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The design of liquid crystalline dimers containing tertiary benzanilide groups has proved challenging due to their
strong preference for the E amide conformation. In this work we have investigated the effect of different N-
substituents on the amide conformation of model benzanilide monomers and found this had effectively no effect
on conformation. Based on this observation, we investigated the effect of introducing large, flexible decyl chains
at the amide nitrogen and compare their properties to the corresponding benzanilide-based dimers with lateral

methyl substituents. The introduction of the decyl chain decreases the melting temperatures, and the tendency to
crystallise, promoting glassy behaviour. This allows for nematic behaviour to be seen to much lower

temperatures.

1. Introduction

A conventional low molar mass liquid crystal typically consists of
molecules containing a single semi-rigid core attached to which are one
or two terminal chains. In essence, the interactions between the cores
account for the observation of liquid crystallinity whereas the alkyl
chain is used to modify the melting point and phase behaviour. The core,
referred to as the mesogenic unit, normally comprises of phenyl rings
linked through short unsaturated linkages, most commonly ester, imine
or azo groups. Surprisingly the amide group does not feature amongst
these linkages although has been widely used in liquid crystal polymers.

The amide group is structurally similar to the ester group, which has
been particularly widely used as a linking group joining two phenyl
rings in mesogenic units, and the equivalent amide-linked structure is
known as a benzanilide. Secondary (2°) benzanilides have a hydrogen
atom attached to the amide nitrogen, while in tertiary (3°) benzanilides
this is replaced with an additional substituent. Early studies of liquid
crystals containing 2° benzanilides report relatively high melting points
compared to equivalent ester-linked materials, and also note that
intermolecular hydrogen bonding between amide groups promoted
smectic behaviour.[1] Although the generally high transition tempera-
tures of such benzanilide-based materials may be undesirable, it has
been shown that suitable structural modifications can give materials
that form liquid crystal phases below 100 °C.[2] The change from 2° to
3° (N-methyl) benzanilide structures has been reported to lead to the

loss of liquid crystallinity.[3].

We have shown recently that this loss of liquid crystallinity for di-
mers containing tertiary benzanilides is due to a change in the amide
conformational preference from the Z to the E form, (Fig. 1), which
destroys the anisometric molecular structure required for the observa-
tion of liquid crystalline behaviour.[4] Our previous study showed that
suitable modifications to the dimer structure promoted the formation of
nematic phases, however, the temperature range of liquid crystalline
behaviour was very limited compared to the liquid crystalline properties
of the analogous 2° benzanilides.[5] This raised the question as to
whether it is possible to control the amide conformational preferences
by using different N-substituents. In addition, since it was found that
monotropic nematic phases were formed for some 3° benzanilide-based
dimers, could suppressing crystallinity through the inclusion of flexible
substituents on the amide nitrogen allow for an increased diversity of
liquid crystalline behaviour?

In the first part of this study, we have prepared a range of
benzanilide-based monomers, with a lateral methyl substituent ortho to
the amide group. We refer to these molecules as monomers as they
contain a single rigid moiety whereas a dimer contains two separated by
a flexible spacer.[6] We investigate the effects that changing the size of
the nitrogen substituent has on the amide rotational barrier using
methyl, ethyl, and allyl N-substituents (Fig. 2). In the second part, we
have applied these results to design a series of new mesogenic materials
based on laterally substituted benzanilide dimers (Fig. 3) and report
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Fig. 1. The Z and E conformations of tertiary benzanilides.
their rotational barriers and liquid crystalline properties.
2. Experimental

The syntheses of the target molecules shown in Figs. 1 and 2 were
carried out according to literature methods, and full experimental de-
tails and structural characterisation data are given in the ESI.

The transitional behaviour of the materials was studied using dif-
ferential scanning calorimetry (DSC) with a Mettler Toledo DSC3 dif-
ferential scanning calorimeter equipped with a TSO 801RO sample robot
and calibrated with indium and zinc standards. The heating and cooling
rates were 10 °C min ! and the transition temperatures and their asso-
ciated enthalpy changes were extracted from heating traces unless
otherwise noted. Polarised optical microscopy (POM) was used to
identify the liquid crystal phases using an Olympus BH2 polarising op-
tical microscope equipped with a Linkam TMS 92 hot stage.

