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13C and 1H NMR spectroscopy have been used to study the orientational order which develops when a
nematogenic compound, 4-pentyl-4′-cyanobiphenyl (5CB), approaches the transition from the isotropic to
the nematic phase atTNI. The experiments yield values of field induced dipolar couplings,1DCHi

B , between all
of the directly bonded carbon and hydrogen nuclei in the molecule, and2DHH

B , the geminal dipolar coupling
between protons in the first methylene group in the alkyl chain. The temperature dependence of these couplings
shows that in each case they follow a divergence behavior governed by (T - T*)-1,whereT* is a temperature
determined from the experimental data and which is close to but less thanTNI. Experiments performed at
spectrometer field strengths of 11.75 and 18.79 T confirm the prediction that the induced couplings should
depend on the square of the applied field strength. It was found that, within experimental error,T* is the
same for each field-induced coupling, and thatTNI - T* is the same at 11.75 and 18.79 T. It is shown that
the set of field-induced couplings1DCHi

B obtained at a temperature close toTNI can be used to derive a
conformer distribution for 5CB in the isotropic phase.

Introduction

The molecules in all liquid crystalline phases have long-range
orientational order which is dramatically reduced in magnitude
on entering the isotropic phase atTI, but which does not vanish
entirely.1 Some angular correlations between the molecules exist
just aboveTI which decrease rapidly with increasing tempera-
ture, defining the pre-transitional region, and are eventually lost.
The extent of the pre-transitional ordering of the molecules can
be demonstrated by measurement of anisotropic properties of
the sample induced by the application of electric or magnetic
fields. The measurement of optical properties of the sample,
such as birefringence,∆nind, induced by electric or magnetic
fields is the most sensitive way of revealing pre-transitional
ordering, and they were the stimulus for developing theories
for this phenomenon.2 Thus, it was shown that values of∆nind

depend on the square of the applied field and on (T - T*)-1,
whereT* is identified by Landau-de Gennes theory as being
the temperature at which a second-order transition to the liquid
crystalline phase would occur if a first-order transition atTI

had not taken place. There is just one value of∆nind that can
be measured for a particular liquid crystalline sample at each
temperature, and so these experiments are not able to probe the
effects of the molecular structure on the pre-transitional order.
This became possible when it was shown that magnetic field
induced quadrupolar splittings,∆νi

B, of nuclei such as deu-
terium, can be observed by NMR spectroscopy when the static
magnetic field,B0, is at least∼9 T.3 The first experiments were

on nonmesogenic compounds dissolved in isotropic solvents,
but this stimulated work on deuterated mesogens4 and dissolved
solutes in mesogenic solvents5 in the region close toTNI where
pre-transitional orientational order develops. However, there are
some problems in realizing a wider application of deuterium
NMR for studying pre-transitional order. The most important
of these is that the spectral lines broaden asTI is approached,
which combined with the small chemical shift range for
deuterium leads to strongly overlapping lines which are difficult
to deconvolute. A second, general problem is that the spectrum
does not yield the signs of the splittings and this leads to
ambiguities in relating the magnitudes of the∆νi

B to the
molecular structure. The third disadvantage is that it has been
necessary, so far, to enrich the molecules in deuterium to obtain
spectra, although this may not be necessary with modern
spectrometers in the future, particularly if deuterium cryoprobes
are developed enabling2H spectra to be obtained at natural
abundance.

We present here an alternative NMR method, which is to
use13C and1H as the probe nuclei. Consider first the NMR
spectrum of a single13C nucleus bonded to a group containing
NH equivalent protons. The spectrum atT . TI will be
dominated by the scalar coupling1JCH between the directly
bonded carbon and hydrogen nuclei to produce a multiplet of
NH + 1 lines. There may be further, smaller splittings from
longer range couplings, which usually do not prevent a
measurement of the magnitude of1JCH. On approachingTI, the
splittings will be modified to be

where 1DCH
B is a dipolar coupling induced by the magnetic

field. The sign of1JCH can safely be taken to be positive, and
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1∆CH ) 1JCH + 21DCH
B (1)
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there will always be temperatures when|1JCH| > |1DCH
B |, so

that the magnitude of1∆CH provides both the magnitude and
sign of 1DCH

B . A second advantage is that13C chemical shifts
are large enough, particularly at high magnetic fields, that
spectral overlap is considerably less of a problem than for
deuterium, although not entirely absent. Finally, it is possible
to obtain spectra with excellent signal-to-noise for natural
abundance13C so that tedious and costly isotope enrichment is
not necessary. If longer-range couplings are resolved, either
scalar or induced dipolar, these may complicate the spectrum
but also yield more information.

Proton NMR spectra will also change for a liquid crystalline
sample asTI is approached from above. Induced dipolar
couplingsDHiHj

B will affect the spectra, but in a more complex
way, which may require either more sophisticated experiments
or second-order spectral analysis.

