This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

The angle of twist between the two phenyl rings in the nematic liquid
crystal 4-n-pentyl-4'-cyanobiphenyl
G. Celebre®; M. Longeri®; E. Sicilia®; J. W. Emsley”

2 Dipartimento di Chimica, Universita della, Calabria, Italy ® Department of Chemistry, University of
Southampton, Southampton, England

To cite this Article Celebre, G. , Longeri, M. , Sicilia, E. and Emsley, J. W.(1990) ‘'The angle of twist between the two
phenyl rings in the nematic liquid crystal 4-n-pentyl-4'-cyanobiphenyl’, Liquid Crystals, 7: 5, 731 — 737

To link to this Article: DOI: 10.1080/02678299008036754

URL: http://dx.doi.org/10.1080/02678299008036754

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678299008036754
http://www.informaworld.com/terms-and-conditions-of-access.pdf

14: 07 26 January 2011

Downl oaded At:

Liquip CrysTALS, 1990, VoL. 7, No. 5, 731-737

The angle of twist between the two phenyl rings in the nematic liquid
crystal 4-n-pentyl-4’-cyanobiphenyl

by G. CELEBRE, M. LONGERI and E. SICILIA
Dipartimento di Chimica, Universita della Calabria, Italy

and J. W. EMSLEY

Department of Chemistry, University of Southampton,
Southampton SO9 5NH, England

(Received 30 November 1989; accepted 19 January 1990)

The NMR spectrum of the protons in the biphenyl group of 4-n-pentyl-4'-
cyanobiphenyl (SCB), was obtained by Sinton et al. (1984, Molec. Phys., 53, 333)
and analysed by them to give an angle of twist, ¢, between the normals to the
two phenyl rings of 30 + 2°. Their analysis made the assumption that V(¢), the
potential for rotation about the inter ring bond, is such that only the structures
with the minimum energy need be considered when calculating averaged dipolar
couplings. Re-analysis of their data by a method which allows for the whole of
V(¢) to be sampled when averaging the dipolar couplings yields a value for ¢,
of 38-4 + 0-1°

1. Introduction

Both 4-n-alkyl- (NCB) and 4-rn-alkyloxy- (NOCB) substituted 4’-cyanobiphenyls
form liquid crystal phases, which are the focus of many studies which attempt to relate
mesophase stability with molecular structure. This is mainly because of their importance
as the active components of many electro-optic displays, but also because of their
relatively simple structures. It is intriguing too that their aromatic core is a substituted
biphenyl, since biphenyl itself is unusual in having a planar structure in the solid state
[1], whilst having a minimum in F(¢), the potential energy as a function of the
inter-ring angle ¢, at about 44° in the gas phase [2]. The values of V(0°) and ¥(90°),
which are maxima in V(¢), have also been determined from an electron diffraction
study of a gaseous sample [2] to be 6-0 and 6-5kImol~"', respectively. These refer to
isolated molecules, and it is possible, therefore, that in a condensed fluid phase the
barriers may be considerably different, and that V{¢) may have a minimum at or close
to zero. This indeed was the conclusion reached by a study of the NCB series, both
as solutes in carbon tetrachloride, and in the solid state, by infrared and Raman
spectroscopy [3]. The conclusions reached by Proutiere, Legoff and Chabanel [3] were
that the minimum in V{(¢)is closeto ¢ = 0°for N = 0-12 in the carbon tetrachloride
solutions, whereas ¢,,;, appears to change in the solid state from being zero in
4-cyanobiphenyl (i.e. N = 0) to about 40° in 3CB and 4CB. The purpose of this
present communication is to point out, however, that the value of ¢, can be obtained
with high precision from the dipolar couplings which can be determined from the
proton NMR spectrum of a liquid-crystalline sample [4]. One such study, that by
Pines and his colleagues [4] has been reported for SCB and they concluded that
Pmin = 30 + 2° The difference between ¢, determined by the NMR method, and
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which is for a nematic sample, and that derived from the infrared and Raman data,
which are for an isotropic solution, is hard to reconcile, since it implies an unusually
large change in V{(¢) with solvent and phase. In order to determine ¢, from the
dipolar couplings Sinton et al. 4] made the assumption that only the structures
corresponding to the energy minima need be considered, which we shall refer to as the
rotational isomeric state (RIS) model. The use of this assumption can be expected to
affect the value derived for V(¢), and we present here a re-analysis of the NMR data
which averages the dipolar couplings over the whole potential energy path for
rotation about the inter-ring bond.

Our approach is that introduced by Emsley and Luckhurst [S], in which the
partially averaged dipolar couplings, D, are related to conformationally dependent
order parameters, S,;, the probability distribution p(¢), and the dipolar tensor
elements D, 5(¢) by [5]

D, = (2/3)2fp(qs)saﬁ(rpw,-jaﬁ(qs). M

The ¢ dependence of the dipolar coupling tensor is determined by the geometry, so
that the major unknown factors are p(¢) and S,4(¢).

