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Nuclear magnetic resonance study of alkane conformational statistics
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NMR spectra of ethane, propane, and n-butane as solutes in the nematic liquid crystals 4-n-pentyl-
4’-cyanobiphenyl (5CB) and Merck ZLI 1132 (1132) are investigated over a wide temperature range.
The ratios of dipolar couplings of ethane to propane are constant over the entire temperature range.
Assuming that this constancy applies to the butane conformers facilitates the separation of proba-
bility from order parameter. This separation allows the investigation of conformational distribution
without the need of invoking any model for the anisotropic intermolecular potential. The results give
an order matrix that is consistent with that predicted from model potentials that describe the orienta-
tional potential in terms of short-range size and shape effects. The isotropic intermolecular potential
contribution to the trans-gauche energy difference E;, is found to be temperature dependent with
the values and variation in agreement with that found when the same results are analyzed using the
chord model for anisotropic interactions [A. C. J. Weber and E. E. Burnell, Chem. Phys. Lett. 506,
196 (2011)]. The fit obtained for 9 spectra in SCB (63 dipolar couplings) has an RMS difference
between experimental and calculated dipolar couplings of 2.7 Hz, while that for the 16 spectra in
1132 (112 couplings) is 6.2 Hz; this excellent fit with nine adjustable parameters suggests that the
assumption of equal temperature dependencies of the order parameters for ethane, propane, and each
conformer of butane is correct. Also the fit parameters (E;, and the methyl angle increase) obtained
for 1132 and 5CB agree. The results indicate that the chord model, which was designed to treat hy-
drocarbon chains, is indeed the model of choice for these chains. The temperature variation of E;,
provides a challenge for theoreticians. Finally, even better fits to the experimental dipolar couplings
are obtained when the energy in the Boltzmann factor is used for scaling ethane to butane results.
However, in this case the values obtained for E;, differ between 1132 and 5CB. © 2011 American

Institute of Physics. [doi:10.1063/1.3665139]

. INTRODUCTION

The basic understanding of conformational statistics is
crucial to a host of problems ranging from simple molecules
to the macromolecules of biology. The study of solutes dis-
solved in nematic phases can provide information about so-
lute geometries in the condensed phase through measurement
and analysis of direct dipolar interactions. Initially there was,
therefore, great hope that this method could lead to valuable
information on conformational problems as well. However, so
far these hopes have not been realized for a number of funda-
mental reasons.
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First, the interconversion between conformations is gen-
erally fast on the NMR time scale. Hence, averaging takes
place on this time scale and separate NMR spectra of dif-
ferent conformers are usually not observed. Second, the de-
scription of the degree of orientational order of a solute in
a nematic liquid crystal undergoing conformational change
is far from trivial. A solute without symmetry dissolved in
a nematic phase in a single conformation requires five inde-
pendent orientational order parameters. Symmetry can reduce
this number. For a solute undergoing conformational change it
is important to realize that the time scale associated with the
internal rearrangement of a significant part of the molecule
cannot be very different from the time it takes for the solute
as a whole to reorient in the anisotropic environment. Hence,
the notion of an average solute is generally wrong and every
conformation requires its own set of independent orientation
parameters."? This spells bad news because this increases the
number of a priori unknown parameters in a very significant
fashion.
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For rapid exchange among several rigid conformers #, the
dipolar coupling between two nuclear spins i and j is

h]/i)/_j n gij,n 1
D;jj =— o Zp SY ot (1)

ij.,n
where we use the approximation (often utilized for a rigid
solute) that assumes separation between internal vibrational
motion and reorientation of the solute as a whole. Here p”
represents the probability for the solute to find itself in con-
formation n, S¥ " reflects the degree of orientational order of
conformer n, ry; , is the internuclear distance between nuclei
i and j in conformer #n, y; is the gyromagnetic ratio of nucleus
i, and h is Planck’s constant.

The degree of orientational order of the vector connecting
spins i and j for each separate conformer is given by

2

The angular brackets indicate averaging over the reorienta-
tional motion, with 6‘1"] , the angle between the ij direction
and the magnetic field. For the nematic liquid crystals used in
the present study the director is coincident with the magnetic
field direction Z.

Inspection of Eq. (1) shows that the conformer probabil-
ity distribution p" in the condensed phase and the order ten-
sor for each conformer S%" only occur as inseparable prod-
ucts. At best such products can be derived from experiment,
but in order to make further progress additional information
from an independent source, either about p" or about S, is
required. One is normally interested in the conformer proba-
bility distribution p" in the condensed phase. Although such
a distribution can be estimated for an isolated molecule in
the gas phase using sophisticated electronic structure calcula-
tions, the influence of its interactions in the condensed phase
with the surrounding anisotropic environment cannot easily
be calculated. Thus, the general approach has been to assume
some model for the anisotropic interaction between solute and
liquid-crystal environment, thus allowing one to relate the ori-
entational order S%-" among different conformers. Examples
of models used for this purpose include those based on prin-
cipal moments of inertia,®> an additive potential* with exten-
sions to account for overall solute shape in terms of a chord
model,’”” and interactions based on solute size and shape
such as the circumference-integration (CI) model®® and the
surface-potential model.'” The literature is replete with exam-
ples. Maximum entropy ideas'' have also been applied with
some success to the conformational problem.

The problem with all these models is that they are phe-
nomenological and that the quality of the predictions for S¥:"
is hard to check and is different for each model. Moreover,
with very few exceptions, it is difficult to assess reliably
which model performs better than others. Hence, research
groups often prefer their own models. This situation is an un-
easy one, because the models used to predict S¥" have an
immediate impact on the values obtained for p". In a recent
study of n-butane in nematic phases it was shown conclu-
sively that the results obtained for p" were essentially model-
dependent.'? It is clearly important to remedy this unfortunate
situation.