Variable temperature '"H NMR experiments were carried out on a
Bruker Avance III HD 400 MHz spectrometer with a cryoprobe and VT
unit. Lineshape analysis was performed using the DNMR module in the
Bruker TOPSPIN package. 2D EXSY measurements were carried out on a
Bruker Avance III HD 400 MHz spectrometer and processed using the
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Mestrelab EXSYCalc program.
3. Results and discussion
3.1. Influence of the N-substituent on amide conformation

In the first part of this work, we prepared a range of 3° benzanilide-
based monomers (Fig. 1) as model compounds to establish the effect that
varying the size of the N-substituent has on the E:Z conformer ratio. For
each N-substituent, a set of monomers with differing terminal chain
lengths have been studied. For all the N-substituents (methyl, ethyl, and
allyl), the 'H NMR spectrum of each compound in solution shows the
presence of a minor conformer, as previously reported for similar 3°
amide-based dimers.[4] For the N-Me-substituted benzanilides, the
minor conformer gives rise to minor side peaks adjacent to the methyl
signals, in approximately a 1:9 ratio, as well as a set of minor peaks in
the aromatic region (Fig. 4).

Variable temperature NMR spectroscopic measurements show that
the minor and major peaks broaden and coalesce on heating, which
indicates that they must be associated with rotational conformers
separated by a rotational energy barrier. The stacked VT NMR spectra of
compound 1b (Fig. 5) is given as a representative example. The spectra
of all the compounds show very similar behaviour on heating, and in
each, the major and minor peaks coalesce at 50 °C. This suggests that the
rotational energy barriers in these compounds are approximately the
same and similar to those previously reported.[4,5].

Lineshape analysis of the NMR spectra was carried out using the
TOPSPIN program to obtain the value of the rotational rate constant at
each temperature. These can then be used to calculate the energy barrier
using a standard Eyring plot shown for compound 1b in Fig. 6. Using the
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Fig. 2. The structures of the 3° benzanilide-based monomers.
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Fig. 3. The structures of the 3° benzanilide-based dimers.
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Fig. 4. 'H NMR spectra of compound 1b in DMSO-ds. Inset regions show the minor peaks present at room temperature arising from the presence of a
minor conformer.
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Fig. 5. Stacked VT 'H NMR spectra of 1b in DMSO-ds from 25 to 50 °C.
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Fig. 6. Eyring plot of compound 1b in DMSO-ds between 25 and 50 °C.

Table 1
The rotational barriers of the 3° benzanilide-based
monomers.
Compound AGhog (kJ mol ™)
la 70.8 £ 1.2
1b 70.3 £ 0.84
1c 69.5 + 0.84
2a 70.7 +£ 0.84
2b 69.5 £ 1.3
2c 70.3 + 1.7
3a 69.9 + 1.3
3b 69.5 + 0.84
3c 69.9 + 1.3

equation:

mk AHi.1+lnkB+AS1
T R T h R

In which AH? is the enthalpy change associated with the rotation,
AS* is the associated entropy change, R is the gas constant, kg is the
Boltzmann constant and h is Planck’s constant. From this, we can obtain
the enthalpy and entropy associated with rotation, and hence the Gibbs
energy barrier to rotation.[7] These rotational barriers are listed in
Table 1, and the values for each compound are identical within exper-
imental error. Eyring plots for all compounds are given in the SI.