Field induced dipolar couplings can be observed in mesogenic
samples at fields as low as 9.4 T, but as the couplings should
depend onB0

2 then there is an advantage in using a field as
high as possible, provided that the line widths do not also
increase withB0. Experiments are reported here on the nem-
atogen 4-pentyl-4′-cyanobiphenyl (5CB), whose structure is
shown in Figure 1, at field strengths of 9.4, 11.75, and 18.79
T, which enabled the effect of field strength on the spectra to
be investigated. The main objectives of this paper are to
demonstrate that the induced couplings obtained can be used
to test the molecular mean field theory of pre-transitional
ordering, principally via the form of the temperature dependence
of Dij

B, and also to show how they may be used to determine
the orientational order and conformational distribution of the
molecules in the pre-transitional region.

Experimental Section

NMR Spectroscopy.A sample of pure 5CB was obtained
from Merck. It had a nematic-isotropic transition temperature
of TNI ) 308.4 K. The different spectra were recorded at the
three field strengths. The three spectrometers used were a Bruker
DRX 400 MHz, a Varian Unity+ 500 MHz, and a Varian Inova
800 MHz. In each case, the temperature was controlled by the
standard equipment supplied by the spectrometer manufacturers.
These have a setting precision of 0.1°C. A temperature gradient
over the probe coil volume will produce a broadening of the
spectral lines, and the observed line widths and shapes suggest
that the gradients for each of the three spectrometers used was
<0.05 °C.

The proton spectra were obtained with 8 acquisitions on
16 384 points, and 64 for the carbon-13 spectra on 16 384 points.
Proton irradiation was not used during the acquisition period,
because the13C-1H couplings are required. Irradiating the
protons between acquisitions is usually used even when not used
for decoupling, to improve the signal strength by the NOE effect.
This was not done here since it can lead to an unacceptable
amount of sample heating.

At temperatures more than 2°C aboveTNI, the13C lines show
evidence of long-range coupling, but this becomes unresolved
at lower temperatures, and a Lorentzian line broadening of 2
Hz was applied to increase the signal-to-noise ratio. Zero-filling
of the 13C fids to 128 k was applied to increase the digital
resolution. Two-dimensional (2D) selective refocusing (SERF)
spectra6 were obtained using the pulse sequence shown in Figure
2. The 2D SERF experiment was applied to the protons of the
methylene group attached to the phenyl ring (note that in this
case, both selective pulses are applied to the A and B proton
spins since the two methylene protons have degenerate chemical
shifts). E-BURP2 and RE-BURP shaped pulses were used as
selective excitation and refocusing pulses, respectively.7 The
length of the two selective pulses was 14.5 ms. Spectral widths
of 30, 40, and 150 Hz in F1 were used for spectra recorded at
9.4, 11.75, and 18.79 T, respectively. A total of 64t1 points
were recorded with 8 scans each. A square cosine apodization
was applied in both dimensions.

Measurement of the Field-Induced Splittings.The1H and
13C spectra were assigned by a standard 2D HSQC experiment
and a 2D INADEQUATE experiment8 recorded at 9.4 T on a
sample of pure 5CB in the isotropic phase at 323.0 K (not
shown). Having assigned the spectral lines, the next step was
to record a13C spectrum at 9.4 T of a sample dissolved in CDCl3

to obtain the1H-13C scalar coupling.1H and13C spectra were
then recorded for pure 5CB at the three field strengths and over
a range of temperatures in the isotropic phase. Figure 3 shows
the carbon spectra of 5CB taken atT - TNI of 0.2 and 13.6°C
at 18.79 T. The carbon spectra are simple to analyze, and values
of 1∆CH are obtained from peak separations by fitting line
shapes.

Figure 4 shows the triplet from the carbon at position 9 at
the three field strengths, and also for the sample dissolved in
CDCl3. Note that the line widths in the13C spectra of pure 5CB
are broader than those for the CDCl3 solution and they increase
as TNI is approached. They do not, however, depend on the
magnetic field strength. The splittings1∆CHi obtained atB0

values of 11.75 and 18.79 T are given in Tables 1 and 2,
respectively; the values measured at 9.4 T are not given: they
are small, and obtained with poor precision.