. 3 1
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In this paper, we present a different approach to this old
problem by studying n-butane (butane hereafter) as a bench-
mark example. This molecule belongs to the alkanes and is
the first member of the series that exhibits conformational
change. In the simple rotameric state (RIS) model'® butane
exists in either trans (f), gauche+ (g%) or gauche— (g7)
states. Butane has been studied before as a solute in nematic
phases.'* With ten 'H spins its spectrum is very complex and
its analysis at the time proved to be an appreciable challenge
that required appreciable NMR expertise. Since the intro-
duction of covariance matrix adaptation evolutionary strate-
gies (CMA-ES) to the problem of solutes with many spins in
anisotropic environments,'>~'® spectral analysis has become
routine and is no longer the bottleneck in studies of this type.
This allows for the first time an extensive temperature study of
butane in nematic phases within reasonable time, with the aim
of systematically changing the temperature-dependent Boltz-
mann factors that determine the conformer probability distri-
bution.

Developing an understanding of the mechanisms that de-
termine the degree of orientational order of a solute in an
anisotropic environment has a long history. There is strong ev-
idence that the orientational order of solutes in nematic phases
can be described by two mechanisms, an electrostatic long-
range one and a size-and-shape-dependent short-range one.'”
The long-range mechanism is deemed to arise from the inter-
action between the solute molecular quadrupole moment and
the average electric field gradient present in the anisotropic
phase.?” This mechanism is considered relatively unimportant
for zero electric-field gradient liquid-crystal mixtures, the so-
called magic mixtures, or for solutes with small molecular
quadrupole moments, the so-called magic solutes. Since alka-
nes have small electrostatic moments, butane as well as other
alkanes can be considered magic solutes whose degree of ori-
entational order is predominantly determined by the size-and-
shape mechanism.?!

A temperature-dependent study of butane in itself does
not lead to a separation of conformational probabilities and
conformational order parameters. However, in the present
study we combine temperature-dependent results for ethane
and propane®” with those of butane. We will show how this
approach leads to novel information about the butane con-
formational statistics without involving any model for either
conformational statistics or conformational order parameters.
This model-free approach can in principle be extended to
higher alkanes and other solutes that undergo conformational
change.

Il. EXPERIMENTAL

The solutes n-butane and 1,3,5-trichlorobenzene (tcb)
(added as an orientational reference to allow comparison of
spectra taken with different samples) were co-dissolved to
5.0, and 0.5 mol% in the liquid-crystal solvent Merck ZLI-
1132 (1132) in one 5 mm o.d. standard NMR tube and in the
liquid-crystal 4-n-pentyl-4’-cyanobiphenyl (5CB) in another.
Since n-butane is a gas at room temperature and ambient pres-
sure, it was allowed to flow into a vacuum and then condensed
into an NMR tube which was pre-filled with liquid crystal
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FIG. 1. Calculated NMR spectra of orientationally ordered ethane, propane
and butane in SCB at 298.5 K.

and tcb and submerged into liquid nitrogen. After the sam-
ple was sealed and mixed thoroughly in the isotropic phase it
was placed into a Bruker Avance 400 MHz NMR spectrom-
eter magnet. With the temperature controlled by the Bruker
air-flow system, proton NMR spectra were acquired every 5°
from 253.5 to 333.5 K for the sample with butane in 1132
(Ref. 12) and from 263.5 to 298.5 for the sample with bu-
tane in SCB. The spectral parameters defining the anisotropic
spectra of all solutes are readily obtained with the use of a
CMA-ES (Refs. 15-18) as can be seen in Figure 1 where it
becomes obvious that the complexity of the spectra increases
greatly with the number of nuclear spins.

GAUSSIANO3 (Ref. 23) was used to calculate the gas-
phase structure used for butane. Mgller-Plesset second-order
(MP2) perturbation theory’* was employed using Dunning’s
cc-pvdz basis set.”> The designated minima were confirmed to
be minima by using analytical 1st and 2nd energy derivatives
as is routine with MP2. For calculation of dipolar couplings,
both methyl groups were rotated independently in 4° steps in a
threefold sinusoidal potential with 3006.12 cal mol~! barrier.

The dipolar couplings for butane in 5CB are reported
in Table I; the couplings for butane in 1132 are reported in

J. Chem. Phys. 135, 234506 (2011)

Ref. 12 and those for ethane and propane in both liquid-crystal
solvents are reported in Ref. 22.

lll. RESULTS AND DISCUSSION

We start with the RIS model for the conformers of bu-
tane where the molecule can exist in either az, g™ or g~ state.
The two gauche states are related by symmetry, and both the
trans and gauche states have a ¢, symmetry axis (herein la-
belled y), meaning that their second-rank orientational order
is described by the three independent order parameters S,
S,., and S, for each conformer, giving six unknown order pa-
rameters in total. Note that the order tensor is traceless and
thus Sy, = — (S + S22).

A. Analysis of individual butane spectra, fit pS

It is not possible for a given butane spectrum to determine
separately the probabilities and order parameters in Eq. (1).
However, it is possible to rewrite Eq. (1) in terms of order
parameters S;, for molecular axes of conformer n (the z axis
is taken to be along the smallest principal moment of inertia
(PMI) axis, y is the c; axis and x is perpendicular to y and z)

S = 8n cos (0];,) cos (6] ,), 3)

where Hl’; .. 1s the angle between the ij and the molecule-fixed
w directions, and we use the Einstein convention that repeated
Greek indices imply summation. We can then fit the six un-
known products p"Sj,, (n =t or g) to the seven dipolar cou-
plings obtained from a given butane spectrum.