Based on these results, we have established that the size of the N-
substituent, within the scope of this study, has no discernible effect on
the rotational barrier around the N-carbonyl bond in compounds with
one methyl group ortho to the amide. Building on this observation, we
incorporated large, flexible N-decyl substituents into a series of previ-
ously reported 3° benzanilide-based dimers containing N-methyl sub-
stituents that tended to exhibit monotropic nematic behaviour and
showed a pronounced tendency to crystallise.[5] The structures of the
new dimers are given in Fig. 2. Here we sought to exploit the design
potential of varying the N-substituent, and the introduction of the large,
flexible decyl chain was intended to suppress crystallisation and reveal
further liquid crystal behaviour. This may initially appear counter-
intuitive given that replacement of the compact methyl group by the
large decyl chain will reduce the compound’s structural anisotropy and
hence presumably reduce the tendency to exhibit liquid crystalline
behaviour. There are many examples of liquid crystals, however, with
long lateral alkyl chains, and their liquid crystalline behaviour is
accounted for by the ability of the flexible chain to adopt conformations
in which it can lie along the molecular long axis.[8-13].

Fig. 7 shows the 'H NMR spectra of the 3° benzanilide-based dimers
containing an N-decyl substituent. The splitting patterns in the spectra,
and the estimated proportions of E and Z amide conformers (based on
the signals of the methyl substituent ortho to the nitrogen), are very close
to those of the corresponding N-methyl substituted dimers reported
previously.[5] (Table 2).

The signals associated with the N-CH,, protons in the 'H NMR spectra
shows differences between the 3° benzanilide-based dimers (Fig. 8).
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Fig. 7. The 'H NMR spectra of the N-decyl substituted 3° benzanilide-based dimers.

Table 2

The E:Z ratio determined by *H NMR spectroscopy for the N-decyl substituted
3° benzanilide-based dimers. () Ratio on initial dissolution.

Considering first dimers 4 and 5, both have a single ortho substituent on
the anilide ring and differ only in having a cyanobiphenyl or cyanoter-
phenyl terminal group, respectively. The N-CH, signals in the 'H NMR

spectra of these compounds appear as diastereotopic multiplets due to

EZ EZ restricted rotation around the nitrogen to aryl bond. In the symmetri-
(CbCls) (DMSO-de) cally di-ortho substituted compound 6, the peak associated with the N-
4 17:1 12:1 CH> group appears as a single multiplet, with an additional small peak
5 18:1 11:1 corresponding to the Z amide conformer. In the asymmetrically di-
6 16:1 10:1 . . .
” 41 21 substituted compound 7, the peak associated with the N-CHy group
8 1:1 (1:5) 1:2 appears as two diastereotopic multiplets due to restricted rotation
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around the nitrogen to aryl bond as also seen in the spectra of 4 and 5.
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Fig. 8. The 'H NMR peaks associated with the N-CH, protons in dimers 4-8. The signals for the E conformer are marked by *, and the Z conformer by *. The Z

conformers of 4 and 5 are too weak to be seen.
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Fig. 9. VT 'H NMR spectra of 4 in DMSO-ds from 25 to 55 °C. Arrows indicate
the peaks associated with the Z conformer.

The peak associated with the N-CH, group in the tri-ortho substituted
compound 8 does not show diastereotopic splitting, as the anilide ring is
symmetrically substituted, as seen also for compound 6. Compound 8
appears to consist of an approximately 1:1 mix of E:Z isomers in CDClg,
and two signals are seen for the N-CHj protons.

3.2. Variable temperature (VT) 'H NMR spectroscopic measurements of
the amide N-C(O) rotational barrier

The VT H NMR spectra for compound 4 are shown in Fig. 9, and it
can be seen that the peaks associated with the Z and E conformers
coalesce on heating.[4] In contrast, the diastereotopic signals associated
with the N-CHj; protons do not. This observation is consistent with the
diastereotopicity arising from restricted rotation around the nitrogen-
aryl bond, rather than the central amide N-C(O) bond. Whereas the

Table 3

2D EXSY integrals, rate constants, and rotational barriers for compound 4 in CDCl3.

Journal of Molecular Liquids 384 (2023) 122160

coalescence of the signals corresponding to the E and Z conformers of the
compounds with a single ortho methyl substituent may be followed by
VT NMR spectroscopy, the inclusion of additional methyl substituents
ortho to the amide group leads to an increase in the rotational barrier
around the N-C(O) bond, and as a result no coalescence is seen within
the temperature range of the experiments. In consequence, alternative
NMR spectroscopy-based approaches were used to determine the barrier
to rotation in these dimers, and these are described in the following
sections.

