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Orientational ordering in the nematic phase of
4-alkyl-4 ¾ -cyanobicyclohexanes

HONG SUN, M. DAVID ROTH and B. M. FUNG*

University of Oklahoma, Department of Chemistry and Biochemistry, Norman,
Oklahoma 73019-3051 , USA

(Received 7 February 2001; accepted 24 April 2001 )

The orientational ordering of three liquid crystals (trans,trans-4-n-alkyl-4 ¾ -cyanobicyclohexanes)
has been investigated using 13C NMR. 2D proton-encoded local � eld spectroscopy was used
to determine the 13C-1H dipolar coupling constants, from which the order parameters were
calculated. Semi-empirical linear relations between the obtained order parameters and aniso-
tropic 13C chemical shifts were established. It was found that the order parameters of the
major axis of the cyclohexane rings are smaller than those of liquid crystals with phenyl rings,
and the order parameters of the C–H bonds in the aliphatic chains also behave diŒerently.

1. Introduction The 2D SLF and PELF methods can be used to
Many physical properties of liquid crystals are related obtain order parameters of molecular segments, but

to the presence of orientational ordering, which can be require long spectrometer time and extensive data pro-
studied by a variety of methods, such as IR and Raman cessing. On the other hand, the order parameters can be
spectroscopy, X-ray diŒractometry, dielectric relaxation, readily related to the anisotropic chemical shifts. After
and NMR spectroscopy. NMR provides the most detailed the order parameters have been determined from 2D
information at the molecular level because diŒerent studies at several diŒerent temperatures, it is possible to
segments of the molecules can be studied. 1H NMR study the ordering behaviour of liquid crystals in small
is eŒective for the study of small molecules dissolved steps of temperature variation by combining the 1D and
in liquid crystalline solvents [1]. 2H NMR can give 2D data [5, 15, 16]. Although this approach has been
much information on bulk liquid crystals [2], but used to study a large number of compounds, almost
the preparation of deuteriated liquid crystals requires all of them have positive anisotropy of the magnetic
elaborate synthetic work. The use of natural abundance susceptibility (Dx). Perhaps the only exception is a pre-
13C NMR spectroscopy to study the orientational order- vious study in this laboratory on several 4-alkenyl-4 ¾ -
ing of liquid crystals has been carried out in this laboratory cyanobicyclohexanes [17]. For further investigation on
for some time [3–5]. The method used combines the orientational ordering of liquid crystals having negative
separated local � eld (SLF) spectroscopy and oŒmagic Dx, we have used the PELF method to carry out a
angle spinning (OMAS), and has been proven to be very detailed study on three 4-alkyl-4 ¾ -cyanobicyclohexanes.
e� cient [5]. Several years ago, an improvement on the A comparison of the results is made with those for the
2D SLF technique was made by Pines and co-workers

alkenyl compounds and those of similar liquid crystals
[6–9]. The new method is called either proton-detected

having one or two phenyl rings.
local � eld [6–9] or proton-encoded local � eld (PELF)
spectroscopy [10]. The OMAS technique [11–14] is
usually adopted to reduce dipolar interactions so that a

2. Experimental
lower decoupling power can be used to avoid rf over-

Three trans,trans -4-n-alkyl-4 ¾ -cyanobicyclohexanes ,heating [5]. For systems with smaller dipolar inter-
with n-propyl, n-pentyl, and n-heptyl chains, wereactions, the NMR experiment can be performed in a
obtained from EM Chemicals, Hawthorne, New York,‘normal’ probe without OMAS, while rf overheating is
and used without further puri� cation. Hereafter, theseavoided by careful control of experimental conditions.
liquid crystals are abbreviated as CCH3, CCH5, and

CCH7, respectively. Their nematic ranges, as given by the

manufacturer , are 58–80, 62–82, and 71–83 ß C, respectively.*Author for correspondence; e-mail:bmfung@ou.edu
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1470 H. Sun et al.

