] 107 61.39 13.9 203.4 0.119 202.1 0.121 0.91

a Three parameters (i, ') were optimized. The “e†ectiveÏ static quadrupole interaction parametersbeq , (sax* , gax* ,
and given in the table were determined from the optimized value of '. All spectra were calculatedseq* geq* )

using a Ðxed Lorentzian broadening of 1130 Hz and a Ðxed 90¡ pulse duration of 3.48 ls.
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Figure 3. Left : experimental 2H NMR spectra recorded at 76.8 MHz for the inclusionchlorocyclohexane–thiourea-d
4

compound with q\ 13 ls and ls. The temperature at which each spectrum was recorded is shown. The trun-t
p
\ 2.4

cated narrow peak at zero frequency in the experimental spectra probably arises from residual amounts of (theCH
3
OD

solvent of crystallization). This part of the spectrum was not considered in the ütting procedure. Right: best-üt simu-
lated 2H NMR spectra calculated for the two-site n jump motion discussed in the text. The optimum rate (i) of this jump
motion is shown in each case. Best-üt simulated spectra were obtained using the TURBOPOWDER program combined
with the downhill simplex optimization algorithm. The optimum values of the parameters are shown in Table 4.

site n jump motion described above [model (i)] and
molecules of type B undergo the four-site n/2 jump
motion described above [model (ii)]. The propor-
tions (denoted and of molecules of types ApA pB)
and B may take any value in the range 0È1 (note
pB\ 1 [ pA).

For each motional model, the molecule waspyrazine-d4
allowed to undergo rapid small-amplitude librations
(between azimuthal extrema ^') about the molecular

axis at each site occupied during the jump process.C2
The static quadrupole interaction parameters

(s \ 171.5 kHz; g \ 0.074) were determined by analysis

Table 4. Parameters for the best-üt simulated 2H NMR spectra for the
inclusion compound shown in Fig. 3achlorocyclohexane–thiourea-d

4

T (K) i (s~1) beq (¡) ' (¡) sax* (kHz) gax* seq* (kHz) geq* R

276 1.38 ] 105 60.54 6.8 205.7 0.138 201.7 0.163 2.54
293 3.08 ] 105 60.66 8.0 205.1 0.135 201.6 0.162 1.99
303 5.45 ] 105 60.65 8.4 204.9 0.134 201.5 0.162 3.61
313 1.06 ] 106 60.62 8.6 204.8 0.134 201.5 0.161 2.64
323 1.57 ] 106 60.60 10.0 203.9 0.130 201.3 0.160 1.67
333 2.24 ] 106 60.62 10.5 203.6 0.129 201.2 0.160 1.94
348 3.88 ] 106 60.69 11.5 202.9 0.126 201.1 0.158 1.71
363 6.21 ] 106 60.71 12.3 202.3 0.123 200.9 0.157 1.64

a Three parameters (i, ') were optimized. The “e†ectiveÏ static quadrupole interaction parametersbeq , (sax* , gax* ,
and given in the table were determined from the optimized value of '. All spectra were calculatedseq* geq* )

using a Ðxed Lorentzian broadening factor of 1420 Hz and a Ðxed 90¡ pulse duration of 2.46 ls.
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of the spectrum recorded at 183 K (Fig. 4) using the
simulated annealing technique (a similar strategy is
described in the Ðrst sub-section of Applications for

Attempts were made to Ðt the experimen-thiourea-d4).
tal spectrum recorded at 263 K using each of the
dynamic models (i)È(iii). For models (i) and (ii), the fol-
lowing three parameters were allowed to vary in the
Ðtting procedure : the rate constant i for the jump
motion, the angle ' for the librational motion and the
angle b between the molecular axis and the CÈDC2
bond vector (strictly the z-axis of VPAS). For model (iii),
six parameters were allowed to vary in the Ðtting pro-
cedure : the rate constants and for the jumpiA iB
motions of molecules of types A and B, the angles 'A
and for the librational motions of molecules of types'B
A and B, the angle b and the population For allpA .
three models, the spectra were Ðtted using the downhill
simplex algorithm based on minimization of R, as
described above.