Figure 5 shows the1H spectra of 5CB at 18.79 T atT - TNI

of 0.2 and 13.6°C. The broadening of the lines asTNI is
approached is more important for proton than carbon spectra
because it leads to a loss of spectral resolution making it
difficult, if not impossible, to extract values ofDij

B for most
sites in the molecule. There may also be an increase in
complexity of the multiplet pattern of the CH2 groups as the
induced dipolar couplings increase in magnitude. This is clearly
seen for the methylene group at position 9 (resonance at 2.6
ppm). At T - TNI ) 13.6°C the spectrum is a triplet, which is
an example of “deceptive simplicity”. These methylene protons

Figure 1. Structure and labeling of the nematogen 4-pentyl-4′-
cyanobiphenyl (5CB). Figure 2. Pulse sequence for the selective refocusing experiment

(SERF). The first pulse is a 90° pulse selective to resonance A, which
is coupled to B. The second pulse is a 180° pulse applied to both A
and B resonances.
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are not magnetically equivalent and to describe correctly the
spectrum it is sufficient to consider them as the AA′ part of an
AA ′MM ′ spin system, if we consider coupling to only theâ
methylene group. The spectra depend on the coupling constants
3JAM ) 3JA′M′, 4JAM ′ ) 4JA′M, 3JAA ′, and3JMM ′, and the AA′ and
MM ′ parts should each consist of 10 lines. However, the
spectrum of the methylene protons at the position 9 appears as
a simple 1:2:1 triplet because of a particular combination of
the values of the coupling constants and chemical shifts. When
the induced dipolar couplings become appreciable compared
with the scalar couplings, then the total couplings may no longer
be such as to produce deceptive simplicity, and a more complex
multiplet results. This is clearly seen in Figure 5 for the
methylene group at position 9, which evolves from a triplet into
an ill-resolved doublet-like structure. One way of changing the
spin system for such a methylene group is to do a 2D selective
spin-echo experiment (SERF).6 When all selective pulses are
applied on the methylene protons, the spin-echo sequence
refocuses the chemical shifts and all couplings to nonresonant
spins, and converts the spin system to an oriented A2 spin
system, which gives a doublet with separation 3DAA. The result
of such a SERF experiment done at 800 MHz on the C9

methylene protons is shown in Figure 6, where it is seen that
the projection on the F1 axis is indeed a doublet; the small
central peak arises from imperfections in the RF pulses. The
SERF experiment allowed the temperature dependence of
DHH9

B to be obtained, as shown in Figure 7.

Results and Discussion

The molecules of 5CB are flexible by virtue of rotations about
bonds, and they can be considered to exist in a set of rigid
conformations. A biaxial molecule in thenth conformation in

Figure 3. (a) Aliphatic part, and (b) aromatic part of 200 MHz13C
spectra (B0 ) 18.79 T) of 5CB atT - TNI of 0.2 and 13.6°C.

Figure 4. 13C spectra of the carbon 9 of 5CB for a sample (a) dissolved
in CDCl3 at 9.4 T, for pure sample in the isotropic phase close toTNI

at field strengths of (b) 9.4, (c) 11.75, and (d) 18.79 T. The vertical
lines illustrate how the splitting increases with increasing the field. A
Lorentzian line broadening of 1 Hz was applied to increase the signal-
to-noise ratio.

TABLE 1: Splittings 1∆CHi (in Hz) Obtained at a B0
Value of 11.75 T for Different Shifted Temperatures
T - TNI in °Ca

i 2 3 6 7 9 10 11 12 13

T - TNI

7.1 162.1 165.7 156.9 156.8 126.8 125.2 123.7 125.7 124.8
5.1 162.2 165.8 157.0 156.9 127.6 125.4 123.8 126.2 125.0
3.1 162.4 166.0 157.0 156.9 128.0 125.7 124.4 126.2 125.2
2.9 162.4 166.0 157.1 157.0 128.4 125.7 123.9 126.4 125.1
2.7 162.4 165.9 157.1 156.9 128.1 126.0 124.2 126.6 125.1
2.5 162.4 166.0 157.1 157.1 128.1 125.9 124.0 126.5 125.0
2.3 162.5 166.0 157.2 157.1 128.2 125.9 125.1 126.4 125.4
2.1 162.5 166.1 157.2 157.1 128.7 126.2 124.8 126.6 125.3
1.9 162.6 166.2 157.2 157.1 128.7 126.3 125.4 126.7 125.3
1.7 162.6 166.1 157.2 157.1 128.6 126.4 124.8 126.9 125.3
1.5 162.7 166.2 157.3 157.2 129.3 126.3 124.6 126.7 125.4
1.3 162.8 166.4 157.3 157.3 129.6 126.9 125.9 126.8 125.8
1.1 163.0 166.4 157.3 157.3 129.9 127.2 125.8 127.1 126.1
0.9 163.2 166.5 157.4 157.5 130.2 127.3 125.8 127.1 126.1
0.7 163.2 166.7 157.4 157.5 131.3 127.5 126.3 128.0 126.3
0.5 163.6 166.9 157.6 157.6 132.3 128.2 126.3 128.0 126.4
0.3 164.0 167.2 157.9 158.0 133.8 128.8 127.4 128.8 126.8
0.1 164.5 167.7 158.3 158.2 135.5 130.3 128.6 129.2 127.4

a The letteri refers to the carbon position according to the labelling
of Figure 1.
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the presence ofB0, the magnetic field of the NMR spectrometer,
will experience a magnetic torque given by1,9,10

where theø2,m
n are components of the anisotropic part of the

molecular magnetic susceptibility tensor in irreducible form, and
theC2,m(ân,γn) are second-rank, modified spherical harmonics;11

ân andγn are polar angles made byB0 in the principal frame of
the tensorøn.