The NMR experiments were carried out on a Varian
UNITY/INOVA 400 spectrometer, using an indirect
detection probe manufactured by Nalorac Corporation,
Martinez, California. The reason for using an indirect
detection probe was its higher e� ciency for proton
decoupling. Because the CCHm liquid crystals have

Dx < 0, the major axis of the molecules orient perpen-
dicular to the magnetic � eld and the dipolar couplings
are about half of that for compounds with Dx > 0 and
similar order parameters. Therefore, with the application
of an e� cient dipolar decoupling sequence (BLEW-48
[18]) in the evolution period and an e� cient broadband
decoupling sequence (SPINAL-64 [19]) in the acquisition
period, it was su� cient to use moderate decoupler power
(22 kHz) without OMAS.

The assignment of the 13C peaks in the isotropic
phase was made based on 2D 13C-13C connectivity
(INADEQUATE [20]), and the assignment of the 13C
peaks in the nematic phase was deduced correspondingly .

3. Results and discussion
Using the 2D proton-encoded local � eld (PELF) tech-

nique, the normal proton-decoupled 13C NMR spectrum
is obtained in the v2 dimension, and 1H-13C splittings
are observed in the v1 dimension. The 2D PELF spectra
of CCH5 at T /TNI 5 0.97 are shown in � gure 1. Each
kind of proton splits the carbon peak into a doublet.
Thus, every carbon in the terminal chain (a, b , c , d,
and v) is split by the directly bonded protons into a

Figure 1. 13C NMR spectra of CCH5 at T /TNI 5 0.97 withdoublet, while the a and d carbons show another
slow sample spinning (16 Hz) parallel to the � eld. Thepartially resolved small doublet due to coupling with
spectrum on the right is a normal ID spectrum; spectra

the neighbouring protons. The large central peak is due on the left are traces in the v1 dimension in a 2D PELF
to all other protons whose splittings are unresolved. For experiment. The coordinate system used for the cyclo-

hexane ring is also shown; the primed numbers refer toeach carbon in the rings, there is a pair of peaks with a
ring 2.large splitting due to the axial protons, and a partially

resolved small doublet due to long range coupling, the
assignment of which cannot be made unambiguously. scalar coupling constants is negligible compared with

the magnitude of dipolar coupling constants, the iso-For the CH2 carbons in the ring (2, 2 ¾ , 3, 3 ¾ ), each shows
another pair of peaks with intermediate splitting due to tropic J values were used in equation (1) directly for the

calculations.the equatorial protons.
In the 2D slices, each pair of splitting is a combination The orientational ordering of the two cyclohexane

rings can be described using an ordering matrix de� nedof dipolar coupling and scalar coupling expressed by the
following equation by Saupe [21]. Assuming a perfect chair conformation

for each ring and considering that the two substituents
Dn 5 f [2D 1 J] (1 )

in positions 1 and 4 (1 ¾ and 4 ¾ ) are diŒerent, the symmetry
of each ring is Cs . Therefore, the ordering matrix iswhere f is a scaling factor for the dipolar decoupling

sequence, D is the C–H dipolar coupling constant, and de� ned by three independent order parameters S
ff

,
S

jj
Õ S

nn
, and S

jn
. A molecular Cartesian coordinateJ is the C–H scalar coupling constant. The theoretical

value of the scaling factor f is 0.424 for the BLEW-48 system is chosen so that the n axis is parallel to the axial
C–H bonds, the f axis is on the sh plane, and the j axissequence [18], but an experimental value of 0.414

was found to agree better with the experimental data is perpendicular to the sh plane (� gure 1). Since there
are insu� cient data to determine all three order para-[10]. The scalar coupling constants were obtained from

heteronuclear 2D J-resolved experiments in the isotropic meters and S
jn

is expected to be quite small, it can be
assumed to be zero without causing an appreciable errorphase of the liquid crystals. Since the anisotropy of the
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1471Orientational ordering in cyanobicyclohexane s