As the data here have a comparatively poor signal-to-
noise ratio, it is necessary to prevent the possibility that
the Ðtting procedure attempts to Ðt features of the noise
rather than the actual spectrum. In this regard, we con-
sidered the standard deviation determined for the(pd)
di†erence spectrum (which in principle should contain
only noise if the experimental spectrum is Ðtted
perfectly) and the standard deviation determined(ps)

Figure 4. Experimental 2H NMR spectrum for the
phosphate intercalationpyrazine-d

4
–a-zirconium

material at 183 K (middle trace), best üt simulated 2H
NMR spectrum (top trace) and the diþerence between
the simulated and experimental spectra (bottom trace).
The experimental spectrum was recorded using the fol-
lowing conditions: 46.1 MHz; ls ; q\ 31 ls. Thet

p
\ 3.5

best-üt simulated spectrum was obtained using the
POWPAT program combined with the simulated anneal-
ing algorithm. The parameters corresponding to the best
üt (with R \ 3.56) are s \ 171.5 ^ 0.7 kHz,
g \ 0.074 ^ 0.005, L \ 1050 ^ 30 Hz and t

p
\ 3.46 ^ 0.03

ls.

from the Ðrst N@ points in the actual experimental spec-
trum (here N@\ 256, corresponding to baseline noise) :

(ps)2\ 1
N@[ 1

;
i/1

N{
(I

i
exp[ SIexpT)2

where

SIexpT \ 1
N@

;
i/1

N{
(I

i
exp)

The quality of Ðtting the simulated spectrum to the
experimental spectrum should inÑuence but does notpd
inÑuence In our Ðtting calculations, was notps . pd
allowed to be greater than In the experimentalps .
spectra recorded at 263 and 298 K, the values of wereps
1.61 and 0.20, respectively.

The results of the automated Ðtting using the down-
hill simplex algorithm are shown in Table 5. At 263 K,
model (i) Ðts the outer edges of the experimental spec-
trum reasonably well, but fails to Ðt the central part of
the spectrum. Model (ii), on the other hand, gives a
better Ðt for the central part of the spectrum and a
poorer Ðt to the outer edges, but the R-factor is signiÐ-
cantly lower than for model (i). Model (iii) adequately
reproduces all the features of the experimental spec-
trum. Figure 5 shows the experimental spectrum at 263
K and the best-Ðt calculated spectra for models (ii) and
(iii).

We also used model (iii) to Ðt the 2H NMR spectrum
recorded at 298 K (Fig. 6) using the downhill simplex
algorithm. As shown in Table 5, the best-Ðt values of pA
and b are in close agreement with those found at 263 K,
whereas the values of and are higheriA , iB , 'A 'B
than those found at 263 K, as expected intuitively.
Separate simulations using the best-Ðt values of the
parameters shown in Table 5 indicate that the four-site
n/2 jump motion (molecules of type B) contributes
mainly to the narrow central component of the spec-
trum, whereas the two-site n jump motion (molecules of
type A) contributes mainly to the wider parts of the
powder pattern (“shouldersÏ) in the frequency range ca.
^75 kHz.

In all examples discussed above, the Ðtting pro-
cedures were based on minimization of R. In the present
case for model (iii), the Ðtting procedures were also
assessed for minimization of two other (asfunctionsÈpd
deÐned above) and R@ (the absolute deviation function).
The deÐnition of R@ is

R@\ 1
N

;
i/1

N
o I

i
exp[ I

i
calc o

As shown in Table 5, the values of the parameters
obtained from minimization of R, R@ and are in closepd
agreement. The spread of the optimum values is larger
for and probably reÑecting the low population ofiB 'B ,
molecules of type B and suggesting that the lineshape
Ðtting is less sensitive to the parameters describing the
motion of these molecules.