However, a problem that frequently arises with methyl
groups is the coupling between internal and reorientational
motions which can lead to important nonrigid contributions to
the dipolar couplings.?®?” These effects are notoriously dif-
ficult to predict, and are particularly severe for protons that
are close together, as is the case of the methyl groups. For
many cases in the past it has been found that this nonrigid
effect leads to a seeming reduction in the methyl CCH an-
gle. Hence, in order to account for these nonrigid effects, we
also fit the decrease, ACCH, in the methyl CCH angle. Thus,
because we fit seven unknowns to seven D;;, we obtain an
exact fit between experimental and calculated dipolar cou-
plings for each butane spectrum recorded at all temperatures
in both solvents 1132 and 5CB (fit pS). While we cannot sep-
arate p" from S, we can obtain two properties of the order

TABLE I. Experimental dipolar couplings in Hz of n-butane and tcb in 5CB as a function of temperature.

T(K) Dyeh D D4 D¢ Dig Dys Dye D47
263.5 229.66 1221.31 £ 0.04 —300.50 £ 0.03 —581.40 £ 0.03 —272.76 £ 0.03 2277.74 + 0.08 121.02 £0.12 109.49 £ 0.12
268.5 222.66 1158.61 + 0.04 —283.53 £0.03 —554.06 £ 0.03 —262.50 £ 0.03 2178.59 + 0.08 111.13 £0.12 95.59 +0.12
273.5 213.81 1086.80 + 0.04 —264.39 £+ 0.03 —522.22 +£0.03 —250.10 £ 0.03 2062.48 + 0.08 100.47 £ 0.12 81.17 £0.12
278.5 204.58 1014.05 + 0.04 —245.34 +£0.03 —489.36 £ 0.03 —236.82 £0.03 1941.41 + 0.08 90.38 +0.12 67.81 £ 0.12
283.5 194.04 939.99 £+ 0.04 —226.33 £ 0.03 —455.47 £ 0.03 —222.53 £0.03 1815.10 + 0.07 80.69 £ 0.11 5590 £ 0.11
288.5 181.46 860.01 + 0.04 —206.13 +0.03 —418.25 +£0.03 —206.29 £+ 0.03 1674.94 + 0.07 71.16 = 0.10 44.65 £ 0.10
293.5 166.75 770.85 £ 0.04 —183.94 +£0.03 —376.20 £ 0.03 —187.33 £0.03 1514.61 4+ 0.07 60.87 + 0.10 34.76 + 0.10
298.5 147.08 662.84 £+ 0.04 —157.53 £0.03 —324.42 +£0.03 —162.92 £ 0.03 1313.23 £ 0.07 50.64 + 0.10 24.17 £ 0.10
303.5 104.78 454.22 +0.02 —107.52 £ 0.02 —223.08 £ 0.02 —113.08 £+ 0.02 909.87 £+ 0.04 32.95 + 0.06 12.27 + 0.06
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TABLE II. Parameters obtained from RIS fits to the temperature dependence of butane dipolar couplings

Calculation and solvent® RMS (Hz) E14(300) (kcal mol~!) ACCH (deg) e 0, (deg)b Séz Ng 0, (deg)b S:f'z
Model fits

Cd model® 35 442 1.05 0.097 —-0.2 0.184 —0.802 0.3 0.093
CI model® 7.8 676 1.43 0.144 —14 0.164 —0.428 —-0.2 0.108
pS

5CB 0.0 . 1.313 0.334 —-5.017 0.218 5.176 2.692 0.040
1132 0.0 . 1.226 0.305 —5.038 0.370 4.927 3.601 0.069
S(iso)

5CB 4.1 776(36) 1.18(4) 0.275 —3.924 0.165 3474 8.267 0.064
1132 8.1 783(20) 1.06(5) 0.237 —3.634 0.270 2.505 —5.659 0.118
S

5CB 39 560(71) 1.02(5) 0.207 —1.920 0.167 1.068 —2.124 0.067
1132 8.0 552(26) 0.94(4) 0.179 —2.003 0.275 0.841 —1.423 0.119
sT¢

5CB 3.1 433(25) 0.86(3) 0.105 0.767 0.158 —0.695 —1.203 0.075
1132 6.7 435(20) 0.78(4) 0.079 0.541 0.265 —0.733 —0.990 0.129
U

5CB 34 517(20) 0.98(3) 0.215 —1.241 0.166 0.621 —2.394 0.068
1132 7.7 419(15) 1.01(4) 0.214 —2.376 0.308 1.388 —3.849 0.101
UT*

5CB 2.6 481(20) 0.90(3) 0.159 0.083 0.158 —0.303 —1.761 0.074
1132 5.0 340(16) 0.86(3) 0.133 —0.272 0.294 —0.220 —1.892 0.114

#Values that vary with temperature are reported for 7= 298.5 K.

%9 is the angle between the PMI and POA axes, and is positive for clockwise rotation of the PMI axes about the y ¢, symmetry axis for the structure displayed in Figure 1. Note that
the angle between the central CC bond and the PMI axis is 42.1° for the trans and 23.2° for the gauche conformer.

“The RMS, E;, and ACCH values are from fits to spectra taken at about 300 K of butane in four different liquid-crystal solvents using two-parameter chord or CI models for the
orientational potential where the conformational problem included integration over the dihedral angle in 5° steps. The order parameter information (, €, and S_;) are for a fit to the
spectrum in the magic mixture.

