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1 | INTRODUCTION

Nuclear Magnetic Resonance (NMR) of molecules orienta-
tionally ordered in liquid-crystal solvents generally shows
spectra that look very different from those observed in iso-
tropic solvents. The second-rank tensor that describes the
direct dipolar coupling between every pair of magnetic
dipoles is traceless and thus not observed in an isotropic
environment. Hence, spectra in isotropic solvents are rela-
tively simple. In contrast, in a liquid-crystal environment
direct dipolar interactions are no longer averaged to zero.
In solvents that show a degree of orientational order, these
dipolar couplings and generally completely
dominate the solute NMR spectra. Since the magnitudes
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In this article, we discuss the progress achieved with the use of evolutionary algo-
rithms for the analysis of 'H Nuclear Magnetic Resonance spectra of solutes in
orientationally ordered liquids. With these tools the analysis of extremely complex
spectra that were hitherto impossible to solve has now become eminently feasible.
We discuss applications to 2 molecules of special interest: (a) hexamethylbenzene,
which is a text book example of steric hindrance between adjacent rotating methyl
groups; and (b) cyclohexane which is the standard example of interconversion

between various molecular conformations. New interesting physics is obtained in
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of dipolar couplings depend on r% (where r; is the distance
between magnetic nuclei i and j), NMR spectra of such
solutes contain valuable information about their geometrical
structure. This is true not only for ‘rigid’ solutes that occur
in a single conformation in which the internal motions are
described by the vibrational normal modes, but also for
solutes that can occur in several conformations between
which interconversion may take place. In the latter case the
direct dipolar couplings contain information about the inter-
conversion process.'”’

In addition to the direct dipolar couplings that are
observed in solutes that show some degree of orientational
order, also tensor elements or combinations thereof of

the indirect couplings, chemical shielding tensors and
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quadrupolar couplings are not averaged to zero and hence
affect the NMR spectrum.'” In the present paper, we shall
focus on the 'H NMR spectra of the solutes hexamethyl-
benzene (HMB) and cyclohexane that are indeed com-
pletely dominated by dipolar couplings. Compared to the
dominating role of the dipolar couplings, the other contri-
butions to the 'H NMR spectra tend to be minor.

Since dipolar couplings occur between every pair of
magnetic nuclei, the complexity of the resulting NMR
spectra increases spectacularly with the number of nuclei,
in our case 'H. As an example, we show in Figure 1 the
NMR spectra of partially oriented members of a series of
alkanes, starting with the relatively simple CH, (methane),
C,Hg (ethane), C3Hg (propane), and the more complex
C4H,¢ (n-butane), CsH;, (n-pentane), and C¢Hy4 (n-hex-
ane). Even a superficial inspection of the NMR spectra of
the longer alkanes shows their extreme complexity.®'*

Although the measurement of NMR spectra of solutes
that show some degree of orientational order is an art in
itself, it will be obvious that obtaining the various spectral
parameters from highly complex spectra is not a simple
task. Clearly, the topic of how to analyse such spectra
(which show a very large number of transitions that may
or may not be subject to extensive spectral overlap) is key
to the applicability of the liquid-crystal NMR method.

The art of spectral analysis has a long history. For
solutes that contain few magnetic nuclei, simple NMR
spectra arise and they can be essentially analysed on
inspection. The solutes H,, HD, D,, HT, DT, and T, are
excellent examples.®'>""” For larger solutes it usually helps
to exploit the symmetry of the molecule.’? For solutes with
little or no symmetry computer programmes such as
LEQUOR,'® a computer program based on LAOCOON,"
were developed at an early stage. From a given set of spec-
tral parameters the corresponding NMR spectrum can be

3 CH,CH,
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calculated and then compared to what is obtained experi-
mentally. If one is lucky, certain transitions can be recog-
nized and assigned. Next, the parameters are adjusted
employing least squares methods and in a step-wise manner
more and more transitions are designated. Entire genera-
tions of PhD students often spent months on analysing a
single spectrum in this labor-intensive manner. Still, if
solute species contained more than about 8 spins, even this
computer method fell short. In many laboratories unanal-
ysed spectra were stored in despair awaiting better days.

With the advent of more powerful computer technology
better days did indeed arrive. First, attempts were made to
develop computer algorithms for automated spectral analy-
sis. These methods, although meant to operate without
operator interference, met with limited success and never
quite fulfilled their promise. The number of spectra that
have been analysed with such methods remains limited
until today.’*?° Also, in the spirit of the present paper, a
few attempts to apply Genetic Algorithms (GAs) were
made, but no further developments were reported.**!