Clearly, a more detailed investigation of the existence
and nature of the two dynamically distinct types of
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Table 5. Parameters for the best-üt simulated 2H NMR spectra for the phosphate intercalationpyrazine-d
4
–a-zirconium

material shown in Figs 5 and 6a

Merit function
minimized in

Model T (K) iA (s~1) 'A (¡) iB (s~1) 'B (¡) b (¡) pA R R@ pd Ðtting procedure Nit CPU time (s)

(i) 263 4.57] 106 1.8 È È 55.68 1 108.40 È 9.93 R 57 938
(i) 298 5.76] 106 1.8 È È 55.68 1 432.72 È 17.50 R 36 600
(ii) 263 È È 3.95] 104 1.9 55.41 0 6.94 È 3.35 R 208 2706
(ii) 298 È È 7.17] 104 1.8 55.76 0 3.76 È 2.73 R 151 1964
(iii) 263 1.27] 106 11.8 5.76] 105 0.5 56.03 0.72 2.63 È 1.63 R 456 9020
(iii) 298 1.37] 107 14.0 1.54] 106 6.3 55.48 0.74 0.06 È 0.27 R 312 6089
(iii) 263 1.32] 106 11.9 5.63] 105 1.1 56.02 0.73 È È 1.61 pd 332 6509
(iii) 298 1.39] 107 14.0 1.52] 106 0.3 55.54 0.74 È È 0.27 pd 358 6441
(iii) 263 1.56] 106 11.9 5.68] 105 0.7 56.02 0.77 È 1.29 1.64 R@ 620 12 156
(iii) 298 1.49] 107 15.0 1.43] 106 5.2 55.96 0.74 È 0.19 0.29 R@ 363 7015

a Three parameters (i, ', b) were optimized for models (i) and (ii) and six parameters b, were optimized for model (iii). All(iA , 'A , iB , 'B , pA)
spectra were calculated using a Ðxed Lorentzian broadening factor of 1 kHz and a Ðxed 90¡ pulse duration of 3.5 ls. The number of iterations
required for convergence of the downhill simplex algorithm is denoted All calculations were carried out on the Silicon Graphics R8000Nit .workstation.

guest molecules within the a-zirconiumpyrazine-d4
phosphate host material requires the application of a
range of other techniques, including 2H measure-T1
ments, and a full analysis of the dynamic properties of
this system will be published in due course. Neverthe-

less, this example illustrates that our automated Ðtting
procedure provides a robust approach for the analysis
of 2H NMR spectra with poor signal-to-noise ratios,
even when complex models are required to describe the
dynamics of the system.

Figure 5. Experimental 2H NMR spectrum for the phosphate intercalation material at 263 Kpyrazine-d
4
–a-zirconium

(middle trace), best üt simulated 2H NMR spectrum (top trace) and the diþerence between the simulated and experi-
mental spectra (bottom trace). Left : results for model (ii). Right: results for model (iii). The experimental spectrum was
recorded using the following conditions: 46.1 MHz; ls ; q\ 31 ls. The best-üt simulated spectrum was obtainedt

p
\ 3.5

using the TURBOPOWDER program combined with the downhill simplex algorithm. The optimum values of the param-
eters are shown in Table 5.
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Figure 6. Experimental 2H NMR spectrum for the phosphate intercalation material at 298 Kpyrazine-d
4
–a-zirconium

(middle trace), best simulated 2 H NMR specrum (top trace) and the diþerence between the simulated and experimental
spectra (bottom trace). Left : results for model (ii). Right: results for model (iii). The experimental spectrum was recorded
using the following conditions: 46.1 MHz; ls ; q\ 31 ls. The best-üt simulated spectrum was obtained using thet

p
\ 3.5

TURBOPOWDER program combined with the downhill simplex algorithm. The optimum values of the parameters are
shown in Table 5.