3.3. NMR measurements of the amide N-C(O) rotational barrier using 2D
EXSY

The rotational barriers around the amide N-C(O) bond were deter-
mined for compounds 4 and 7 using 2D EXSY measurements in CDCl3
and the details are given in Table 3 and Table 4, respectively. This
approach calculates two rotational barriers, the first relating to the ex-
change signal between the E and Z NMR peaks and the second to the
signal between the Z and E peaks. The average rotational barriers and
their standard deviations for compound 4 are: AG*; = 74.9 + 1.17 kJ
mol~! and AG¥; = 66.4 + 0.57 kJ mol ™. These energies are consistent
with those measured for other tertiary benzanilides with a single ortho
methyl substituent and thus, may be assumed as being representative of
that for compound 5.* The symmetrically di-ortho substituted compound
6 showed no exchange signals, even at mixing times of 800 ms, and
hence, this method could not be used to determine the rotational barrier
for this compound. The absence of exchange signals indicates, however,
that the rotational barrier for 6 must be significantly higher than that of
4. The average rotational barriers and their standard deviations for
compound 7 are: AG*; = 81.8 + 1.76 kJ mol ! and AG*, = 77.9 + 0.94
kJ mol L. These values are greater than those determined for the singly
ortho substituted compound 4 and this is consistent with the increased
steric bulk introduced by the second ortho methyl group on the carbonyl

?\

0]

Dec-N . .
(o)

Tm /S Integral Rate constant Rotational barrier
/st / kJ mol™?
EE EZ Y44 ZE k; k2 AGj AGS
Ar-CH3 0.005 20.41 . 1.00 . . . . .
0.05 63.46 1.34 1.00 0.41 0.22 14.45 76.75 66.35
0.1 98.25 2.71 1.00 2.32 0.48 11.40 74.80 66.94
0.15 511.34 18.32 1.00 15.00 0.79 19.60 73.57 65.60
0.2 1.30 0.06 0.01 0.05 0.46 11.17 74.91 66.99
0.25 26.64 1.31 0.08 1.00 0.57 15.10 74.38 66.24

Table 4

2D EXSY integrals, rate constants, and rotational barriers for compound 7 in CDCl3.

Tm /S Integral Rate constant Rotational barrier
/st / Kj mol ™!
EE EZ zzZ ZE k1 k2 AGi AG
Ar-CH3 0.005 3.65 1.00
0.05 1358.66 2.66 387.28 1.00 0.01 0.14 83.54 77.84
0.1 4.72 0.02 1.34 0.03 0.06 0.15 79.86 77.64
0.15 510.20 1.50 141 1.00 0.01 0.07 83.73 79.52
0.2 124.70 1.24 35.00 1.00 0.04 0.18 80.94 77.23
0.25 90.40 1.09 25.18 1.00 0.04 0.18 80.71 77.29
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Fig. 10. Equilibration of the E and Z conformers of compound 8 measured by 'H NMR spectroscopy in CDCl; for three different proton signals: the anilide protons

(A), the first methylene group of the chain (B) and the anilide methyl signals (C).

Table 5
Linear fit and rotational constants for the equilibration of compound 8 in CDCl5.
Signal Slope /s k/st AG* / kJ R?
mol !
Anilide protons (A) 8.707 x 4.354x 10~* 92.1 0.992
1074
0O-CH (B) 8.714 x 4.357x 10°* 92.1 0.988
1074
Anilide methyl groups 8.615 x 4.308 x 92.2 0.993
© 1074 1074

ring of the benzanilide. Similar to the spectra recorded for 6, an absence
of exchange signals was also apparent for the tri-substituted compound
8. This implies that having two ortho methyl substituents on the same
ring greatly increases the barrier to rotation around the amide bond.
This appears reasonable, as when the molecule has two ortho methyl
substituents, there is no way to rotate the amide bond without rotating
one of the methyl groups past the other ring; whereas in the singly ortho
substituted compounds, the smaller hydrogen substituent can be rotated
past the other ring.