An approach that was pioneered by the present authors
led to a robust and highly effective method of automated
spectral analysis that by now can be operated in routine
fashion. The method is based on sophisticated evolutionary
algorithms (EAs) which were first developed as a mathe-
matical way to describe genetics and evolution. The associ-
ated algorithms have proved to be eminently successful in
the physical sciences. The first application was to optical
spectra measured for chemical complexes in the gas phase
to resolve their rotational structure.®” Later these methods
were modified and applied to the NMR spectra of partially
oriented species dissolved in liquid-crystal solvents. In fact,
this latter application is a more stringent test of EAs than
is provided by the optical spectra, since the NMR spectra
are devoid of any regularity that one can rely on. By now

FIGURE 1 NMR spectra of solutes
methane, ethane, propane, butane, pentane,
and hexane orientationally ordered in
nematic liquid crystal solvents. The number
of transitions is indicated to the left of each
spectrum
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the application of EAs to NMR has proved to be extremely
successful.®® In a sense the holy grail of an analytical tool that
can extract all the relevant parameters from highly complex
spectra in a fully automated fashion is now there to be uti-
lized in circumstances that only a few years ago were
unthinkable. With the employment of sophisticated EAs the
liquid-crystal NMR method has obtained a new lease of life.
In the present paper, we shall apply EAs to the extre-
mely complex '"H NMR spectra of Ci,H,g (hexamethylben-
zene, HMB)34 and CgH;, (cyclohexane). In both solutes
internal motion is important. In HMB the question arises
whether the rotation of a single methyl group is hindered
by that of adjoining ones. In cyclohexane the time scale for
interconversion between various conformations can affect
the NMR spectrum. For both molecules extreme spectral
overlap is a key issue due to the large number of coupled
protons. In this paper, we shall demonstrate how the appli-
cation of EAs to highly complex NMR spectra provides an
excellent tool for making important inroads into problems
in chemical physics that hitherto were totally out of range.

2 | THEORY

When solutes are dissolved in liquid-crystal solvents that
have cylindrically symmetric apolar phases, the molecular
tumbling of the solute molecules is no longer isotropic. In
addition to terms that occur in the isotropic high-resolution
NMR Hamiltonian, a number of new anisotropic terms
arise. In the limit of high magnetic field, the NMR Hamil-
tonian becomes:>™
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Here, 6™ is the anisotropic contribution to the chemical
shielding of nucleus i, J;-ms" the anisotropic contribution to the
indirect spin coupling between nuclei i and j, and Dj™° the
anisotropic direct dipolar spin coupling between nuclei i and j.
The final term with g2 signifies the quadrupolar coupling
contributions for nuclei i with spin / > 1. In the following, we
shall focus on 'H magnetic nuclei. Indirect couplings between
2 'H nuclei are to a very good approximation isotropic.

The solute undergoes internal motions that are due to
small-amplitude vibrational normal modes and may also

aniso
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involve large-amplitude conformational change. Usually,
the timescale for conformational change is much shorter
than the timescale required for NMR motional averag-
ing. Hence, NMR spectra are then observed that are an
average over all conformations. In particular, the observed
dipolar couplings can then be expressed as:®’~°

Dy = ;Pn ; dZI,USZIv 2

where we drop the superscript aniso, where p” is the proba-
bility of conformation n, and dy, ; is given by:

n hyyy;
dkl,ij =——

(cos Gl] 4 COS Gl] Z/rn U) 3)
with cos GU « the cosine of the angle between the jj direc-
tion in the molecule in conformation 7n, and k£ and [ con-
former-fixed axes.

When interconversion is not much faster than the NMR
motional averaging time scale, line broadening may be
observed that represents the signature of the interconver-
sion process. We shall come back to this point in the con-
text of our discussion on cyclohexane.

The Saupe order parameters for each conformation n
are given by

" 3 71 1 1

Sg=< 5 cos Bz cos 0], — 561(1 > “4)
where cos0), is the cosine of the angle between the
molecular k direction in conformation n and the space-fixed
Z direction of the external magnetic field B,. The angular
brackets indicate an average over all internal motions of
the conformer n. There is a maximum of 5 independent
order parameters for every conformation, and molecular
symmetry can reduce this number.

Note that the observed dipolar couplings are always
averages over both small- and large-amplitude internal
motions. Because correcting for these internal motions
requires additional information that is not always available,
for instance about molecular force fields, such motions
limit the accuracy with which geometrical information can
be obtained from liquid-crystal NMR.%¢

3 | EXPERIMENTAL

Both hexamethylbenzene (HMB) and cyclohexane were
studied as solutes in the nematic liquid crystal Merck ZLI-
1132 (1132 for short), a nematic phase composed of 24%
trans-4-n-propyl-(4-cyanophenyl)-cyclohexane, 36% trans-
4-n-pentyl-(4-cyanophenyl)-cyclohexane, 25%
heptyl-(4-cyanophenyl)-cyclohexane, and 15% trans-4-n-
pentyl-(4-cyanobiphenyl-4)-cyclohexane. HMB was obtained

trans-4-n-
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from Aldrich (Milwaukee, WI, USA). A sample of approxi-
mately 10 mol per cent was made up in 1132 and a small
quantity of 1,3,5-trichlorobenzene (tcb) was added as an ori-
entational reference. The sample tube was placed into a Bru-
ker 400 MHz Inverse spectrometer magnet at room
temperature (298 K). "H NMR spectra were accumulated by
adding 1742 scans. A spectral width of about 14 kHz was
measured and line widths of typically 6 Hz were obtained.