4E; (cal mol~! K=!) = —2.21 #+ 0.15 for 5CB and —2.00 + 0.11 for 1132.

°E; (cal mol~! K~!) = —1.38 £+ 0.10 for 5SCB and —1.50 % 0.06 for 1132.

tensor S”: (i) the diagonalization angle 6,, (between the PMI tional order, and hence do not yield information on conformer
and the diagonalized principal ordering axes, POA) which is statistics.

not affected by multiplying all S, by p" and (ii) the asym-
metry (1, = (S, — S7,)/5;,) in the POA frame because it

. L 4 B. Ethane and propane
involves a ratio in which p” cancels. The results for spectra

recorded at 298.5 K are reported in Table II. Next we turn to the dipolar coupling data?® obtained for
At this stage we ask what would be reasonable values to  ethane and propane as solutes. Can ﬂfese be used to help sort
expect for 9 and r]. Butane ls Considered to be a magic So]ute’ Out the butane pI‘Oblem{’ In Order tO anGStlgate pOSSlbllltleS,

and in a recent publication on butane in four different nematic ~ We plot in Figure 2 (top panels) the ratios of the four propane
solvents, two different models (both based on size and shape ~ dipolar couplings to the ethane intramethyl dipolar coupling
arguments) were used to rationalize the results. The parameter ~ Djj(propane)/Dis(ethane). We use the ethane intramethyl cou-
values obtained for one liquid-crystal solvent from these mod- ~ Pling because the inter-proton 1-2 direction (Figure 1) is per-
els are listed in Table I1. Here 6 values are small and hence the ~ pendicular to the c3 symmetry (z) axis and thus this coupling
POA and PMI axes are virtually coincidental. Similar § and s directly proportional to S... The other coupling, D4, de-
n values are anticipated from any correct analysis, and espe- pends on the methyl rotation which is expected to have a slight
cially a negative value for n, is expected. temperature dependence. The result of the plot for both liquid
The 6 values obtained for the individual fits, pS, are more ~ Ccrystals is very interesting: the ratio of propane to ethane dipo-
or less reasonable, but the ; values disagree dramatically with ~ 1ar couplings does not change significantly with temperature.
those predicted by the size and shape model calculations. One The percent change for each coupling is given in the figure
result to note (not shown) is that the values obtained for n and ~ caption where it is seen that the maximum change is of order
6 depend dramatically on the value chosen for the CCH angle ~ 3%. The constancy of the propane to ethane ratio is striking.
decrease when it is fixed in the calculation. Potentially, these
results do give us information on the location of the POA
and the value of the order matrix asymmetry, although the =~ C- Details of the butane conformational problem
results are problematic as they disagree with those obtained The conformational distribution of butane in an

using models for the anisotropic interactions. More impor- anisotropic condensed phase is governed by three contri-
tantly, they do not allow separation of probability and orienta- butions to the Boltzmann factor. The first is the gas-phase
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intramolecular potential: we calculate this potential using
GAUSSIANO3 (Ref. 23). The second is the isotropic inter-
action between solute and environment. We are not able to
separate these first two terms and therefore must rely on the
accuracy of the GAUSSIANO3 calculation in order to extract
the intermolecular part. The third is the contribution from the
anisotropic interaction, and when included, it is calculated as
described below for each experiment from the order matrices
which best reproduce the experimental dipolar couplings.
Thus the isotropic part of the potential, U/**, is com-
posed of the intramolecular component, U/5° = (which has

int,n

been calculated with GAUSSIANO3), and the intermolecular

(G cos®); ;) cos(@] ;) — 38,) exp(=U"*(Q)/kT)d2

J. Chem. Phys. 135, 234506 (2011)

part, Uéfjn Therefore, the trans-gauche energy difference,
E,,, has two contributions giving
Etg = ézll)tche - Utlrsgnx = E;gt + Ete;tv @

where E[}' = Ej;” = 643 cal mol™' is taken as the energy
difference between the minima of the potential wells of trans
and gauche states as calculated by GAUSSIANO3. Values of
E,,(T) are obtained for each experiment from fits to the exper-
imental dipolar couplings (vide infra).

If one assumes a mean-field potential for orientational or-
dering of the solute, the order parameters of Eq. (3) can be
written as

Sil

where U5 is the anisotropic nematic ordering potential and
0, 7 1s the angle between the p-molecular axis and the ne-
matic director which for experiments herein is aligned along
the magnetic field (Z) direction. Here U%"*° is taken to be
the classic Maier-Saupe potential?®?° which has been shown
to be very successful for the description of the orientational
order of solutes in nematic liquid crystals.’® For a solute of

3 7\ ‘ T T 1T ‘ LU ‘ LU T \7 7\ L ‘ L ‘ T T T L

E D45/De&hane E E D45/Dethane E

° I C 7
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@ 1 g -]

& L 1 ]

a r 1 r ]
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FIG. 2. Ratio of propane dipolar couplings (top) and potential energy param-
eters (bottom) to the intramethyl dipolar couplings and the potential parame-
ters of ethane in the liquid crystals SCB (left) and 1132 (right) as a function of
temperature. The maximum percent changes for SCB are: D1, of 0.4%, D14
of 2.0%, D16 of 0.3%, D45 of 1.2%, GBy, of 0.8%, and GBy, of 4.0%, while
those for 1132 are: Dy, of 0.9%, D4 of 2.9%, D¢ of 0.6%, D45 of 1.9%,
Gy 0f 0.7%, and GPByy of 3.9%. The x axis of propane is perpendicular to
the plane of the three carbons and y is the ¢, axis.

wo [ exp(—Uganiso()/ kT)d

, (&)

general symmetry this potential can be written

, 3
Uttt = —ZGZZ(LC)ﬁW(solute) cos(8), z)cos(d, 7), (6)

where Gzz(LC) is the ZZ component of the anisotropic part of
the liquid-crystal mean field and B(solute) is the anisotropic
part of some electronic molecular property.