The molecules also interact with each other such that, by
analogy with molecules in liquid crystalline phases, a local
director can be defined, and the anisotropic potential of a
molecule in the average field of all its neighbors is

where the expansion coefficientsεL,m
n describe the strength of

the anisotropic intermolecular potential.
The infinite expansion is approximated by restricting the

summation to terms withL ) 2 to give

where it has been assumed that the principal axes for the
interaction tensorεn are collinear with those oføn. Note that
the second term on the right-hand side of eq 4 is nonzero only
for biaxial molecules. For a molecule with a positive anisotropy
of the diamagnetic susceptibility, the local directors are aligned
along B0. In this case the total anisotropic mean energy,
Usum

n (ân,γn,n), is

TABLE 2: Splittings 1∆CHi (in Hz) Obtained at B0 Value of
18.79 T for Different Shifted TemperaturesT - TNI in °Ca

i 2 3 6 7 9 10 11 12 13

T - TNI

13.6 162.3 165.7 157.0 157.2 127.4 127.0 125.7 126.2 124.9
11.6 162.3 165.8 157.3 157.3 127.7 126.9 126.1 126.3 125.0
9.6 162.3 165.8 157.3 157.4 128.2 127.1 126.5 126.6 125.1
7.6 162.5 165.9 157.4 157.4 128.6 127.4 126.6 126.7 125.3
5.6 162.7 166.1 157.5 157.6 129.4 127.9 127.1 126.9 125.5
4.6 162.9 166.2 157.8 157.6 129.8 128.2 127.8 127.1 125.7
3.6 163.1 166.3 157.7 157.8 130.7 128.8 128.5 127.6 126.1
3.1 163.2 166.5 157.9 158.0 131.2 129.1 128.5 127.6 126.4
2.6 163.5 166.7 158.1 158.2 132.2 129.5 129.1 128.1 126.4
2.4 163.6 166.8 158.2 158.2 132.5 129.8 129.2 128.4 126.7
2.2 163.6 167.0 158.3 158.3 133.0 129.9 129.7 128.5 126.7
2.0 163.9 167.0 158.5 158.4 133.4 130.6 129.8 128.5 126.7
1.8 163.9 167.2 158.6 158.5 133.9 130.6 130.2 129.0 127.0
1.6 164.2 167.3 158.7 158.7 134.6 131.0 130.6 129.2 127.3
1.4 164.4 167.6 158.9 158.9 135.2 131.6 131.5 129.5 127.4
1.2 164.7 167.8 159.2 159.1 136.2 132.1 132.0 129.8 127.8
1.0 165.1 168.0 159.4 159.4 137.6 132.9 133.0 130.4 128.1
0.8 165.6 168.5 159.8 159.7 139.4 134.0 134.1 131.1 128.7
0.6 166.1 169.1 160.4 160.3 141.6 135.6 135.9 132.1 129.3
0.4 167.2 170.0 161.2 161.0 145.7 137.8 138.8 133.7 130.6
0.2 168.3 171.2 162.1 161.9 149.9 140.9 140.9 135.4 131.8

a The letteri refers to the carbon position according to the labelling
of Figure 1.

Figure 5. 800 MHz 1H spectra (B0 ) 18.79 T) of 5CB atT - TNI of
0.2 and 13.6°C.

Figure 6. 800 MHz 1H SERF spectrum of 5CB atT - TNI ) 0.2 °C.

Figure 7. Projection on F1 of the 2D SERF spectrum at various values
of T - TNI at 18.79 T.

Umol
n (ân,γn,n) ) -ε2,0

n C2,0(ân) - 2ε2,2
n C2,2(ân,γn) (4)

Umag
n (ân,γn,n) ) -(1/2)B0

2[ø2,0
n C2,0(ân) + 2ø2,2

n C2,2(ân,γn)]
(2)

Umol
n (ân,γn,n) ) - ∑

L,m
even

∞

εL,m
n CL,m(ân,γn) (3)
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The molecules will have a degree of orientational order relative
to the magnetic field direction, and for second-rank interactions
such as the dipolar coupling, only the second-rank order
parameters,Ch 2,m

n , are required, and these are given by

In the isotropic phaseUsum
n (ân,γn,n)/kBT , 1 so that the

exponential may be truncated to{1 - Usum
n (ân,γn,n)/kBT}, and

the orthogonality of theC2,m(ân,γn) leads to the simple result

Note that this simple result means that eq 3 can be regarded as
being exact rather than an approximation.