A sample of approximately 6.8 mol per cent cyclohex-
ane was made up in 1132 and again some tcb (0.2 mol per
cent) was added as an orientational reference. 'H spectra
were obtained by adding 256 scans for a range of tempera-
tures at 5K intervals (see Figure 2). A spectral width of
about 8 kHz was measured and solute line widths varied
strongly as a function of temperature, indicating intercon-
version dynamics.

The computer calculations used to fit the experimental
spectra using evolutionary algorithms were carried out on a
standard cluster. The wall clock time for cyclohexane was
4 h using 24 processors in parallel. For HMB this was 2 h
using 20 processors.

4 | THEORY OF EVOLUTIONARY
ALGORITHMS FOR THE
ASSIGNMENT AND FIT OF
SPECTRA

Increasing resolution and/or sensitivity of spectroscopic
methods leads to increasing complexity of the spectra. This
complexity stands in the way of extracting the spectro-
scopic parameters that describe the spectrum (see for exam-
ple the spectra of cyclohexane at different temperatures in
Figure 2). In the present paper we describe novel strategies
to deal with this problem. Analysing complex spectra has a
long history. The classical evaluation of the parameters that
are needed to describe high-resolution spectra was based
for decades on pattern recognition by eye, i.e. relied on the
experience of the user.

In the past decades computational tools have been
developed that are able to handle complex multi-parameter
optimizations intelligently and within an acceptable time
interval. The use of Evolutionary Algorithms (EAs) for
solving such highly nonlinear and complex processes in
science and engineering has become widespread. Although
they are conceptually simple, their ability in avoiding local
optima and instead finding the global optimum is remark-
able and makes them suitable to handle complex optimiza-
tion problems.

Evolutionary Algorithms represent a set of general pur-
pose probabilistic search methods based on natural evolu-
tion. These algorithms mimic the concepts of natural
reproduction and selection processes. The basic idea in

EAs is to create an artificial environment which encodes
the search problem into biology-like terms.

From a spectroscopic point of view, the EA approach
reproduces this behavior to fit an experimental spectrum
with a model based upon the differences in the eigenvalues
of the Hamiltonian such as H given by Equation (1).

Three main different EAs have been developed over the
years: The genetic algorithm (GA) by Holland,*” the Evo-
lutionary Strategy (ES) by Rechenberg,®® and the Evolu-
tionary Programming by Schwevel.*”

For the automatic assignment and analysis of the high-
resolution NMR spectra we have initially used the Genetic
Algorithm (GA).*> However, lately we mainly used an
Evolution Strategy (ES) in our procedures, in particular the
Covariance Matrix Adaptation Evolution Strategy (CMA-
ES). %

4.1 | The genetic algorithm

A detailed description of the GA wused in the automatic
assignment and fitting of the spectra described in this paper
can be found in ref. 32.

Each of the molecular parameters in H can be thought
of as a gene encoded in binary or real type. The vector of
all genes, which contains all molecular parameters, is called
a chromosome. In an initial step the values of all parame-
ters are set to random values between lower and upper lim-
its which are chosen by the user. The quality of the
solutions then are evaluated by a fitness function.

One optimization cycle, including evaluation of the fit-
ness of all solutions, is called a generation. Pairs of chro-
mosomes are selected for reproduction and their
information is combined via a crossover process. Since
crossover combines information from the parent genera-
tions, it basically explores the fitness landscape. The value
of a small number of spectral parameters is changed ran-
domly by a mutation operator. Mutation can be viewed as
exploration of the fitness surface. The best solutions within
a generation are excluded from mutation. This elitism pre-
vents already good solutions from being degraded. Muta-
tion prevents the calculation from being trapped in local
minima, as is often the case with more conventional fitting
routines. A flow-chart of the procedure is shown in Fig-
ure 3.

4.2 | The evolution strategy

The evolution strategy algorithm starts with 1 or more par-
ent(s). A parent is a trial solution that corresponds to a set
of parameters like in the genetic algorithm. From this par-
ent an offspring of multiple children is generated. The
quality or performance of these children is checked and
depending on the strategy the next parent is generated.
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FIGURE 2 NMR spectra of
cyclohexane orientationally ordered in the
nematic liquid crystal 1132. The top
spectrum at 332.4 K is from the 2-phase
region of solute and solvent in a mix of
nematic and isotropic phases. The next
spectrum down is at 331.3 K, and
temperature decreases by 5.7 K for each
lower spectrum. The 1:2:1 triplet of sharp
lines from the 1,3,5-trichlorobenzene (added

as an orientational reference, and also to | 1 1

provide an estimate of rigid solute line —4000

width) is seen in each spectrum

There are several different strategies for the generation of
the offspring as well as the generation of the next parent.
For a more detailed description see ref. 38.

