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Reduced odd—even effects in liquid crystalline carbonate dimers: molecular field analysis
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Four liquid crystalline carbonate dimers DCrn containing the dimethylbenzalazine mesogen, bis(oxycarbonyloxy)alkane
flexible spacers with three to six methylene units and acetate terminal groups were synthesised and their mesogenic
behaviour investigated. As compared with the corresponding ester dimers a strong reduction of odd-even fluctuations
of nematic—isotropic (N-I) transition entropy is observed. A theoretical analysis of the dimers within the rotational
isomeric states (RIS) mean-field approach is also reported. A satisfying agreement between calculated and observed
thermodynamic properties is obtained. In fact, the theoretical analysis correctly predicts a significant reduction of the
odd-even fluctuations for the core order parameter S as well as for the nematic to isotropic transition entropy ASy;. The
calculated distributions of conformers also show reduced differences between even and odd members. In particular, for
even dimers the calculated fraction of linear extended conformers in the nematic phase at the N-I transition is around
27%, which is far below that of the corresponding ester dimers (46%).
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1. Introduction

Liquid-crystalline dimers are molecules containing
two mesogenic units connected by a flexible spacer.
Their mesogenic behaviour shows interesting features
that have stimulated investigations both experimen-
tally and theoretically; one of the most relevant fea-
tures are odd-even effects. According to these effects,
some properties related to the degree of order of the
nematic phase (the molar entropy of transition from
the nematic to isotropic phase, as an example) have an
oscillatory behaviour depending on the flexible spacer
(a polymethylenic chain in the most simple case) hav-
ing an even or odd number of carbon atoms. In these
oscillations, whose amplitude generally decreases by
increasing the length of the spacer, the transition
entropy of even members can be greater than that of
the odd ones by a factor two or even more (/-5).

While odd-even effects are a typical feature of
many classes of liquid-crystalline dimers and poly-
mers, it is known experimentally that in some cases
these effects are absent or greatly reduced. A relevant
example is given by carbonate dimers and polymers, in
which the mesogens are linked to the polymethylenic
spacer through carbonate groups, see Scheme 1.

In fact, strong odd-even fluctuations of nematic
(N) to isotropic (I) transition temperature (7yy),
entropy (ASy7) and order parameter (S) are observed
in nematogenic symmetric ester dimers containing the
mesogenic groups of a-metylstilbene and dimethyl-
benzalazine (3-5), while by replacing the ester linkage
between the spacer and mesogens by carbonate groups
no significant odd-even effect is found for the

transition temperatures and only a small oscillation
of the entropies is still retained (6, 7).

The strong attenuation of odd—even fluctuations in
carbonate systems is found also in the corresponding
classes of polymers (e.g. main-chain polycarbonates as
compared with polyesters) (8), and it has also been
observed for dimers containing the cyanobiphenyl
mesogenic group (9), so it can be considered a stable
feature of carbonate systems possibly related to struc-
tural and conformational features of this linkage.

A theoretical analysis of the reduced odd-even
effects in carbonate dimers was proposed by Abe
et al. (9) on the basis of their model of RIS fitting of
H-NMR (nuclear magnetic resonance) quadrupolar
splitting data (/0). They found that while for ester and
ether dimers the distributions of conformers are
clearly different between odd and even members, in
the case of carbonate dimers the distinction becomes
obscure. In their analysis, they also point to some
structural differences between the carbonate linkage
as compared with ester and ether linkages, as a possi-
ble source of the observed different odd—even features.

We have recently reported a theoretical analysis of
nematogenic liquid-crystalline dimers within the RIS
mean-field approach. Fair results in the prediction of
transitional properties (including the order parameter)
of ester dimers showing strong odd-even fluctuations
were obtained (/7).

In this paper, we test our model on the analogous
dimers of (5, /1), but with carbonate linkage between
the mesogenic groups and the spacer, their chemical
diagrams being shown in Scheme 2.
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Scheme 1. Schematic diagram of carbonate type dimers (up)
and ester type dimers (down).

We note that several mean field theoretical ana-
lyses have been proposed for dimers showing strong
odd-even effects (ether (/12-16), alkane (/2-16), ester
dimers (/1)), while the present analysis is the first for
carbonate dimers in which those effects are strongly
reduced.

2. Experimental
2.1 Synthesis

Carbonate dimers DCn were prepared according to
Scheme 3, i.e. by reaction of the monoacetate ester of
4,4-dihydroxy-a,a’-dimethylbenzalazine (5) with the
appropriate alkyl-bis(chlorocarbonate), in stoichio-
metric ratio 2.2/1.0.

The reaction was performed at room temperature
in anhydrous mixture of chloroform and pyridine.
After 2 h reaction, the mixture was poured in excess
ethanol and the carbonate dimer DCn collected by
filtration. Further purification was achieved by col-
umn chromatography (silicagel plus chloroform
as eluant). Final recrystallisation was from chloro-
form/ethanol. The alkyl-bis(chlorocarbonate)s were
prepared by slow addition of the appropriate di-
alcohol to a cold benzene/phosgene solution, under
stirring (caution must be used in handling phosgene).
Stirring at room temperature was continued for 24 h.
Then, the excess benzene/phosgene solution was
removed at reduced pressure and the resulting
bis(chlorocarbonate) was used without further purifi-
cation (/7).