[17, 22–24]. Then, the order parameters can be calculated by using the equation [4, 5]
by using the equations [23, 24]

SCH 5 Õ (4p2r3 /cC cH h)DCH . (4)
S
ff

5 (4p2r3 /cC cH h)[DCH (a)
It has been shown that the order parameters can be

1 DCH (e)/cos2 (W Õ 90 ß )] (2 ) related to anisotropic 13C chemical shifts (Dd 5 dLC Õ diso )
by a semi-empirical linear equation [15, 16] in all casesS

jj
Õ S

nn
5 Õ (4p2 r3 /cC cH h)[DCH (a)

studied:
Õ DCH (e)/cos2 (W Õ 90 ß )] (3 )

Dd# aS 1 b. (5)
where r is the C–H distance, c is the gyromagnetic
ratio, a means ‘axial,’ e means ‘equatorial,’ and W is the For an axially symmetric C–H bond, S is the same as

SCH in equation (4). For a 1,4-di-substituted phenyl ringH–C–H bond angle. W was taken as 107.5ß and r was
taken as 0.110 nm. Since the rings are not necessarily in where the two-fold axis is taken as the z axis, S

zz
obeys

equation (5), while S
xx

Õ S
yy

is usually very small andperfect chair conformation and the axial C–H bonds are
not all completely parallel to each other, the dipolar shows no systematic temperature dependence [15, 16].

In the present case, we found that both S
ff

and S
jj

Õ S
nn

coupling constants for the C–H bonds in the same ring
are not identical. Therefore, their average was used in for the cyclohexane rings exhibit systematic temperature

dependence. Therefore, equation (5) is treated as purelythe calculations, as were the dipolar coupling constants
for the equatorial C–H bonds. empirical to examine whether it is applicable to both

parameters. The results of the calculations are sum-Because of the � exibility of the aliphatic chain, it is
di� cult to describe its detailed orientational ordering maried in tables 1 and 2 for the rings and table 3 for

the chains. For carbon atoms 2 and d, the changes infrom the available data. Therefore, it is assumed that
each C–H bond is axially symmetric and its order the anisotropic chemical shifts are too small to give

meaningful correlations; therefore they are not listed inparameter in each segment of the chain can be calculated

Table 1. Parameters and correlation coe� cients (R2 ) for the linear relation between the order parameter S
ff

and the 13C chemical
shift, equation (5), for various carbon atoms in the cyclohexane rings. Data obtained at four temperatures were used for the
correlation. The primed numbers refer to ring 2 in � gure 1.

Compound 1 2 3 4 1 ¾ 2 ¾ 3 ¾ 4 ¾

CCH3 a 18.32 — 0.926 3.175 6.477 Õ 0.466 1.104 4.883
b Õ 3.36 — 0.214 Õ 0.030 1.142 0.067 0.318 0.113
R2 1.000 — 0.976 1.000 0.999 0.916 0.936 0.893

CCH5 a 6.294 Õ 0.785 1.127 3.663 6.80 Õ 0.492 1.136 6.741
b 0.077 1.668 0.183 Õ 0.074 0.288 0.065 0.294 Õ 0.594
R2 0.995 0.982 0.998 0.992 0.998 0.955 0.973 0.999

CCH7 a 6.180 — 1.274 3.626 5.864 Õ 0.486 0.940 16.52
b 0.126 — 0.139 Õ 0.028 0.601 0.156 0.366 Õ 3.417
R2 1.000 — 1.000 1.000 0.996 0.964 0.953 0.986

Table 2. Parameters and correlation coe� cients (R2 ) for the linear relation between the order parameter S
jj

Õ S
nn

and the
13C chemical shift, equation (5), for various carbon atoms in the cyclohexane rings. Data obtained at four temperatures were
used for the correlation. The primed numbers refer to ring 2 in � gure 1.