The offspring is created from the parent(s) in a muta-
tive step-size control. A drawback of the standard ES is
the fact that the mutations of the decision and the strat-
egy parameters are subject to independent random pro-
cesses. If for example an individual with a large step size
undergoes only a very small change in the decision
parameters and this small change turns out to yield a
high fitness, the large step size will be inherited to the
next generation. As a result the fitness in the next muta-
tions may worsen. This problem is resolved in derandom-
ized (DR) algorithms which make the random mutations
in decision and strategy parameters dependent on each
other. This idea was implemented initially as DR1 and

-2000 0

4000
frequency [Hz]

soon improved by the concept of accumulated informa-
tion,*! which will be called DR2. In DR2 the history of
the optimization is recorded and the evolution of the
mutation ellipsoid is partially governed by past successful
mutations.

A further improvement was achieved by Hansen and
Ostenmeier*® with the Covariance Matrix Adaptation Evo-
lution Strategy (CMA-ES). It turns out to be a particularly
reliable and highly competitive evolutionary algorithm for
local optimization and, surprisingly at first sight, also for
global optimization.*> The CMA-ES does not leave the
choice of strategy parameters open to the user — only the
population size can be set. Finding good strategy parame-
ters is considered to be part of the algorithm design.

Figure 4 depicts the first 4 generations of an evolution-
ary strategy and demonstrates the effect of the chosen
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FIGURE 3 Schematics of the GA-
process. Reproduced with permission from
ref [33].

B Global minimum
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FIGURE 4 The first 4 generations of an Evolution Strategy: (1) An initial population is generated, and the best offspring is used as the next
parent. (2) The offspring is spread over a larger area in the second generation due to the relatively large step made in the previous generation.
The vector from the parent to the best offspring (dashed line) is combined with the (shortened) mutation vector of the last generation (dotted
line) to generate the new parent (solid line). (3) Due to the correlation between the past 2 mutations the search range has been extended again in
the general direction of both mutations while it has been limited in the perpendicular direction. The best offspring is now a local minimum. The
memory effect of the evolutionary algorithm, which incorporates past mutation vectors into the calculation of the next parent, helps to overcome
the local minimum and the next parent is still closer to the global minimum. (4) The barrier between the local and global minima has been
overcome, and the optimization is progressing towards the global minimum. Reproduced with permission from ref [33]

strategy. In general the Evolution Strategies converge faster
and are more robust than the genetic algorithm.

4.3 | The fitness function for the analysis of
spectra

A proper choice of the fitness function is of vital impor-
tance for the success of the EA convergence. It should be

calculated sufficiently fast and give a quantitative measure
of the goodness of a fit. The value of the fitness function
is used to select potential solutions that will survive the
current generation, and those that will die out.

Frequently, the deviation of a solution from an objective
function is measured via least squares. While for many
optimization problems least squares are a reasonable
choice, they fail for an evaluation of the agreement of 2
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spectra in the course of the fit. Other objective functions
that have been tested for optimization processes are the
Manhattan distance as simple absolute distances of the
solution from the aim function,” Garuti’s compatibility
index,* which is based on the inner product between vec-
tors, Saaty’s compatibility metric,” or Pearson correlation
coefficient.*

Meerts et al™’ have defined a proper fitness function Fy,
for the use in EA as:

147

_ (f,8) )

Fp =
© el
Here, f and g are the vector representations of the
experimental and calculated spectrum, respectively. The
inner product (f, g) is defined with the metric W which has
the matrix elements W;; = w ([j-i]) = w(7) as:

(f.g) =f"wg, (©6)

and the norm of f as ||f|| = \/(f,f); similar for g. For w(r)

a triangle function was used*® with a width of the base of
Aw:

1 1
W(r):{1—|r/(2Aw) for |r|<fAw
0 otherwise.

The use of a broadening function w(r) results in a
smoother error-landscape which allows an easier optimiza-
tion, since narrow valleys on the fitness surface are broad-
ened, allowing the algorithm to converge more smoothly to
the correct values. It should be mentioned that the use of
the broadening function improves the performance of the
GA greatly, but is not needed for the convergence of the
CMA-ES.

5 | AUTOMATIC BASELINE
REMOVAL IN NMR SPECTRA

Slow baseline variations due to unresolved solvent contri-
butions in NMR spectra of solutes in liquid-crystal sol-
vents are a well-known problem. For sparse spectra
manual removal of the background is quite feasible. A
non-flat baseline due to (broad) NMR signals arising
from the solvent and experimental imperfections becomes
more pronounced for weak NMR spectra. Furthermore, if
the number of lines further increases such that overlap of
transitions occurs, a manual removal is no longer possi-
ble. The combination of the above mentioned problems
gave rise to the need to automatically remove the back-
ground from both the solvent as well as from overlap-
ping lines. This is achieved by removal of a smoothened
spectrum from both the experimental and calculated
spectra.

The smoothed experimental spectrum f5 = (f5,f5, .. f3)"
is defined as:

. 1 i+ng/2
s IO ®)
’ J=i—ng

Here, n, is the number of points over which the
smoothening should be performed. The smoothening over
the calculated spectrum g is carried out identically, result-
ing in g5 = (g5,g3, - g%)T:

1 i+ng/2

8 (&)

Jj=i—ng/2

s
& = ng+ 1

The actual spectrum which is fitted is fX =f — Vi
against g¥ =g — g, ie. in Equation (5) f and g are
replaced by fX and g¥, respectively.