WhenT . TNI, ε2,m
n , B0

2ø2,m
n andX2,m

n ) (1/2)B0
2ø2,m

n , and
the induced ordering is that for a single molecule. When
T is close toTNI, the conditionε2,m

n . B0
2ø2,m

n is approached,
and now the conformational order parametersCh 2,m

n are domi-
nated by the magnitude of the anisotropic, intermolecular
interactions.

Temperature Dependence of the Induced Dipolar Split-
tings. To understand the temperature dependence of the induced
ordering, and hence of the dipolar couplings, it is necessary to
propose a relationship between the interaction coefficients,
ε2,m

n , and the order parameters,Ch 2,m
n . The coefficients must

vanish when the orientational order vanishes, and so the simplest
form for this relationship is1,9

The coefficientsu2mn depend on the nature of the anisotropic
intermolecular forces.10 We will also invoke the standard
approximations of the molecular mean field theory

which together with eq 7 leads to the relationships9

whereTn* is

and is the temperature at which a second-order transition to the
nematic phase would occur if the first-order transition atTNI

had not taken place, where

The induced dipolar couplingDij
nB(T) between nucleii and j in

conformationn at temperatureT is given by

where Ch ij
n is an order parameter for the direction along the

vector r ijn, and 〈rijn
3〉 is an average over small-amplitude

vibrational motion. The constantKij is

and is independent ofn.
Transforming to the principal axis frame for the order matrix

Ch n gives

The anglesθijn and φijn describe the orientation ofr ijn in the
principal frame of the molecular order tensor.

The observed induced dipolar couplings are averages over
all of the conformations

The probability,P(n,T) that the molecule has conformationn
at temperatureT is given by

with

Utotal
n (ân,γn,n), the total mean potential for conformern, is the

anisotropic potentialUsum
n (ân,γn,n) plus Uint(n), the energy of

the conformer which is independent of orientation, and which
is determined by the bond rotation potentials. Thus

The temperature dependence ofDij
B(T) can be obtained by

using eqs 10-18, but it is more useful to consider first how the
complex expressions involved may simplify. The complexity
stems from allowing for the biaxiality in the ordering of the
individual conformers. If the biaxiality can be neglected, then
the simple result is obtained

with

The proportionality constantAij{ø2,0
n ,P2(cosθij

n)} is an average
over all conformations, and depends oni and j, but T* is the
same for all couplings. Note that all of the couplings are directly
proportional toB0

2. The effect of biaxial ordering is in principle
to produce deviations from the behavior predicted by eq 22,

Usum
n (ân,γn,n) ) Umol

n (ân,γn,n) + Umag
n (ân,γn,n)

) -{ε2,0
n + (1/2)B0

2ø2,0
n } C2,0(ân) - {2ε2,2

n + B0
2ø2,2

n }C2,2(ân,γn)

) -X2,0
n C2,0(ân) - 2X2,2

n C2,2(ân,γn) (5)

Ch 2,m
n ) (1/4π)∫0

2π
dγn ∫0

π
sin ân dân[C2,m

n

exp{-Usum
n (ân,γn,n)/kBT}] (6)

Ch 2,m
n ) X2,m

n /(5kBT) (7)

ε2,0
n ) u200

n Ch 2,0
n + u202

n Ch 2,2
n (8)

ε2,2
n ) u220

n Ch 2,0
n + u222

n Ch 2,2
n (9)

u202
n ) u220

n ) (u200
n u222

n )1/2 (10)

Ch 2,0
n )

[λnu200
n (ø2,2

n - λnø2,0
n ) + 5kBTø2,0

n ]B0
2

50kB
2T(T - Tn*)

(11)

Ch 2,2
n )

[u200
n (λnø2,0

n - ø2,2
n ) + 5kBø2,2

n T]B0
2

50kB
2T(T - Tn*)

(12)

Tn* ) u200
n (1 + λn

2)/5kB (13)

λn ) u220
n /u200

n (14)

Dij
nB(T) ) -KijCh ij

n/〈rijn
3〉 (15)

Kij/Hz ) µ0γiγjh/16π3 (16)

Dij
nB(T) ) -(Kij/〈r ijn

3 〉)[Ch 2,0
n (3 cos2 θijn - 1)/2 +

((3/2))1/2Ch 2,2
n* sin2 θijn cos2φijn] (17)

Dij
B(T) ) ∑

n

P(n,T)Dij
nB(T) (18)

P(n,T) ) Q-1 ∫ exp[-Utotal
n (ân,γn,n)/kBT] sin ân dân dγn

(19)

Q ) ∑
n
∫ exp[-Utotal

n (ân,γn,n)/kBT] sin ân dân dγn (20)

Utotal
n (ân,γn,n) ) Usum

n (ân,γn,n) + Uint(n) (21)

Dij
B(T) )

Aij{ø2,0
n ,P2(cosθij

n)}B0
2

T - T*
(22)

T* ) ∑
n

P(n,T ) T*)u200
n /5kB (23)
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with a more complex dependence on temperature, but retaining
the dependence of all of theDij

B on B0
2.