The tri-substituted dimer 8 was isolated in the Z conformation by
crystallisation, which then equilibrates on dissolution, and this is similar

Table 6

Transition temperatures and associated enthalpy and scaled entropy changes for
the 3° benzanilide-based dimers (Fig. 2).  Denotes values taken from DSC
cooling trace. *Glass transition.

Reheat Melt/  AH /kJ AS N/ AH/kJ AS
Melt / °C °C mol ! /R °C mol ! /R
4 52 118 15.7 4.8 56 0.72 0.26
5  36% 134 25.5 7.5 116 0.34 0.04
6 47 51 8.96 3.3 . . .
7 56 58 7.44 2.7 57t . o
8 36* 108 44.4 14 77 0.25 0.09

to the behaviour seen for the corresponding N-methylated analogue
reported previously.® This allows for the rotational barrier about the
amide N-C(O) bond to be determined by following the rate of equili-
bration of the E and Z conformers using NMR spectroscopy (Fig. 10 and
Table 5). The average rotational barrier and standard deviation for
compound 8 is AG;98 =92.1 + 0.02 kJ mol ! The rotational barrier for
8 is markedly higher than that of either the singly ortho substituted 4 or
the di-substituted 7, as would be expected for the more substituted
compound.



G.J. Strachan et al.

Fig. 11. Schlieren texture seen for 8 in the nematic phase at 45 °C.

3.4. Thermal properties of tertiary benzanilide-based dimers with an N-
decyl group

The transition temperatures and associated enthalpy and scaled en-
tropy changes for the 3° benzanilide-based dimers are listed in Table 6. 6
did not exhibit liquid crystalline behaviour whereas the other four di-
mers showed a monotropic nematic phase. This was identified on the

Journal of Molecular Liquids 384 (2023) 122160

basis of the observation of schlieren textures containing two- and four-
point defects and a representative example seen for 8 is shown in
Fig. 11. The initial melting points for 4 and 5 obtained by crystallisation
from a solvent were considerably higher than those measured on the
second heating run (see Fig. 12). On cooling the nematic phase of
compound 4 there was no clear change in texture but a marked increase
in viscosity was apparent at 48C corresponding to the exotherm seen in
the DSC trace. The value of the entropy change associated with this
transition strongly suggests the formation of a disordered or soft crystal.
On reheating, this soft crystal phase melts into the nematic phase at
52 °C and subsequently clears into the isotropic phase at 56 °C. This is
further confirmation that this lower temperature phase is a soft crystal
phase. After storing the sample at room temperature for over a year, the
sample does not form the original crystal phase, see Fig. 12. Instead, the
aged sample appears to show a weak glass transition prior to the soft
crystal — nematic transition, see inset Fig. 12. Vitrification of soft crystal
phases is a well-known phenomenon, (see, for example ref 14). [14].

Compound 5 initially melts directly into the isotropic phase at
134 °C, and on cooling it enters the nematic phase at 115 °C, and forms a
glass at 34 °C. On subsequent reheating, the glass transition occurs at
36 °C.

The value of Ty for 5 is some 60 C higher than that of 4, and this
reflects the exchange of a cyanobiphenyl unit in 4 for a cyanoterphenyl
group in 5 and the associated increase in structural anisotropy accounts
for the increase in Ty;. The symmetrically di-ortho substituted compound
6 does not show liquid crystal behaviour and crystallises at 46 °C.
Compared to the singly ortho substituted 4 this suggests a reduction in
Ty of at least 10 °C In contrast to this, the asymmetrically di-substituted

LaoHz1

L) 60 65
Temperature [°C]

40 60 80

T N I
100 120

Temperature [°C]

Fig. 12. The DSC traces of 4. Dashed line is the initial heat, the red upper line the cooling trace, and the solid black line the reheat. The dotted line is the reheat after
storage of the sample at RT for over a year. Inset shows the weak glass transition observed prior to the transition to the nematic phase for the aged sample. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 13. The DSC trace of 8. Dashed line is the initial heat, the red line is the cooling trace and the solid black line the reheat. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

compound 7 does form a nematic phase, and the value of Ty is essen-
tially identical to that of 4. This strongly suggests that the addition of the
second methyl substituent ortho to the carbonyl group has no impact on
molecular shape.