Conversely, given values of §j, (e.g., from fitting the
dipolar couplings) along with an assumed form of U5, the
parameters describing U%"*° can be obtained from the fitted
S}y then the desired probabilities p" can be calculated. Such
a procedure requires iterations until a self-consistent solution
of Eq. (5) is found.

The conformer probability is a function of both the
isotropic (U/*) and anisotropic (U%"*°) parts of the poten-
tial and can be written

_ G"exp(—UP°/KT) [exp (= Uy™(Q)/kT)dQ2
P =¥ Grexp (= Ui/kT) [ exp (— Usmiso(Q)/kT)dS’
0
where G" = /I I}, 1!, is a rotational kinetic energy factor

which is dependent on the principal values of the moment of
inertia tensor for each conformer.

D. Integration over dihedral angle

The RIS approximation is obviously a crude approxima-
tion of the conformers available to butane. In order to increase
the number of dihedral angles used in the calculation, it would
appear necessary to include a new set of three adjustable S
parameters for each angle used in the integration. Since this
cannot be done, an approximation is necessary. When deal-
ing with small-amplitude vibrational internal motions, it is
normal to separate the internal motion from the reorienta-
tion of the molecule as a whole."»>3! Thus we separate di-
hedral angles into two groups, one for conformers that fall
in the trans and another for the gauche well. We assume that
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TABLE III. Parameters obtained from full potential fits (integration over all dihedral angles) to the temperature dependence of butane dipolar couplings

Calculation and solvent® ~ RMS (Hz)  E(300) (kcalmol=!) ~ ACCH (deg) T 0, (deg)® St Ng 0, (deg)® S
S(iso)

5CB 4.0 747(34) 1.23(4) 0.271 —4.578 0170  4.292 -1.972 0059
1132 7.7 751(20) L11(4) 0.237  —4302 0279 3.181 —13.874  0.109
N

5CB 3.7 525(32) 1.07(4) 0205  —-2373  0.170 1.244 -0.321 0.065
1132 7.8 526(43) 1.00(4) 0.181 —-2.535  0.280 1.065 0.120 0.115
ST

5CB 2.7 387(21) 0.90(3) 0.098 0.751 0.159  —0.840 —-0714 0076
1132 6.2 405(18) 0.84(3) 0.076 0.403 0265  —0.824 —0.501 0.130
U

5CB 34 479(19) 1.03(3) 0210  —1.590  0.169  0.668 —-1.084  0.066
1132 8.4 400(15) 1.06(5) 0.205  —2.807 0310 1.531 —1.041 0.098
ur?

5CB 2.2 424(13) 0.94(2) 0.148 0.061 0.160  —0.474 -1.069  0.073
1132 45 299(14) 0.90(3) 0.123 0347 0295  —0.362 -1.147 0114

#Values that vary with temperature are reported for 7= 298.5 K.

®0 is the angle between the PMI and POA axes, and is positive for clockwise rotation of the PMI axes about the y ¢, symmetry axis for the structure displayed in Figure 1. Note that
the angle between the central CC bond and the PMI axis is 42.1° for the trans and 23.2° for the gauche conformer.

E, (kcal mol~! K~') = —2.59 + 0.14 for 5CB and —2.30 & 0.11 for 1132.
4E; (kcal mol~! K~!) = —1.73 £ 0.06 for 5CB and —1.80 = 0.06 for 1132.

motions within the trans (or the gauche) well can be treated as
vibrations and that such vibrations involve no conformer re-
orientation. In other words, we assume that within a particular
potential energy well both the isotropic and anisotropic parts
of the external potential do not change with internal vibra-
tional motion. This is the first step toward separating internal
motion from reorientation. In order to do this separation, we
refer the order parameters to the PMI axes, and assume that
the internal motion involves no reorientation of these axes.
Thus, all conformers within a particular well have the

same set of three order parameters. Of course the order matrix
does change with potential-energy well. Thus, there will still
be three adjustable trans and three adjustable gauche order
parameters (or G energy parameters), as before. For each
calculation of dipolar couplings we transform our original
GAUSSIANO3 coordinates to these PMI axes. We next inte-
grate (using Simpson’s rule) over the dihedral angle in 5°
steps using gas-phase energies calculated from GAUSSIANO3
for Us° (¢). The dipolar coupling between spins i and j is

lnf n

then given by

cos (6/:%) cos (6°%)) ®)

ijv

_hyiy n
47'[212 MUZ ; (U ) ij.u

where the conformer probability p™? now involves an additional contribution which depends on the dihedral angle ¢ in the