Figure 8 shows the temperature dependence of 3DHH, the
splitting determined from the SERF experiments for the pair of
methylene protons at theR chain position. The values obtained
for aHH andT* by fitting the data for 3DHH

B to eq 24 are given
in Table 3.

The values of aHH are predicted to be dependent onB0
2, and

their observed ratio of 2.9( 0.2 is in good agreement with the
expected value of 2.6.

The splittings1∆CiH measured from the13C spectra all follow
the relationship

to good precision, as illustrated in Figure 9 for the C9-H
splitting.

The values obtained forai, bi, andci are given in Table 4.
Figure 10 shows the ratioai(18.79 T)/ai(11.75 T) for both HH
and C-H data. The slope of the plot in Figure 10 is 2.9( 0.1,
with an intercept of-0.3 ( 0.6, which compares with the
expected values of 2.6 and 0. The mean values ofTNI - T* are
0.63( 0.01°C for the data obtained atB0 ) 11.75 T, and 0.6
( 0.1 °C for 18.79 T, and there is no evidence, therefore, for
a dependence ofTNI - T* on the magnetic field strength. The
values found here are significantly smaller than that of 0.9°C
obtained from field-induced deuterium quadrupolar splittings
at 9.4 T,4 and from Kerr constant measurements, using a DC
electric field, of 1.1( 0.3 °C.12 Note that the values ofci are
in all cases within experimental error equal to1JCHi measured
for the isotropic solution in CDCl3.

Structure and Conformation from Induced Couplings. It
is possible to use values ofDij

B(T) to determine the conforma-
tional distribution and orientational order of the molecules in
the pre-transitional region in a manner analogous to that used
for molecules in the liquid crystalline phase. Thus, as the

temperature approachesTNI, the mean anisotropic potential given
by eq 5 becomes dominated byUmol

n (ân,γn,n). This has the
same form as that used to describe the mean anisotropic potential
for a molecule in the nematic phase, except that now the
truncation of the infinite expansion of eq 3 at the terms withL
) 2 can be regarded as being exact, rather than an approxima-
tion. Utotal

n (ân,γn,n) becomes

When the mean potential is expressed in this way, it is possible
to obtain the conformational distributionP(n,T) by fitting
observed to calculated data, but it also possible to determine
Piso(n,T), which is defined as

with

Piso(n,T) is the conformational distribution for an isotropic
distribution of the molecules at temperatureT. For 5CB in the
nematic phase,P(n,T) and Piso(n,T) are substantially differ-
ent.13,14Thus,P(ttt,T ) 286 K), the probability of the conformer
with a fully extended chain was determined to be 0.42
(normalized over 27 chain conformations), whereas the value
determined forPiso(ttt,T ) 286 K) was predicted to be 0.31, a
reduction by a factor of 0.75. The interesting question arises as
to whetherP(n,T) obtained for the molecules in the isotropic
phase from the data setsDij

B(T) will be equal to Piso(n,T)
obtained from the nematic phase data, making allowance for
the difference in temperature.

The conformational probabilities for the pre-transitional region
will be derived from the values ofDij

B(T) in the same way as
was done for the nematic phase data, using the same theoretical
model and the same molecular geometry. Thus, the additive
potential (AP) model is used for the conformational dependence
of the interaction coefficientsε2,m

n in eq 2 to give

where ε2,p(j) is a contribution toε2,m
n from the jth rigid,

molecular fragment, whose orientation to a molecular reference

Figure 8. Temperature dependence of 3DHH
B , the peak separation

measured by the SERF experiment for the methylene protons at position
9 in the alkyl chain in 5CB. The points (b) are forB0 ) 18.79 T, and
the (O) are forB0 ) 11.75 T. The curves are best least-squares fits to
eq 24.

TABLE 3: Values of aHH and T* Obtained by Fitting 3DHH
B

to eq 24 at Field Strengths of 11.79 and 18.89 T

B0/T 11.79 18.89
aHH/Hz K-1 14.2( 0.4 41.4( 1.4
T*/K 307.79( 0.03 307.58( 0.04

3DHH ) aHH/(T - T*) (24)

1∆CiH
) ai/(T - bi) + ci (25)

Figure 9. Temperature dependence of the induced splitting1∆CiH for
the C9 position, at 11.75 T (open) and 18.79 T (closed symbols). The
curves are best fits to eq 25.