The tri-ortho substituted compound 8 melts at 108 °C directly into
the isotropic phase on initial heating, and then on cooling enters the
nematic phase at 76 °C. After the initial melt, it did not crystallise again,
but formed a glass on cooling with a glass transition at 36 °C on heating
and clears at 77 °C. The DSC traces are shown in Fig. 13. Surprisingly the
value of Ty; for 8 having three methyl substituents is higher than those of
4, 6, and 7. Indeed it is apparent that the effects of each methyl sub-
stituent are not simply additive. The counter-intuitive increase in Ty
seen for 8 may be accounted for, however, by the increased proportion
of the more linear Z amide conformer seen in this material described
earlier. The more rod-like Z conformer will be favoured by the nematic
environment, and it is probable that the proportion of Z conformer will
be higher than that estimated in solution.

3.5. Comparing the effects of replacing an N-methyl substituent by an N-
decyl chain

If we first consider the compounds with a single ortho methyl sub-
stituent, 4 and 5, the N-decyl substituent leads to a decrease in both T,
and Ty compared to the corresponding N-methyl compounds reported
previously,[4,5] and this is to be expected when increasing the size of
lateral substituents in a liquid crystalline material.[15,16] The reduction
in Ty, is sufficient to allow enantiotropic nematic behaviour to be
observed, and whereas 4 had a nematic range of just 4 °C, the nematic
phase of 5 was present over an 80 °C range.

Compound 6, with two methyl substituents ortho to the nitrogen, did
not show liquid crystalline behaviour despite the decrease in melting
point compared to its N-methyl analogue, which was also non-meso-
genic.[5] This suggests that the symmetric substitution of the anilide
ring inhibits the formation of liquid crystal phases although the physical
significance of this observation is not apparent.

For 7, which has two methyl substituents, one on each ring, the
nematic phase was monotropic, and only present for a few degrees prior
to crystallisation. Tyy for this compound was 57 °C, only 1 °C higher than
that of 4, despite the larger proportion of the more elongated Z
conformer expected for 7. This contrasts starkly with the nearly 50 °C
increase seen when comparing the corresponding N-methylated com-
pounds.[4,5] This may indicate that the presence of ortho methyl sub-
stituents on both sides of the amide group prevents the decyl chain from

lying along the long axis of the molecule. The loss of such conformations
leads to an increase in the ‘effective size’ of the decyl group in 7
compared to that in compound 4 and decreases the structural anisotropy
to a greater extent.

The final compound, the tri-methyl substituted 8, had the highest
value of Ty; of the five compounds with a cyanobiphenyl terminal group.
This may be attributed to the greatly increased proportion of the elon-
gated Z conformer compared to 4, 6, and 7. While both Ty, and Ty; were
reduced compared to the N-methyl analogue, the larger N-decyl group
tended to suppress the crystallisation of 8, and it instead formed a glass
on cooling. This means that, despite the decrease in Tyj, the N-decyl
substituted 8 had a nematic phase range of over 40 °C, while that of the
N-methyl analogue was less than 10 °C.

4. Conclusions

Varying the size and nature of the N-substituent has a negligible
effect on the conformational preferences and rotational barriers for
benzanilides having a single methyl substituent ortho to the amide ni-
trogen. The introduction of larger substituents on the amide nitrogen
introduces a new approach to molecular designs aimed at promoting
liquid crystallinity in 3° benzanilide-based materials. The introduction
of the flexible N-decyl substituent leads to a decrease in the melting
point and suppresses crystallisation compared to the corresponding
methyl-substituted materials. The increased proportion of the Z amide
conformer caused by the introduction of methyl substituents on both
benzanilide rings promotes liquid crystallinity. The combination of an
N-decyl substituent and the inclusion of an additional phenyl ring for
compound 5 leads to the formation of a wide temperature-range nematic
phase. This design approach can now be exploited to obtain 3° benza-
nilides that exhibit a wide range of liquid crystalline behaviour.
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