Fitting 2H NMR spectra recorded as a function of
echo delay (s)

The amount of experimental 2H NMR data available at
each temperature can be expanded by measuring a set
of spectra for n di†erent values of the echo delay (q) in
the quadrupole echo pulse sequence. In certain cases,
this approach may be essential for distinguishing di†er-
ent dynamic models that give rise to similar spectra for
a particular value of q. It is important to note that the n
di†erent spectra considered in this approach are not
independent, as they all depend on the same dynamic
model and are linked by the well deÐned q dependence
associated with this dynamic model. As such, the study
of the q dependence of the quadrupole echo lineshape
greatly enhances the available data, without introducing
any additional complexity to the dynamic model.

When the echo delay is short, the 2H NMR lineshape
is particularly sensitive to i in the “lower intermediateÏ
motion regime, whereas when the echo delay is long, the
2H NMR lineshape is particularly sensitive to i in the
“upper intermediateÏ motion regime. In principle, the q
dependence of 2H NMR spectra extends the range of
rates of motion that can be investigated (although there

is clearly a limitation on the maximum value of q). For
example, in favourable cases, rates in the fast range
108È109 s~1 can be studied using values of q in the
range 0.1È1 ms.32

In general, a set of n spectra (e.g. for the echo delays
. . . , at a given temperature) may be Ðttedq1, q2 , q

n
simultaneously using an overall merit function (Rtotal)
taken as the average of the merit functions for the n
di†erent spectra :

Rtotal\
1
n

MR1] R2] . . . ] R
n
N

With this deÐnition, in which each individual spectrum
is equally weighted, we recall that the absolute intensity
of each experimental spectrum is normalized indepen-
dently.

To illustrate the application of our Ðtting procedures
for a set of q-dependent 2H NMR spectra in the inter-
mediate motion regime, we consider the BTCC-

inclusion compound. Figure 7 shows thed6Èthiourea
experimental 2H NMR spectra (recorded with q\ 13
and 65 ls) at 189 K. As shown recently,15 changes in
the 2H NMR lineshape with temperature in the range
123È203 K and the temperature dependence of the 2H
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Figure 7. Left : experimental 2H NMR spectra for recorded at 189 K and 46.1 MHz using echo delaysBTCC-d
6
–thiourea

q\ 13 ls (bottom trace) and 65 ls (top trace). The 90¡ pulse duration was ls. Right: best-üt simulated 2H NMRt
p
\ 2.0

spectra for the dynamic model discussed in the text, obtained using the TURBOPOWDER program combined with the
downhill simplex optimisation algorithm. The optimized parameters, corresponding to the best üt (with R

total
\ 3.24),

are i \ (5.31 ^ 0.02) ] 106 s~1, L \ (1040 ^ 20) Hz, s \ (181 ^ 1) kHz and g \ 0.064 ^ 0.003.

NMR spinÈlattice relaxation time in the range 173È363
K can be rationalized on the basis of a nearest neigh-
bour six-site 2n/6 jump model for the benzene moiety of

about its symmetry axis. In our previousBTCC-d6 C6
work,15 values of the static quadrupole coupling con-
stant s \ 186 kHz and static asymmetry parameter
g \ 0.06 were determined from the spectrum recorded
at 103 K in the “slowÏ motion regime by visual compari-
son between the simulated and experimental spectra. In
the present work, s and g were considered as variables
in the optimization, together with the jump frequency i
and the line-broadening factor L . The results of the
Ðtting procedure using the downhill simplex algorithm
for optimization of the four parameters by Ðtting simu-
lated spectra simultaneously to the experimental spectra
recorded at 189 K for the echo delays q\ 13 and 65 ls
are shown in Fig. 7. The automated Ðtting procedure
leads to a good simultaneous Ðt to both experimental
spectra (recorded with di†erent echo delays) for a single
set of Ðtted parameters.

The analysis of the q dependence of the quadrupole
echo 2H NMR spectra can be further extended by con-
sidering the integrated intensity of the spectrum as a
function of q. For the experimental spectra recorded at
189 K (with the same number of scans), the integrated
intensity of the spectrum recorded with q\ 65 ls is less
by a factor of 61% than that for the spectrum recorded
with q\ 13 ls. For simulated spectra calculated using
the best-Ðt parameters obtained above (but clearly
without normalization of intensities), the integrated
intensity of the spectrum recorded with q\ 65 ls is less
by a factor of 59% than that for the spectrum recorded

with q\ 13 ls. This close agreement between the
experimental and simulated intensity loss factors gives
further support to the proposed dynamic model.