Utotal
n (ân,γn,n) ) Umol

n (ân,γn,n) + Uint(n) (26)

Piso(n,T) ) Qiso
-1 exp[-Uint(n)/kBT] (27)

Qiso ) ∑
n

exp[-Uint(n)/kBT] (28)

ε2,m
n ) ∑

n

ε2,p(j)Dp,m
2(Ωj

n) (29)
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frame is described by the Wigner matrixDp,m
2(Ωj

n). For 5CB
the rigid fragments, and their interaction tensor contributions,
ε2,p(j), are chosen to be the following:

εzz andεxx - εyy for

εCC for a C-C bond in the aliphatic chain;
εCH for a C-H bond in the aliphatic chain.
The structure and orientation relative to the reference axes

xyzof the cyanylated ring affect the values derived forεzz and
εxx - εyy, but they do not need to be taken into account
explicitely. This is a consequence of theC2V symmetry of the
inter-ring bond rotation potential.

The potential energy for rotation about each of the chain
Cr-Cr+1 bonds, through an angleφr, with r ) 9-11 is assumed
to have minima atφr ) 0° (trans), and(112° ((gauche), with

an energy differenceEtg and conformers with other values of
φr are neglected. Rotation about the C8-C9 bond is taken to
have 2-fold symmetry with minima atφ8 ) 90° and 270°, which
correspond to the plane C8-C9-C10 being orthogonal to the
attached ring plane.15 Only these two conformations of ring and
chain are considered to be populated. The bond lengths and
angles are chosen to be those used previously for the study of
5CB in the nematic phase.14

The mean internal energy,Uint(n) is assumed to have the form

whereNg(n) is the number of gauche configurations in con-
formern. The summation in eq 30 was taken only over hydrogen
atoms, and only those which are separated by four or more
bonds. The parametersEi andAi are given the values optimized
to fit the data for 5CB in the nematic phase (EH ) 0.15 kJ mol-1,
AH ) 0.85 Å), which give a significant contribution toUint(n)
only for severely sterically hindered conformers.

The data set used for the nematic phase was the quadrupolar
splittings,∆νi, obtained for a sample deuterated in each chain
position, and in the attached phenyl ring. The mean ring
quadrupolar splitting,1/2(∆ν6 + ∆ν7), and the five quadrupolar
splittings for the alkyl chain deuterium nuclei were used to
obtain a common value ofEtg ) 3.28 kJ mol-1 for each bond
rotation in the alkyl chain. A similar data set for the pre-
transitional region atT - TNI ) 0.2°C was chosen as the mean
of the ring dipolar couplings,1DCHring

B ) (1/2)(1DCH6
B + 1DCH7

B ),
plus the five values of1DCHi

B for the alkyl chain, and these were
matched to values calculated by varyingεzz, εxx - εyy, εCC, and
εCH, with Etg fixed at 3.28 kJ mol-1. The calculated and observed
values of1DCHi

B are given in Table 5.
The agreement is excellent, which is strong support for the

method used to derive conformational distributions and orien-
tational order in both liquid crystalline and isotropic phases.
Note too, that, as expected, for the isotropic phaseP(n,T ) 308.6
K) ) Piso(n,T ) 308.6 K). A similarly good agreement between

TABLE 4: Values of ai, bi, and ci Obtained by Fitting 1∆CiH Splittings to eq 24 for Spectra Obtained at 11.75 and 18.79 Ta

carbon,i B0/T ai/(Hz K-1) bi/K ci/Hz 1JCHi/Hz (all ( 0.4)

2 11.8 1.9( 0.1 307.79( 0.05 161.83( 0.05 162.1
18.8 5.1( 0.2 307.82( 0.02 161.87( 0.04

3 11.8 1.5( 0.1 307.82( 0.06 165.53( 0.04 165.5
18.8 4.0( 0.1 307.91( 0.02 165.42( 0.03

6 11.8 0.64( 0.08 308.85( 0.05 156.89( 0.03 156.9
18.8 4.1( 0.2 307.83( 0.03 156.85( 0.05

7 11.8 1.2( 0.2 307.7( 0.1 156.64( 0.06 156.7
18.8 3.8( 0.1 307.84( 0.02 156.94(0.03

9 11.8 6.4( 0.6 307.83( 0.06 126.2( 0.2 126.2
18.8 17.55( 0.05 307.86( 0.02 126.18( 0.06

10 11.8 3.7( 0.4 307.82( 0.06 124.7( 0.1 125.5
18.8 10.2( 0.2 307.91( 0.02 126.18( 0.06

11 11.8 4.7( 1.4 307.6( 0.2 123.0( 0.4 124.6
18.8 12.7( 0.6 307.82( 0.04 125.1( 0.2

12 11.8 3.1( 0.6 307.7( 0.1 125.5( 0.2 125.4
18.8 7.4( 0.3 307.84( 0.03 125.74( 0.06

13 11.8 2.7( 0.5 307.6( 0.2 124.4( 0.1 124.4
18.8 5.9( 0.3 307.79( 0.04 124.58( 0.07

a The values of1JCHi obtained from the spectrum of 5CB in CDCl3 are shown in the last column for comparison with values ofci.