Compound 1 2 3 4 1 ¾ 2 ¾ 3 ¾ 4 ¾

CCH3 a 58.14 — 2.939 10.08 19.66 Õ 1.421 3.347 14.92
b Õ 2.98 — 0.233 0.0358 1.238 0.0608 0.335 0.174
R2 0.999 — 0.976 0.999 1.000 0.922 0.935 0.905

CCH5 a 20.63 Õ 1.467 3.680 12.02 22.21 Õ 1.642 3.573 24.34
b 0.154 1.530 0.199 Õ 0.031 0.226 0.074 0.279 Õ 0.927
R2 0.999 0.814 0.994 0.998 0.982 0.982 0.980 0.968

CCH7 a 19.11 — 3.938 11.20 18.46 Õ 1.534 2.970 52.07
b 0.335 — 0.183 0.0963 0.622 0.155 0.368 Õ 3.367
R2 0.998 — 0.997 0.994 0.999 0.972 0.962 0.991
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1472 H. Sun et al.

Table 3. Parameters and correlation coe� cients (R2 ) for the linear relation between the order parameter SCH and the 13C chemical
shift, equation (5), for various carbon atoms in the chains. Data obtained at three temperatures were used for the correlation.

Compound a b c d e f v

CCH3 a Õ 10.66 Õ 8.65 Õ 30.39
b 2.409 0.113 0.106
R2 0.998 0.998 0.998

CCH5 a Õ 21.49 Õ 25.51 Õ 17.59 Õ 13.92 Õ 30.07
b 1.81 Õ 0.483 0.278 0.164 0.037
R2 0.933 1.000 0.990 0.999 0.997

CCH7 a Õ 22.69 Õ 26.45 Õ 24.47 — Õ 25.51 Õ 13.94 Õ 28.43
b 1.613 0.198 0.766 — Õ 0.247 0.076 0.192
R2 0.980 1.000 0.999 — 0.999 0.999 0.993

these tables. Judging from the high correlation coe� -
cients, it can be concluded that very good linearity was
found for all the carbon atoms. Thus, the order para-
meters of diŒerent molecular segments at other temper-
atures can be calculated from the 13C chemical shifts
using the parameters a and b listed in the tables. The
results are plotted in � gures 2–4 for the three liquid
crystals studied.

The Haller equation [25], which describes the temper-
ature dependence of the order parameter, has been found
to be applicable to many systems [15, 16, 26–28]:

S (T ) 5 S0 (1 Õ T /T *)F. (6 )

Figure 3. Plot of order parameters of carbon atoms of CCH5
against the reduced temperature T /T *. The symbols are
the same as those in � gure 2, plus : SC-H , d; : SC-H , v.
The solid curves were obtained by � tting the experimental
data to the Haller equation (6).

The parameter S0 is the order parameter of the
molecular segment when the temperature is extrapolated
to zero, the parameter F indicates how fast this limit is
approached, and T * is a parameter very close to the
transition temperature. The solid curves in � gures 2–4
were obtained by � tting the experimental data to the
Haller equation, and the results are quite satisfactory.
The parameters obtained from the � tting are summarized

Figure 2. Plot of order parameters of carbon atoms of CCH3 in table 4, where Ring 1 refers to the ring with the alkyl
against the reduced temperature T /T *. : S

ff
, ring 1; chain and Ring 2 refers to the ring with cyano group.

: S
ff

, ring 2; Ö : S
jj

Õ S
nn

, ring 1; : S
jj

Õ S
nn

, ring 2; In the � tting procedure, T * was � rst used as a variable
: SC-H , a; : SC-H , b ; : SC-H , c (For CCH3, c is the

parameter to � t to equation (6) for the two ringssame as v, which is used to designate the CH3 group).
separately; then the average value for the two rings wasthe solid curves were obtained by � tting the experimental

data to the Haller equation (6). utilized for all the C–H fragments in the chain and in a
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1473Orientational ordering in cyanobicyclohexane s

Table 4. Values of S0 and F obtained by � tting the order parameters to the Haller equation.