The conformationally dependent order parameters S,;(¢) are determined by the
nature of a ¢ dependent potential of mean torque U, (¢, 8, 7),

Uext (4), ﬁ» }’) = - 82,0(¢) C2,0(ﬂa y) - 282,2(¢) C2‘2(ﬂ9 '}))a (2)

where the C, ,,(8,7) are reduced spherical harmonics. The angles § and y are the polar
angles made by the director of the uniaxial mesophase in a molecule fixed set of axes.
The ¢, ,(¢) depend on the anisotropic intermolecular potential and their ¢ dependence
is obtained by expressing them as a tensorial sum of ¢ dependent contributions &,
from individual rigid fragments of the molecule [6]. Thus,

an(®) = X &,D0,, (@), B(@), (¢)) A3)

so that the ¢-dependence has been transferred to the arguments of the Wigner
rotation matrix elements D, (a(¢), (¢), y(¢)) which relates the orientation of the jth
fragment to the reference frame in which the ¢,,,(¢) are expressed.

For 5CB we locate the reference frame xyz as shown in figure 1 since in this frame
only diagonal terms S,,(¢) appear in equation (1) for the dipolar couplings between
the protons in the biphenyl group. This means that we need consider only interaction
tensor elements &,0(¢) and &,,(¢), which are obtained from &}, and &},, the average
of the interaction tensor elements for each of the phenyl rings. Note that all of these
tensor elements have magnitudes determined in part by the alkyl chain contributions
to the intermolecular potential, but it is not necessary to know the individual contri-
butions to these composite interaction tensors.

The value of p(¢) is related to V{(¢) and U, (¢, B,7) by,

p@) = ZQ 'exp{-V(§)/kT}, )

where

z - jexp{—Uext(¢,ﬂ,v>/k:r}sinﬁdﬁdv, ©)

and

0 - jexp{—V(¢)/kT}exp{~Um(qs,ﬂ,v)/kr}sinﬁdﬁdvdqs. ©)
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Figure 1. Atomic labelling and axes used for 5CB.

2. Analysis of the data

Sinton et al. [4] give the results of two analyses of their multiple quantum spectra,
which differ in the permutation symmetry assumed for the proton spins. When the
two phenyl rings are considered to be different (D, symmetry) the dipolar couplings
obtained imply distortions from regular hexagonal structures which are unbelievably
large. The analysis which assumes the two rings to be identical (D, symmetry) gives
a more reasonable set of dipolar couplings and these are used in our analyses. We
should note, however, that adopting the D, set leads to distorted rings, but to virtually
the same conclusions about the inter-ring angle.

We precede by first using the dipolar couplings between protons within each ring
to determine the proton coordinates relative to axes fixed in each ring; this is achieved
without any assumptions being necessary about the inter-ring potential or the separ-
ation between the protons in different rings. The relative proton coordinates in each
ring were kept fixed in all subsequent calculations at the values shown in table 1. The
inter-proton distances obtained have the same ratios to r;5 as those obtained by Sinton
et al. [4].

We have also repeated the kind of analyses carried out by Sinton et al. to
determine ¢,,,, that is by adopting the RIS approximation. The dipolar couplings
depend on two local order parameters, S,, and S,, — S,,, and varying these together

Table 1. Inter-proton distances r; between nuclei in the same phenyl ring of SCB from
analysis of the inter-proton dipolar couplings assuming that the two rings are structurally
equivalent.

Py = Py = Iy o= rsg = 2:473A (247}
4299 A (4299)f
4262 A (427)

Iy = Iys

If

T = Tyg

t Values in parentheses are those obtained by Sinton et al. [4].
1 Fixed.



14: 07 26 January 2011

Downl oaded At:

734 G. Celebre et al.

Table 2. Observed and calculated dipolar couplings, the inter-ring angle ¢, the inter-ring
separation (z, — z,), and the order parameters S; and S,, — S,, obtained by analysing
the data of Sinton et al. [4] for 5CB, assuming D, symmetry, and a single set of minimum
energy, symmetry related structures.

D;/Hz
LJ Observed Calculated AD,/Hz
2,3 —4478 —4478-1 —0-1
3,6 47 470 0-0
3,5 380 380-1 01
3 — 147 —133.7 13-3
3,2 —365 —367-0 —-20
2,6 390 390-0 0-0
2,2 — 1741 — 17409 01

(z, — z)/A = 1-988 (1-98)%
Pmin/deg = 302 + 0-2 (304 £ 0-2)
S., = 0-564 (0-565)

S = S,, = 0:077 (0-071)

t Values in parentheses were obtained by Sinton et al. [4].

with ¢, and ry to minimize the difference between observed and calculated D;; gave
the results shown in table 2. Again, as expected, our results are essentially identical
with those of Sinton ez al., and we present them here to facilitate comparison with our
analysis of the data by the method introduced by Emsley, Luckhurst and Stockley [6],
which we shall refer to as the ELS method. In particular, we show in table 2 the
individual calculated dipolar couplings and the differences