Gaussian intramolecular potential Ul’,jt” J(@P)andn=torg,

G™? exp (—ULY,/kT) exp (—U}S (9)/kT) [ exp (—U5°(Q)/kT)dS2

n,¢ —
D02y GmPexp (UL, /KT ) exp (U (@)/kT) [ exp (—Ugniso(2)/kT)dS2

p ®

The sum over ¢ is taken in 5° steps in the ranges where trans
or gauche states are defined. The ¢ angles used are between
—60° and 60° for ¢ and between 65° and 295° for g.3? In Ta-
ble II we report results of fits to the dipolar couplings for
the RIS and in Table III for the full internal potential cal-
culations. In Figure 3 we show the variation as a function
of dihedral angle of the dipolar couplings for one of the cal-
culations. Since vibrations, including the librational motion
within a potential well about a C—C bond, are treated as be-
ing separable from molecular rotations, the order parameters

used for calculation of the dipolar couplings are kept con-
stant for all dihedral angles within a given potential well.
This leads to the discontinuity in dipolar couplings noted at
the well maxima. We are treating butane as having two in-
dependent conformers, each with its own order matrix, with
the order matrix being governed by interactions at or near the
potential well minimum. The discontinuity is of no conse-
quence because at the temperatures used for our experiments
there is negligible population of dihedral angles near the well
maxima.
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FIG. 3. Calculated Dj; for butane in 1132 as a function of dihedral an-
gle (for the full potential fit ST at T = 293.5 K). The order parameters
from the fit (that are used to calculate these couplings) are: S = 0.2797,
St =—0.1292, S = —0.0029, S% = 0.1367, S§, = —0.1247, and S%;
= 0.0023. There is a discontinuity in dipolar couplings at 60°—65° because
these angles give a maximum in the potential energy and hence are used as
the division between trans and gauche conformers which have quite differ-
ent order parameters. The conformer population at these angles is very low
because of the high potential energy.

E. Butane dipolar couplings scaled to ethane
intramethyl dipolar couplings, fit S(iso)

The invariance of the propane/ethane dipolar coupling ra-
tios suggests a very interesting possibility. Could it be that for
hydrocarbons the dipolar couplings for any given conformer
will be proportional to the ethane dipolar couplings in the
same environment? We here make the assumption that this
is indeed the case, and explore the consequences for the anal-
ysis of the butane results. This assumption is consistent with
the idea that hydrocarbons are magic solutes and that their ori-
entational ordering arises from size and shape effects alone. In
other words, we assume that for these magic solutes, the or-
dering in the liquid-crystal environment depends on a single
mechanism that only involves solute size and shape, and that
for alkanes in general all elements of the order matrix (for ex-
ample, the three independent parameters for each of the trans
and gauche conformers of butane) should scale the same way
to ethane as they do for propane (two independent order pa-
rameters) to ethane (one independent order parameter).

As the butane spectra were recorded using a different
sample tube, we must find the Dj,(ethane) for the same con-
ditions as apply to the butane spectra. For this purpose tcb
was dissolved in all samples in order to provide an orienta-
tional reference. We use a spline fit of the tcb versus ethane
couplings in order to use the tcb coupling in the butane sam-
ple to calculate the ethane coupling for the butane sample.
Figure 4 gives the variation of D;;(butane)/Dj>(ethane) as a
function of temperature for both liquid crystals. As can be
seen, the ratios are not constant, which is expected as a direct

J. Chem. Phys. 135, 234506 (2011)
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FIG. 4. Ratio of butane dipolar couplings to the intramethyl dipolar cou-
plings of ethane in the liquid crystal SCB (left) and 1132 (right) as a function
of temperature. Note the change in scale of the y axis.

result of changes in conformer populations as a function of
temperature.

Hence, we now assume that each of the six unknown
order parameters in butane (three for trans and three for
gauche) for each temperature scale to the ethane dipolar cou-
pling (i.e., order parameter) for that temperature. This means
that we fit all spectra in a given liquid crystal to six T’
constants, and the order parameters for butane are then S,
= I, x Dys(ethane)/1000 for that temperature. In these cal-
culations, labelled S(iso) in Tables II and III, besides the six I"
constants, the CCH angle decrease and E,, are also fitted. Note
that in this case, p" in Eq. (7) and p™ ¢ in Eq. (9) are used with
Umise = (), Quite reasonable fits with eight unknowns are ob-
tained from nine spectra of butane in SCB, and 16 spectra of
butane in 1132, giving RMS differences between experimen-
tal and recalculated dipolar couplings of 4.0 and 7.7 Hz (4.1
and 8.1 Hz when the RIS approximation is used). This is re-
markable agreement — especially considering that the RMS
is equal to or better than the best fits found in earlier stud-
ies where couplings from a single spectrum were fitted using
some model for calculation of order parameters.'? 432

The T" constants can be diagonalized, and the n and 6
values obtained pertain to the order matrix. As was the case
for the order parameters in the fit pS calculation above, the 6
values indicate that PMI and POA axes do not differ greatly,
but n values for the gauche conformer are still inconsis-
tent with intuition based on size and shape arguments (see
Tables II and III).

F. The anisotropic potential partition function, fit S

While the S(iso) calculation does account for the possi-
bility that the condensed medium can give rise to an isotropic
contribution to the energy difference between trans and
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gauche states, it does not take into account the change in
probability caused by the anisotropic part of the intermolec-
ular potential. In earlier calculations that used models for the
anisotropic intermolecular potential, the anisotropic contribu-
tion to conformer probabilities is accounted for by the parti-
tion function for the anisotropic part of the potential,

n

Zanixo — /exp ( _ Urclmzm(Q)/kT)dQ (10)

The way we have managed to deal with this is as follows.
In our fit to the Dj;, we need to use I" constants as adjustable
least-squares parameters, and these multiplied by the ethane
Dy, (ethane) give the order parameters. To calculate the Z,‘j””"
associated with these order parameters is not straightforward
(the reverse would be). Thus, every time in the least squares
when we calculate dipolar couplings from the variable I" com-
ponents, we call a second routine to fit the conformer order
parameters Sy, S.;, and S, to Maier-Saupe energy parameters
GBx, GB;, and GBy; (this gives an exact fit). This calculation
yields the required Z¢"5°, and this Z%"5° is then used in the
fit to the D;;. We emphasize that the only thing we use from
this second routine is the value of Z"?,

Using this approach, we see in Table III that the RMS
errors are now 3.7 and 7.8 Hz (3.9 and 8.0 Hz for the RIS cal-
culation in Table II), essentially the same as before, but Ef;’
is about 200 cal mol~! smaller and 5 values are smaller, get-
ting closer to values expected from size and shape arguments
— but n, is still positive.