The idea behind this method is that removal of a
smoothened spectrum removes the baseline of experimental
source not present in the calculated spectrum. At the same
time features in the spectrum which are on top of a back-
ground caused by overlapping transitions become more
pronounced. So in the global fit the local features con-
tribute more effectively in the fitness. This increases the
dynamics of the fitness function. The effect of the auto-
matic background removal is demonstrated in Figure 5 for
the case of hexamethylbenzene.

6 | RESULTS AND DISCUSSION

6.1 | Hexamethylbenzene

Hexamethylbenzene (HMB, Figure 6) is an interesting
molecule not only because of its aesthetically pleasing
appearance. The presence of 6 methyl groups, each of
which undergoes rotational motion, raises questions about
steric hindrance. Do the 6 methyl groups undergo their
rotational motions completely independent of each other, or
are their rotations correlated in some way or another? In
the case of correlated motion, 2 possible modes can be
envisaged. First, all methyl groups rotate in the same direc-
tion (for example, all o; increase), a process we call co-
rotating or anti-gearing. Second, the methyls act as cog-
wheels with adjacent methyl groups rotating in opposite
directions (for example o; and o,,; change by equal but
opposite amounts), a mode we call counter-rotating or gear-
ing. In the latter case the 6 methyl groups together form a
hexagonal gear, which is an interesting concept physically.

Assuming a planar geometry for HMB and independent
rotation of all methyl groups across a sixfold barrier, thus
neglecting interactions between them, the molecule pos-
sesses a sixfold symmetry axis, z. Hence, its partial orienta-
tional order is determined by a single independent Saupe
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FIGURE 5 A demonstration of the automatic baseline removal. Experimental and fitted NMR spectra of hexamethylbenzene in 1132 at

298 K.** A, Experimental spectrum (1742 scans). The line broadening applied before Fourier transform is 0.1 Hz. The experimental line full
width at half height is of order 6 Hz. The program LEQUOR'® was used to calculate the simulated NMR spectra. In order to deal with the broad
underlying liquid-crystal NMR signal in the experimental spectrum and to improve the dynamics in the spectra, a background signal averaged

over 274 Hz is subtracted from both the experimental and calculated spectra depicted in B through E.** Here B and D are the full and zoomed in

experimental spectra, while C and E are the corresponding calculated ones. The blowups D and E show the excellent fit obtained. The arrows in

D point to the lines of the solute tcb triplet. The high quality of the fit is demonstrated in F, the difference between D and E. The tcb lines stand

out from the noisy background left after the subtraction. The tcb transitions are spaced 3D, apart giving Dy, = —212.9 £+ 0.4 Hz. The HMB
couplings obtained from the fit are D, , = 1629.4 + 0.4 Hz, D, 4 = —456.6 = 0.2 Hz, D, 7 = —89.4 = 0.3 Hz and D, ;o = —57.1 + 0.4 Hz.

Modified from Figure 3 of ref [34], reproduced with permission

orientation parameter S,,. The entire spectrum scales effec-
tively with this order parameter. Despite that the solute
contains as many as 18 protons and shows more than
350 000 transitions (with intensity >1% that of the stron-
gest one), this feature is very helpful in the analysis.

The spectrum of HMB is presented in Figure 5. Spectral
analysis was performed using CMA-ES with automatic
baseline removal (see section 5). The agreement between
experimental and fitted spectra is generally excellent, and
the earlier hard labor of analysing experimental spectra
such as those reported here has been reduced to virtually a
routine activity. This represents the true power of the EA.
The liquid crystal 1132 in addition gives rise to 2 strong,
broad peaks. These peaks were artificially removed before
starting the EA fitting procedure.

The NMR spectral analysis algorithm LEQUOR'® is a
key ingredient of our EA fitting approach. With 18 protons
there are 2'® = 262 144 proton spin energy levels with the

largest ~Hamiltonian matrix to be  diagonalized
48 620 x 48 620. With the composite spin approach, with
each methyl group treated as spin [/ :% or % the largest
matrix (for all methyl groups of spin I = %) reduces to
580 x 580, thus considerably alleviating the computational
effort.

Hexamethylbenzene has been the subject of ab initio
calculations.**”° In these calculations several configura-
tions of the 6 methyl groups are considered (some exam-
ples are in Figure 7). Accurate direct dipolar couplings
averaged over the intramolecular methyl rotations are
derived from our EA fitting procedure. Especially the ortho
intermethyl coupling is interesting because it is quite sensi-
tive to rotational details of adjacent methyl groups. From
our results it can be concluded that, in agreement with the
ab initio results, the 6 methyl groups show significantly
hindered anti-geared rotations, while geared rotation with
adjacent methyl groups moving in a counter-rotating
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"H),

FIGURE 6 Hexamethylbenzene. The angles o; define the methyl
rotation and are shown as zero. Reproduced with permission from
ref [34]

(A)

fashion is favorable. Our experimental results therefore
shed new light on an old problem. For a full account of
this work we refer to the literature ref [34].