AD; = D, (experimental) — Dj(calculated). N

This reveals that almost all the error is contained in AD; ;.. To analyse the data by the
ELS method it is necessary to adopt a model for F(¢), and we use a cosine expansion
with the minimum number of terms dictated by symmetry,

V(i$) = V, + V,cos2¢p + V,cos4dg, ®)

where the term independent of ¢ is included so that the minimum value of V(¢) is
zero. The averaging of the D;; over the bond rotation is done by taking 91 points
equidistant in ¢, and finding the values of V,, &5, &3, and z, — z, which minimize the
difference between experimental and dipolar couplings; note that there are five
independent parameters to fit to seven dipolar couplings. The results, which are given
in table 3, show that the potential now has a minimum at 38-4 + 0-1°. The ELS model
does give a smaller rms error, but not appreciably so, and again the error is concentrated
in D, 5, which has AD, . about five times larger than the experimental error. The
residual may be a consequence of choosing the truncated Fourier form for V(¢),
although including a ¥; term did not lead to any improvement, and we have not
explored larger departures of ¥(¢) from the form given by equation (8) since it is also
possible that the failure of any of the models considered for V(¢) to fit D, ; more
closely could be a combination of the use of an over simplified model for U, (¢, f,7)
and the neglect of small amplitude vibrational motion [7].
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Table 3. The difference between observed and calculated dipolar couplings, the Fourier
coefficients V,, the inter-ring angle ¢, the inter-ring separation z, — z,, and the
interaction parameters g}, and &, obtained by analysing the data of Sinton et al. [4] by
the ELS method.

i j AD,[Hz
2,3 0
3,6 -1
3,5 -1
3,3 10
3,2 0
2,6 -3
2,2 0

(zz — zx)/A = 1-82 + 0-01

Vo/kImol ™! = 1-83%
Vi/kImol™! = —1-51 + 019
Vi/kImol™! = 1-66 + 0-23
exo/kImol™! = 698 + 0-01
e&/kImol™! = 1-75 + 0-08

Pin = 384 £ 0-1°.

t A finite ¥V} is included so that V(¢) is zero at the minima.

Table 4. Angles of twist ¢,,,, found for the rings in some NCB and NOCB compounds.

Compound Phase Pin/deg. Reference
1OCB Nematict 36 91
1OCB Solid 40 [13]
3CB Solid 43 [14]
4CB Solid 40 [15]
5CB Nematic 38 This work

T Over a temperature range of 20°C in the nematic phase.

The value obtained for ¢,,;, when using the ELS model is now closer to those
obtained for biphenyls in the gas phase by experiment [2], or by calculation [8]. There
is no report of a determination of the structure of 5CB in the solid phase, but there
have been investigations of the crystal structures of a number of NOCB molecules,
and the twist angles found are compared with that determined here for SCB in table
4. We also include in table 4 the value obtained for 10CB in the nematic phase by an
analysis of the dipolar couplings by the ELS method [9]. For this compound the form
derived for V(¢) is independent of temperature over the whole of the nematic range.

The ¢ dependence of U, (¢, B,7) is such that the small biaxial order parameter
S.. — S, changes with ¢, as shown in figure 2, but S, is invariant to the bond
rotation. Note too that the relatively weak ¢ dependence of U, (¢, B, ) means that
the probability distribution p(¢) given by equation (4) changes by only a small
amount on going isothermally from nematic to isotropic phases, so that the value
derived for ¢, is appropriate for both liquid-crystalline and isotropic phases.

One further confirmation that the analysis of the dipolar couplings by the ELS
method is giving a more realistic geometry for 5CB is that the inter-ring separation,
as measured by z, — z, the distance apart of the protons on sites 2 and 2/, is



14: 07 26 January 2011

Downl oaded At:

736 G. Celebre et al.

0.10 T
1%e¢0,
®
0.08 = ® o
i L 4
> ®
>
0.06 - .
« N
» [ ]
v 0.04 4 .
- L
L
0.02 - .
T .
0.00 T T y T T T T ¢
0 20 40 60 80 100
¢/ degrees

Figure 2. Variation of S, — S,, with ¢ calculated with the ELS model.

determined to be 182 A, in good agreement with values found for a number of
substituted biphenyls [4]. In contrast, the analysis of the data by adopting the RIS
approximation gives z, — z, as 1:98 A [4].

3. Conclusion

The analysis of the dipolar couplings for 5CB shows that V(¢) has a minimum
close to the values determined for other, non-sterically hindered substituted biphenyls
in the gas phase [10-12], for 1OCB in the nematic [9] and solid [13] phases, and for
solid samples of 3CB [14] and 4CB [15]. It would appear, therefore, that the weight
of the available evidence supports the view that the angle of twist of the phenyl rings
in liquid crystals containing the biphenyl group does not change appreciably on
changing phase. Clearly these results cast doubt on the method used by Proutiere
et al. [3]to investigate changes in ¢, produced by changing from a solution in carbon
tetrachloride to the solid phase which give changes by up to 40° for some members
of the NCB series.
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