G. Temperature variation of E,"_;‘, fit ST

The butane data for 1132 were reported previously'?
where they were analyzed in terms of models for the
anisotropic interactions. It was found that the results obtained
depend on the model used. One of the models, the chord
model, resulted in a temperature dependence of E;, while the
other, the CI model, gave either a slight or no temperature
variation of this parameter. In addition, the value of E;; ob-
tained depended on model. Hence, we first add the possibility
of a linear temperature variation of E;, and write

EZ(T) = ES(300) + E(T — 300 K). (1)

This has a dramatic effect. Not only is the RMS reduced to
2.7 and 6.2 Hz, but 1, is now —0.8 in agreement with model
predictions. Also the principal ordering axes lie very close to
the PMI axes.

It is interesting to compare our fits with the results of the
earlier paper on 1132 in which models were used for the anal-
ysis of each individual temperature. Figure 5 compares the E,,
values found here with those from the chord model in the pre-
vious work, and it is seen that the agreement is remarkable.
Note that the present calculation fits to all dipolar couplings
(63 for 5CB and 112 for 1132) with six adjustable I" con-
stants, one CCH angle decrease and up to two E,;, parameters
(E,(300) and E). It is remarkable that the RMS obtained for
the linear temperature fit is 2.7 Hz (5CB) and 6.2 Hz (1132) —
this result is strong indication of the validity of the assumption
that order parameters for butane conformers scale to ethane

J. Chem. Phys. 135, 234506 (2011)
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FIG. 5. E, as a function of temperature where “CCd chord” is the modified
chord model fit to 1132.!2

dipolar couplings. Such a small RMS difference is unprece-
dented in earlier studies of orientationally ordered hydrocar-
bons. In addition, the present analysis does not rely on any
model for the anisotropic intermolecular potential, but only
on the scaling of order parameters. It is also encouraging that
as we add physical intuition to the calculation, the fit gets bet-
ter, and the parameters obtained (especially 7, which for the
linear-temperature fit to 1132 is —0.840 compared to —0.802
for the Cd model) become more in line with that expected
from size and shape arguments which are expected to domi-
nate the orientational order of hydrocarbons. Our results are
clearly consistent with a temperature variation in Efg)”, and
this result provides a challenge for theoreticians.

The values obtained for E;, for all calculations that in-
clude the contribution of the anisotropic potential are all con-
siderably lower than the GAUSSIANO3 gas-phase value of
643 kcal mol~!. This agrees with earlier studies where the
effect of the condensed phase is found both theoretically?*3*
and experimentally (see Refs. 14,32, and references therein)
to lower the value of E,,. Hence, the condensed phase favours
the gauche conformer, which can be interpreted in terms of
packing effects on the entropy of the gauche being greater
than that for the trans.

The effect of the anisotropic intermolecular potential
Uis® on conformer populations is displayed in Figure 6 for
the full intramolecular fit ST where the populations calcu-
lated for the isotropic potential U/*° and the total potential
Uis® + Uis? are shown. It is clear that the anisotropic con-
tribution leads to an increase in the trans population, and that
the effect is larger at lower temperature where the conformer
orientational order is larger.

The Gp,,(butane) potential parameter values cal-
culated from the order parameters give the ratios of
GB,.(butane)/GB(ethane) as displayed by the points in Fig-
ure 7, left for SCB and right for 1132. While a slight variation

Downloaded 21 Dec 2011 to 131.174.19.37. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions



234506-9 NMR study of alkane conformational statistics

0.6 —

= ) t(total) 4
L t(iso) . ]
>
ot = J
05 - _
S| gr(iso) s (iso) 7
a,
= g*(total)+g(total) 4
0.4 — —

260 280 300 320
T /K

FIG. 6. Temperature dependence of butane trans and gauche conformer
probabilities from Table III fit ST where n(total) is the probability of con-
former n (which includes UI*® and U&"s° contributions to the Boltz-
mann factor) and where n(iso) is the probability calculated if we ignore
the anisotropic contribution. The gas-phase probabilities calculated from
Eq. (9) (setting U%? =0 and U,‘f"””(Q) = 0) are also shown. The high-

ext,n
temperature limitis p; = pg+ = pg- = %

with temperature is noted, the values are essentially constant,
indicating that scaling with either order parameter or with the
anisotropic potential parameter should give essentially equiv-
alent results.

H. Scaling to anisotropic potential parameters, fits
Uand UT

Propane and ethane have quite different orientational or-
der, and one would expect that it would be the ratio of the
anisotropic intermolecular potentials that would be constant.
We note that in an earlier study on scaling among samples of
differing concentrations it was found best to scale tcb order
parameters and not potential parameters.*> We also note in
Figure 2 (bottom panels) that the Gf ratios are also indepen-
dent of temperature.