6.2 | Cyclohexane

Cyclohexane (Figure 8; see Figure 2 for '"H NMR spectra
of cyclohexane orientationally ordered in the nematic liquid
crystal 1132 as a function of temperature) is the classic
example of conformational interconversion studied by
organic chemists. The predominant conformational change
is from one chair to the other chair conformation. This
change involves going through boat and twist boat interme-
diates. The boat and twist boat intermediates are much
higher energy than the chairs, and thus their populations
are very small and hardly contribute to the averaged NMR
spectrum.

At sufficiently low temperatures (associated with slow
interconversion, i.e. lower than the lowest 7 of Figure 2)
one expects to observe an NMR spectrum from a single
chair conformation that is governed by ten independent
dipolar couplings. The spectrum should then broaden in the

N Ao Ao A

(

YYYYYY

FIGURE 7 Interesting configurations of hexamethylbenzene. A, One of the low-energy configurations, having Cg), symmetry. B, A second

low-energy configuration, having D3, symmetry. C, One of the high-energy configurations obtained by rotating all methyls in B by —30 degrees.

D, Another high-energy configuration, obtained by rotating all methyls in A by 30 degrees. A typical path for anti-gearing rotation of all methyl

groups would take low-energy A (or B) to high-energy D (or C). A typical path for gearing rotation would take low-energy A to low-energy B

and would avoid the high-energy C and D configurations. The barrier to geared rotation involves the small energy difference between

configurations A and B. The potential to anti-geared rotation involves the difference in energy between the A and D (or B and C) configurations.

Analysis of the NMR gives a large value for this barrier to anti-geared rotation (12.2 kcal/mol). Reproduced with permission from ref [34]: in

that paper, it should state that Figure 2C is obtained by rotating all methyls in B by —30 degrees, and Figure 2D is obtained by rotating all

methyls in A by 30 degrees
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6

11

FIGURE 8 Cyclohexane in a chair conformation

intermediate exchange limit (lower temperatures in Fig-
ure 2), with a dearth of sharp features. As temperature
rises, the rate of chair-chair interconversion increases until
an averaged spectrum is observed (upper plots in Figure 2).
These averaged spectra are based on 7 D;;: the values of
D5, D13 = Dy4, D1 = D25, Di7 = Dy, and the mean
values of coupling pairs D14 & D, 3, D15 & Dy, and D g
& D; .

In fitting the observed spectra we encounter a serious
difficulty. We can try to fit the "H NMR spectra for a chair

conformation that does not interconvert, which requires 10
different dipolar couplings, or we can assume the solute to
be in the limit of fast interconversion, which would require
7 different dipolar couplings. When we start the fitting pro-
cedure with 10 or 7 dipolar couplings, in both cases con-
vergence is obtained. When we start from 10 dipolar
couplings, the fitting procedure partly but not completely
removes the differences between axial-axial and equatorial-
equatorial proton couplings. Further analysis shows that
there is a large correlation between the values: the sums of
these pairs of dipolar couplings that are averaged by the
exchange are well fitted but the differences have a large
error and are essentially zero within this error. Hence for
our analysis we shall set the differences to zero (i.e.
assume rapid exchange) and fit to 7 independent dipolar
couplings. An example of the spectrum fitted with 7 differ-
ent dipolar couplings is in Figure 9.

The 7 independent D;; obtainable from the motionally
averaged chair cyclohexane spectra measured at higher
temperature can be used to extract geometrical information.
We assume that the chair conformer dominates the NMR
and that there is rapid exchange between the 2 chair forms.
We also neglect other effects of non-rigidity in the cyclo-
hexane. Then the proton molecular geometry is defined by

(A)

(B)

(E)

-500

500

Frequency [HZz]

FIGURE 9 Experimental and fitted NMR spectra of cyclohexane in 1132 at 320 K. A, Experimental spectrum (256 scans). The program
LEQUOR'® was used to calculate the simulated NMR spectra. In order to deal with the broad underlying liquid-crystal NMR signal in the
experimental spectrum and to improve the dynamics in the spectra, a background signal averaged over 109 Hz is subtracted from both the

experimental and calculated spectra depicted in B through E. Here, B and D are the full and zoomed in experimental spectra, while C and E are

the corresponding calculated ones. The blowups D and E show the excellent fit obtained. The experimental line full width at half height is of

order 12 Hz, as seen for the ten non-overlapping transitions in the centre of the spectrum
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TABLE 1 Proton coordinates in A obtained from a fit to the
dipolar couplings measured at 320 K. The NMR order parameter is
S.. = —0.08278 £+ 0.00006

Coordinate From NMR From G09
¥(1) 2.498 + 0.005 2.504
¥(2) 1.507 1.507
z(1) —0.150 + 0.008 —0.127
2(2) 1.337 £ 0.007 1.342

The ratios of internuclear distances r;(NMR)/r;(G09) are 1.00674 for protons 1
and 2, 0.99675 for protons 1 and 7, and 0.99833 for protons 1 and 8.