We note that, in certain cases, anisotropic dipoleÈ
dipole interactions can a†ect the quadrupole echo 2H
NMR lineshape at higher values of q, such that the
e†ects of dynamic processes on the lineshape become
obscured. In such cases, it is clearly not valid to inter-
pret the q dependence of the lineshape on the basis of
dynamic processes alone. For the aniso-thiourea-d4 ,
tropic 14NÈ2H dipoleÈdipole interactions present prob-
lems in this regard,33 and for this reason we have not
studied the q dependence of the 2H NMR spectrum for

either in its pure crystalline phase or in thethiourea-d4 ,
inclusion compound.chlorocyclohexaneÈthiourea-d4

Similarly, for partially deuterated solids, the anisotropic
1HÈ2H dipoleÈdipole interactions can a†ect the quadru-
pole echo 2H NMR lineshape at higher values of q.34
For the inclusion compound dis-BTCC-d6Èthiourea
cussed above, however, any e†ects due to anisotropic
dipoleÈdipole interactions are negligible.

CONCLUSION

The examples presented here have demonstrated a new
approach for the analysis of wideline 2H NMR line-
shapes, based on the application of automated Ðtting
procedures involving downhill simplex and simulated
annealing techniques. This strategy provides an objec-
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tive assessment of the level of agreement between
experimental and simulated 2H NMR spectra, and
removes much of the subjectivity that is characteristic of
the traditional approach involving trial-and-error varia-
tion of parameters, coupled with visual comparison
between experimental and simulated spectra. The
success of the new strategy has been demonstrated for
the extraction of parameters from “staticÏ 2H NMR
powder patterns, for the analysis of the temperature
dependence of 2H NMR powder patterns in the inter-
mediate motion regime and for the analysis of the q
dependence of quadrupole echo 2H NMR spectra. In
addition to the examples presented here, the new
approach has also been applied successfully to study the
dynamic properties of the hydrogen bonding arrange-
ment in a selectively deuterated sample of solid tri-
phenylmethanol and the guest molecular(Ph3COD)35
dynamics in the dioctanoyl peroxideÈurea inclusion
compound36 (in combination with incoherent quasi-
elastic neutron scattering studies).

We now consider further improvements and develop-
ments of our automated approach. The main disadvan-
tage of the simulated annealing technique is the large
number of parameter sets that must be consideredÈas
it is time consuming to compute even a single 2H NMR
powder pattern, the overall time required for the simu-
lated annealing calculation may be excessive. One of the
time-consuming stages in lineshape simulations for
static systems is the calculation of the powder pattern
using the Alderman, Solum and Grant tiling method for
the evaluation of elliptic integrals.37 Recently, however,
novel approaches for calculation of static powder line-
shapes have been suggested,38,39 allowing a signiÐcant
reduction of the calculation time. It is expected that
these new approaches for calculating the powder
pattern will greatly facilitate automated Ðtting based on
the simulated annealing algorithm developed here.

Our future investigations will also consider other
techniques for global optimization, including the appli-
cation of genetic algorithms,40h44 leading to a detailed
assessment of the relative efficiencies of the genetic algo-
rithm and simulated annealing techniques. Hybrid local
search algorithms combining features of simulated
annealing and genetic algorithms will also be con-
sidered.

It is clear that the techniques discussed here provide
an objective assessment of the level of agreement
between experimental and simulated 2H NMR spectra,
and remove much of the subjectivity associated with the
traditional approach of comparing experimental and
simulated 2H NMR spectra “by eye.Ï Furthermore, the
automated nature of the new approach and the
opportunity for simultaneous optimisation of several
parameters greatly facilitate 2H NMR lineshape
analysis in cases with complex dynamic models.
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