The orientational order involves G(LC)gB(solute), and
logic (mean-field) would seem to suggest that changing
liquid-crystal conditions (via temperature or composition)
should change the G(LC) part only. Hence scaling using G
instead of the measured S (that can be used to calculate a
Maier-Saupe GfB) should work. To be complete, here we in-
vestigate ethane potential scaling for the butane problem.

Thus, we repeat S and ST calculations by scaling the bu-
tane Gp,,, parameters to GB(ethane) values (fits U and UT).
Now the calculation of Z"*° is done automatically in the fit.
The results are in Tables II and III. In general, the RMS is
improved, and the results make as much sense as for order
parameter scaling. The only problem is that E,, obtained for
1132 when a linear temperature dependence (fit UT) is im-
posed is rather lower than values obtained in the other calcula-
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FIG. 7. Ratio of butane potential parameters to those of ethane as a function
of temperature in SCB (left) and in 1132 (right). The points are values from
fits ST which include a linear temperature dependence of E;,. The lines are
the constant values obtained from the fits UT (scaling to anisotropic potential
parameters with a linear temperature dependence of Ejg). The z axis is the
PMI axis with lowest moment of inertia, y is the ¢, axis and x is perpendicular
toy and z.

tions, and when compared to values reported in the literature.
The 1132 5, value for linear temperature dependence (—0.36)
agrees with the CI model value.

The GB,,,(butane)/GB(ethane) values obtained when as-
suming a linear temperature dependence of E;, (UT) are given
as dotted lines in Figure 7 for direct comparison with those
found for ST. In all cases, GB,,(butane)/GB(ethane) is small
indicating that the principal axes of the B tensor lie close to
the PMI axes.

The values of all ratios in Figure 7 from scaling to the
ethane potential are in quite reasonable agreement with those
calculated from the order-parameter scaling. As both order-
parameter and potential scalings apply to propane/ethane
spectra, it is pleasing to see that both give almost equivalent
results for the butane spectra, with the exception that order pa-
rameter scaling does give the same results for 1132 and 5CB,
whereas potential scaling has problems with 1132 (quite low
value of E;,) while for 5CB it gives essentially the same result
as for order parameter scaling (see Figure 7).

IV. CONCLUSION

In this paper we obtain information about the confor-
mational averaging of butane in an orientationally ordered
condensed phase. We note that as we improve the details
of the calculation, we get not only lower RMS errors, but
also parameters that make more physical sense. The RMS
for the calculations involving integrating over all dihedral an-
gles using molecular energies calculated with GAUSSIANO3
is lower than for the same calculations using the three-state
RIS approximation. This RMS decreases when we include
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the anisotropic energy contribution to the conformer probabil-
ities, and further decreases when we include a linear temper-
ature dependence of Ej,. Indeed an RMS of 6.2 Hz for fitting
sixteen 1132 spectra, and 2.7 Hz for fitting nine 5CB spectra
is “spectacular”’! Consider what we do — we assume that each
of the three trans and the three gauche order parameters are
equal to a constant times the Dj,(ethane), and thus we vary
only eight or nine parameters being: the I'y,, I';;, and I, pa-
rameters for each of frans and gauche conformers, E;,(300),
E| and the CCH angle decrease. Plots of E;; versus T (Figure
5) look remarkably similar to the plot using the chord model
in Refs. 12 and 36.

The parameters obtained from this linear temperature fit
make excellent physical sense. The diagonalization angles 6,
and 6, are both quite small, indicating that the principal order-
ing axes for both conformers lie close to the principal inertial
axes. Of course there is no reason why the principal order-
ing and principal inertial axes should correspond. However,
in the sense that the PMI can be taken as some sort of crude
approximation of molecular shape, their proximity is a pleas-
ing result.

The asymmetry n of the diagonalized order matrix is
quite an interesting number. For calculations where we do not
include a temperature dependence of E, the typical values
we obtain are 1, ~ 0.2 and n, > 0. The values from mod-
els for short-range size and shape interactions are 1, ~ 0.1
and n, ~ —0.6. Of particular note here is that 7, is negative
for calculations involving models. In our present fits, we only
get this negative result when we include a temperature depen-
dence of E,. If orientational order is governed by size and
shape (which we strongly expect to be the case, especially
for hydrocarbons'®2!), then 5 should be consistent with size
and shape arguments which are the bases of the chord and CI
model calculations in Ref. 32.

The physics in the fits includes: 4° steps for methyl rota-
tion; the full potential for the dihedral angle; a possible tem-
perature dependence of E;, = E,’;” + Ef;"; Suv(butane, T)
= Dyy(ethane, T) x T";,,/1000 where six adjustable I";,,, ori-
entational parameter factors are used to fit all 9 or 16 spectra;
tcb splittings used to interpolate Di,(ethane, 7) values; the
contribution to the Boltzmann factor from the anisotropic po-
tential (by calculating the partition function when we fit the
S,.v(butane) to Maier-Saupe GB,,, parameters) which leads to
an increase in the trans population that is larger with higher
orientational order (Fig. 6); and a decrease in the CCH an-
gle to account for the nonrigid effect that is often found for
intramethyl dipolar couplings. Thus, we stress, when we in-
clude what we feel is all the physics in the best possible man-
ner we obtain: the reasonable value of 0.9° for the CCH an-
gle decrease; the principal ordering and inertial axes lie very
close to each other; the asymmetry in the order matrices are in
excellent agreement with size and shape model calculations;
and an RMS of 6.2 (1132) and 2.7 (5CB) Hz is obtained in
the ST calculations, these numbers being phenomenal consid-
ering that we are fitting 9 or 16 spectra over a 40° or 75°
temperature range.
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