S
ff

S
jj

Õ S
nn

Compound Ring 1 Ring 2 Ring 1 Ring 2 a b c d e f v

CCH3 S0 0.688 0.658 0.212 0.212 Õ 0.526 Õ 0.383 Õ 0.220
F 0.176 0.172 0.190 0.181 0.258 0.305 0.311

CCH5 S0 0.688 0.664 0.202 0.205 Õ 0.540 Õ 0.335 Õ 0.319 Õ 0.256 Õ 0.145
F 0.176 0.175 0.184 0.163 0.252 0.196 0.165 0.253 0.280

CCH7 S0 0.671 0.684 0.212 0.237 Õ 0.527 Õ 0.338 Õ 0.312 — Õ 0.290 Õ 0.233 Õ 0.131
F 0.169 0.182 0.191 0.217 0.239 0.224 0.224 — 0.222 0.255 0.326

values of the corresponding cyanobiphenyls [15, 16],
indicating that the mesogenic property of the bicyclo-
hexane unit is not as good as that of the biphenyl unit.
On the other hand, the order parameter of the phenyl
ring in 4-cyanophenylcyclohexane s is larger than that of
cyanobiphenyls [23, 24], but the reason for this lack of
systematic change is not clear. (3) The limiting S

ff
values

of the three compounds are the same within experimental
error. This means that, when extrapolated to the perfect
orientation, the length of the terminal aliphatic chain
does not aŒect the orientation of the core appreciably.
In contrast, the S

ff
values of 4-alkenyl-4 ¾ -cyanobicyclo-

hexanes are aŒected by the length of the chain and the
location of the double bond [18]. (4) In the CCHm
liquid crystals, for a perfect all trans-conformation, the
C–H bond order parameter for the chain carbon atoms
should be close to Õ 0.5, i.e. (3 cos2 90 ß Õ 1)/2, since the
dihedral angle of the C–H bond and the molecular axis
is 90 ß . However, only the limiting SCH values of the a

carbons approaches this value. This indicates that, even
at very low temperature, appreciable segmental motions

Figure 4. Plot of order parameters of carbon atoms of CCH7 of the chains would still exist in these compounds.
against the reduced temperature T /T *. The symbols (5) There is a general trend of decreasing order para-
are the same as those in � gures 2 and 3, plus D: SC-H , f;

meters along the chain. This is unlike the cyanobiphenyls ,1 : SC-H , e. The solid curves were obtained by � tting the
for which an odd–even alternation of the C–H bondexperimental data to the Haller equation (6).
order parameter along the chain [29, 30] is seen. A
detailed analysis of this awaits sophisticated molecularsecond � tting for the rings. The T * values for liquid
dynamics simulations. (6) The parameter F indicatescrystals CCH3, CCH5 and CCH7 are 350.0, 354.2 and
how fast the carbon reaches its perfect orientation. In354.2 K, respectively, which are slightly lower than the
general, the F values for the chains are considerablyclearing points of these liquid crystals.
larger than those for the cores. This means that, althoughFrom the results shown in � gures 2–4 and table 3,
the aliphatic chain has a much higher � exibility than thethe following conclusions can be made. (1) Although
core, it reaches the limiting conformation at a faster rate.the order parameter S

ff
for the ring with the alkyl

chain is slightly higher than that for the ring with the
cyano group, the diŒerence is within experimental error. 4. Conclusion

In conclusion, we have studied the orientationalTherefore, we can consider that the major axes of the
two rings are essentially parallel or even coincide with ordering of three trans,trans-4-n-alkyl-4 ¾ -cyanobicyclo-

hexanes in their nematic phase by 2D and 1D 13C NMReach other. Because of the rigidity of the bicyclohexane
unit, the values of S

jj
Õ S

nn
for the two rings are essen- spectroscopy. As with liquid crystals containing phenyl

rings, linear relations between anisotropic 13C chemicaltially the same for each compound. (2) The S
ff

and their
limiting values are lower than the S

zz
and their limiting shifts and order parameters can be established. The
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