4 unknown distances: the y and z coordinates of one axial
and of one equitorial proton (the z axis is the C; symmetry
axis and we choose the protons that lie in the symmetry
plane with x = 0). Coordinates of the remaining protons
are then obtained by symmetry, and the origin is fixed to
the molecular centre. We use GAUSSIAN 09 MP2/aug-cc-
pvdz®' (G09 for short) to calculate the gas-phase proton
molecular geometry of chair cyclohexane (Table 1).
Mgller-Plesset™ second-order (MP2) perturbation theory
was employed using Dunning’s cc-pvdz basis set.>

Since the measured NMR Dj; involve products %SZZ, 1
geometric coordinate needs to be fixed to provide the scal-
ing for the molecular dimensions: we use the value of y(2)
from the GO9 calculation for this purpose. The fit of 3
unknown coordinates and the order parameter S,, to the
NMR D;; yields the results listed in Table 1. This table
allows us to compare the NMR proton geometry with the
GO09 structure. The y(1) and z(2) coordinates agree within
the NMR error while the z(1) coordinates are within 0.023
A. The NMR/Gaussian ratios of internuclear distances are
given in the footnote to the table, and the excellent agree-
ment, which justifies our various assumptions, can be taken
as strong evidence of the nonimportance of other than the
rapidly exchanging chair conformers.

If the populations of the boat and twist boat configura-
tions were sufficiently large, then the NMR spectrum
should give ratios of dipolar couplings that change with
temperature (in the fast exchange limit) as the populations
of boat conformations give significant contribution to the
spectrum and hence the ratios. As the ratios do not change
significantly with temperature we are unable to extract
information about the boat and twist boat conformations.

Here, we are interested in using the higher-temperature
spectra of Figure 2 to obtain information on the rate of
chair-chair interconversion of orientationally ordered cyclo-
hexane.

Analysis of the NMR spectrum in the intermediate
exchange limit has been reported for simpler spin systems,
for example cyclooctatetraene.”® Such analysis is beyond
the scope of this paper. However, examination of a much

simpler system sheds light on the generalities of the prob-
lem. The classic example involves exchange of a proton
between 2 sites with different chemical shifts.'>> The cor-
relation time for the exchange is t.. For slow exchange 2
lines separated by Av are observed, 1 for each proton. As
the exchange rate 1/t. increases the peaks broaden and
eventually coalesce into a single, broad line. With faster
exchange, the broad line sharpens and has full width at half
height (in Hz) Wi, = Mt /n where M, = (TCAV)2 is the
second moment (in per s°) for the non-exchanging spec-
trum.

The liquid-crystal and solute orientational orders usually
vary with temperature, and we can write the non-exchan-
ging Av in terms of an order parameter S, i.e. A4v = AvS
where Av, is the splitting in Hz for perfect alignment cor-
responding to S = —0.5. Then the non-exchange second
moment M, will scale with > and the exchange rate (in
per s) becomes

exchange rate = 1/1. = MYS* /nWey oy (10)

where Mg is the second moment for perfect alignment.

In the cyclohexane case the situation is much more
complicated than discussed for the simple case above.
Since during the chair-to-chair interconversion the axial-
axial and equatorial-equatorial dipolar couplings exchange
at a certain rate, the line broadening for each transition in
the spectrum differs, depending on how much these dipolar
couplings contribute to that transition. Hence, the line
width of every transition is affected differently. With the
huge number of transitions we have no other choice but to
assume a line broadening that is identical for every transi-
tion and uniform across each spectrum. This is a serious
but unavoidable limitation. The question is how to obtain
sensible values for these uniform line widths as a function
of temperature. We shall make the approximation that there
is an effective, averaged M, for the (unknown) peak sepa-
rations that scales as M52, with S, being the cyclohexane
order parameter. If we have a value for Mg, we can then
use Equation 10 to obtain a value for the exchange rate.

Estimation of the line width in the cyclohexane spectra
which consist of almost completely overlapping lines is dif-
ficult. One possibility is to allow the line width to vary as
a parameter in the EA fitting. This procedure does not
yield satisfactory results. EA with overlapping lines tends
to overestimate the line widths which then allows EA more
flexibility in fitting the spectra.

An alternative approach and our method of choice uti-
lizes the presence of 10 single-transition lines near the cen-
tre of the cyclohexane spectra and the 3 lines of the tcb
(added as an internal orientational reference). If we assume
that the line widths of rigid (non-exchanging) cyclohexane
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and tcb are equal (a reasonable assumption as the mole-
cules are roughly the same size and shape), then we obtain
the exchange contribution (reported in Table 2) to the
cyclohexane spectrum as Weyen = Weyp Wi These
widths are readily measured at the higher temperatures. At
lower temperatures, in addition to the problem of fitting a
line width to the overall, broad spectrum, we may be enter-
ing the region where the central cyclohexane exchange line
is no longer Lorentzian. Thus, we place no physical signifi-
cance on the discrepancy between values obtained from the
10 sharp lines and those from an EA fit to the entire spec-
trum.

In order to use Equation 10 to obtain exchange rates
from the line width and S_, results in Table 2, we need a
value for MY. Here we obtain that value by fitting our
results to get the best average agreement with the rate data
from 2 earlier NMR studies, that of Pickett and Strauss®’
and that of Bain etal® The value obtained for
M2 =18 x107/s* gives a Av =~ 110 Hz, a value that
compares favorably with the change in dipolar couplings
upon exchange of roughly 50-300 Hz. This agreement
shows that what we and others do is reasonable.