Figure 10. Ratio ofai values obtained from the temperature depend-
ences ofDHH

B and1∆CHi (labeled with the positioni) at values ofB0 of
11.75 and 18.79 T.

Uint(n) ) Ng(n)Etg + ∑
i<j

(EiEj)
1/2((Ai + Aj)/rijn)12 (30)
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observed and calculated values of1DCHi
B is obtained for

temperatures up toT - TNI ) 1.4 °C.
The calculated value ofDHH9

B for 308.6 K is 0.77 of that
observed, and a similar difference holds for other temperatures.
Including this coupling in the fitting process for the pre-transition
data, while keeping the same geometrical parameters as used
for the nematic phase does not change appreciably the agreement
between observed and calculated values of the1DCHi

B , and so
does not change the conclusion that the13C-H couplings
observed in the isotropic phase provide strong support for the
method used to derive conformational distributions and orien-
tational order in both liquid crystalline and isotropic phases.

It is interesting to speculate on why the observed and
calculated values of theDHH9

B are in poor agreement. The most
probable reason is that the geometry of the fragment requires

adjustment. However, includingDHH9
B into the data set used to

obtain the structure (and hence of the conformational distribu-
tion) raises the problem of the effect on dipolar and quadrupolar
couplings of vibrational motion. The model being tested here
for obtaining the conformational distribution uses quadrupolar
splittings for the nematic phase, and C-H dipolar couplings
for the isotropic phase. The dipolar couplings are related to
Ch CHi, the average over all conformations of the order param-
eter for the Ci-H bond (cf eq 15):

The quadrupolar splitting for the same site,∆νi, is related to
Ch CDi, which is assumed to equalCh CHi, and also toCh CDi

biaxial, a
biaxial order parameter, averaged over all conformations, of axes
orthogonal to the bond direction, by

where qCDi is the component along the C-D bond of the
deuterium quadrupolar tensor, and∆qCDi is the difference in
components orthogonal to the bond. The second term in eq 32
is usually much smaller than the first and is often neglected, as
was the case when analyzing the quadrupolar splittings observed
for 5CB in the nematic phase.13,14In this case, the simple result
is obtained that both1DCHi

B and∆νCDi are directly proportional
to Ch CHi and can be considered to be equivalent data sets. This
conclusion also assumes that both1DCHi

B and∆νCDi are affected
in a similar way by vibrational averaging. This assumption has
not been tested, but it can be argued to be reasonable since for

both interactions the largest effect of vibrational motion in each
conformer of the molecule will be to average the orientation of
the C-H or C-D bond relative to the principal axes of the
order matrix of that conformer. The effect of vibrational motion
on DHH9

B is probably of a different magnitude from that on the
C-H couplings, since now the dominant effect will come from
low-frequency modes which change both the orientation and
magnitude of the vectorrHH.

Conclusions

The advantages of using NMR spectroscopy to study pre-
transitional ordering was first demonstrated using deuterium as
the resonant nucleus.4,5 In contrast to the “classical” experiments,
the NMR experiments can explore the effects of molecular
symmetry and flexibility. However, the need to deuterate the
mesogenic molecules has severely limited the application of this
method. It is clear from this study on 5CB that using13C and
1H as the resonant nuclei gives the same information as
deuterium on pre-transitional ordering of molecules, but without
the need of isotope enrichment, and so the method can be
applied in principle to any liquid crystalline sample.

The values ofDij
B obtained from these experiments can be

used to test predictions for the temperature dependence of these
couplings, and most importantly the data at temperatures close
to TNI may be used to derive the conformational distribution of
the mesogenic molecules in the isotropic phase. The data
analyzed here for 5CB show thatPiso(n,T) obtained from
quadrupolar splittings in the nematic phase is virtually identical
with P(n,T) obtained from magnetic field induced C-H dipolar
couplings in the isotropic phase. This gives strong support to
the theoretical models used to analyze data obtained on liquid
crystalline phases which yieldP(n,T), and predictPiso(n,T).

The present study has been on a representative nematogen,
but the NMR experiments demonstrated here can be applied to
any liquid crystalline sample. In particular, it will be very
interesting to extend these studies of field induced dipolar
couplings to mesogens which have a high degree of molecular
flexibility such that in the liquid crystalline phase there is
predicted to be a very large difference betweenP(n,T) and
Piso(n,T), this work is currently underway.

The magnitude of the field induced couplings depend onB0
2,

and although it is obviously an advantage to use a spectrometer
operating at the very highest fields available (at the moment
this corresponds to static fields of∼21 T), useful data can also
be obtained at lower fields, such as 11.75 T for the 5CB
compound.
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