In Figure 10 we present an Arrhenius plot for our
results, those of Pickett and Strauss and those of Bain et al
for substituted cyclohexanes. We see that the temperature
dependence of exchange rates is essentially the same for all
3 sets of results.

7 | CONCLUSION

The use of evolutionary algorithms for the analysis of
experimental "H NMR spectra of solutes in orientationally
ordered liquids has led to enormous progress in the analy-
sis of extremely complex spectra. In this paper it is illus-
trated how application of these algorithms makes spectral

TABLE 2 Results of fits to the dipolar couplings as a function of
temperature

Line width/Hz

Temperature/K S Wi Wexeh = Wexp — Wien
302.8 —0.101 1.2 18.8

308.5 —0.096 1.8 15.2

314.2 —0.089 2.2 7.8

320.0 —0.083 4 8

325.6 —-0.074 4 6

331.3 —0.059 6 2

332.4 —0.055 7 1

The dipolar couplings obtained for the 320.0 K spectrum (with J values fixed
from ref 56) are Dy, =937.5 Hz, D3 =-102.2 Hz, D4 = —40.8 Hz,
D5 = —170.4 Hz, D¢ = —49.3 Hz, D7 = —51.0 Hz, and D 3 = —8.2 Hz.
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FIGURE 10 Chair-chair interconversion rate vs inverse
temperature. A In plot of the cyclohexane chair-chair exchange
interconversion rate: down-triangles from Pickett et al®’ up-triangles

from Bain et al®®

; closed squares from the present work obtained with
line widths estimated visually from non-overlapping lines in the middle
of the spectrum. To obtain rates, our inverse line widths are multiplied
by the factor S M9 /n with the fitting value of M9 = 1.8 x 107/s* to
get the best average agreement between our results and the data of refs

57 and 58

analysis of complex spectra such as those reported here an
almost routine activity where without operator interference
convergence is reached with a reasonable investment in
computer power and time. To aid the reader, the develop-
ments that have taken place and have led to various novel
evolutionary strategies are discussed in some detail. The
anisotropic parameters such as dipolar couplings, that are
at the root of the extreme complexity, can now be obtained
reliably and can be used to derive detailed physical infor-
mation about the solute. The direct dipolar couplings in
particular can be interpreted in terms of solute geometry.

Since the "H NMR spectra of solutes dissolved in aniso-
tropic media are usually superimposed on a strong undulat-
ing background arising from the liquid-crystal solvent,
background removal is an important issue. When the num-
ber of transitions in the solute spectrum becomes very
large, lines start to overlap. When much overlap is present,
it becomes somewhat problematic to extract a typical
experimental line width from the solute spectrum. In such
a case the line width can be introduced as a fitting parame-
ter in the evolutionary algorithm. Clearly, when the overlap
increases further, it will get to the point where even our
evolutionary strategies have difficulty in dealing with the
line width problem, and extracting reliable values becomes
an important issue.

The 2 examples discussed in this paper show the vari-
ous aspects of how to apply evolutionary strategies and
how to deal with the various peculiarities that may occur.
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As illustrations we discuss 2 solutes that represent long-
standing issues in organic chemistry. With the present tech-
niques we are able to add significantly to the solution of
these classical problems.

The first example is that of the solute hexamethylbenzene
(C¢Hig). This 18-spin system shows more than 350 000 tran-
sitions and overlap of individual lines cannot be avoided. In
this case our evolutionary strategy works well and the direct
dipolar couplings are extracted. An analysis of these cou-
plings shows that the internal rotation of the 6 methyl groups
takes place in such a way as to avoid as much as possible
steric hindrance between them. The intuitive notion that the
methyl rotations in this molecule undergo a sixfold gearing
motion is supported by our work.

The second example deals with a temperature study of the
solute cyclohexane (C¢H;,), which is a textbook example of
molecular interconversion between mirror-image chair confor-
mations on the NMR time scale for motional averaging.
Depending on temperature, this interconversion can be in the
slow, intermediate or fast limit, with important consequences
for the line width of each transition. This line width problem
contributes to excessive spectral overlap of the 30 000 transi-
tions with intensity >1% of maximum, thus inhibiting the
extraction of reliable dipolar couplings. Using the line width as
a fitting parameter in the evolutionary strategy in this case
seems to lead to an overestimate. Fortunately, non-overlapping
lines in the centre of the spectrum provide some guidance here.
From the measured dipolar couplings, information about inter-
conversion rates that agrees reasonably well with that from
older experiments is obtained.

In summary, the use of evolutionary strategies in NMR has
already been shown to be eminently feasible and will undoubt-
edly find many more novel applications. The successful appli-
cation of the liquid-crystal method to a number of classical
problems in organic chemistry is very encouraging. In this
sense the use of liquid-crystal spectroscopy of solutes of larger
size, leading to more extreme associated spectral complexity
than ever before, has obtained a new lease of life.
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