The identity and purity of dimers was confirmed
by '"H-NMR. NMR assignments for DC8 and DC9
are reported as examples.

DC8. TUPAC name: 2, 7-dioxo-1,8-octanedioic
acid, bis[4-[1-[[1-[4-[(1-acetyloxy]phenyl] ethylidene]
hydrazonolethyl]phenyl] ester. 'H-NMR. CD,Cl,.
6 (ppm): 1.921 (quintet, 4H), 2.305 (s+s, 18 H), 4.336
(tr, 4H), 7.146 (d, 4H), 7.249 (d, 4H), 7.930 (d, 4H),
7.967 (d, 4H).

DC9. TUPAC name: 2, 8-dioxo-1,9-nonanedioic
acid, bis[4-[1-[[1-[4-[(1-acetyloxy]phenyl] ethylidene]
hydrazonolethyllphenyl] ester. 'H-NMR. CD,CL.
6 (ppm): 1.549 (quintet, 2H), 1.842(quintet, 4H),
2.304 (s+s, 18 H), 4.301 (tr, 4H), 7.146 (d, 4H), 7.244
(d, 4H), 7.938 (d, 4H), 7.963 (d, 4H).

The liquid crystalline behaviour of DCn com-
pounds was investigated by polarising microscopy
(Zeiss polarising microscope equipped with Mettler
hotstage) and differential scanning calorimetry
(Perkin-Elmer Pyris DSC system accurately calibrated
with high-purity indium standard, nitrogen atmo-
sphere, scanning rate 10 K/min).

2.2 Theoretical calculations

Conformations of DCn dimers were generated using
the geometry of the mesogenic group taken from the
crystal structure analysis reported in (5) and following
the mathematical procedures described in (/7).

Geometric parameters of the carbonate group
(Scheme 4) are reported in Table 1; bond lengths
were obtained by averaging data from well refined
X-ray structures of alkyl-arylcarbonates found in the
Cambridge Structural Database (Version 5.29) (18);
the set of bond angles was taken from the work of Abe
et al. on carbonate dimers of cyanobiphenyl (9).

The relative orientation of the two mesogenic
groups in the dimer molecule is determined by the
Lagrangian coordinates shown in Scheme 5: tor-
sions around the bonds from the mesogen to the
alkyloxy O atoms, indicated by ¢; and ¢, respec-
tively; torsions around the bonds from the carbonyl
C atom to the two adjacent oxygens, indicated by
(x1, Y1) and (x>, v»); torsions around the bonds
from oxygen to the first CH, group of the spacer,
indicated by w; and w»; torsions around CH,~CH,
bonds internal to the polymethylenic spacer,

(0] (0]
| - I I |-
CH3COO@—C=N—N= | @o—c—o—(em)—o—c—o—@—c=1v—1v= | @—ooccm
n—-4

CH,4

n=7,8,9,10

Scheme 2. Chemical diagram of the carbonate dimers DCn.
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Scheme 3. Synthesis of DCr dimers.
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Scheme 4. Numbering scheme of the carbonate group.

Table 1. Bond lengths (A) and bond angles (°) assumed for
the carbonate group.

C1-01 1.408 C2-031.318 03-C31.470
01-C2 1.351 C2-021.200 C3-C41.520
Cl-01-C2 122 01-C2-03 108 01-C2-02 124
02-C2-03 128 C2-03-C3118.3 03-C3-C4 110
C3-C4-C5 112

indicated by C; (i = 1, 2 for DC7, n = 1, ...,3 for
DC8, n =1, ...4 for DC9 and n = 1,...,5 for
DC10).

We have assumed a fourfold potential for ¢, and ¢,
rotations (minima at + 60° and £ 120°) as for the
corresponding ester dimers (//) and in agreement with
several conformational studies of polycarbonate chains
(19, 20); for (x, 1) rotations the minimum energy con-
formation is the (trans, trans). However, an old analysis
by Williams and Flory (27) and more recent ones (20, 22)
indicate that contributions from conformations (zrans,
cis) or (cis, trans), with energy higher by 6.74 kJ/mol (20),
can also play a role, so we have retained these conforma-
tions; (cis, cis) conformations have been discarded for
sterical reasons (20-22). The torsional potential for wy,
w» and C; rotations is threefold (minimum at 180°, sec-
ondary minima at + 120° (G%)); the energy difference is
0.84 kJ/mol for w; and w, and 2.09 kJ/mol for internal
CH,-CH, bonds (23); for CH,—CH, bonds adjacent to

aO=0

O 0" w0 o, ¢, CH; C

o e 1t

“CH,

oxygens (i.e. C; and C,,_s), we have assumed the conven-
tional model in which the torsional potential is threefold
with T and G states having the same energy (23). This
model was already used in theoretical studies of carbo-
nate dimers (9) and ‘reversed ester’ liquid crystalline
polymers (24). Conformations corresponding to
sequences GG~ or G"G™ for consecutive bonds of the
spacer have been discarded if the 1,5 contact is between
C atoms (‘pentane’ effect) (/4,23); if the contact is
between C and O atoms the conformation has been
retained with additional energy of 2.47 kJ/mol, while it
has been retained with 2.09 kJ/mol additional energy if
the contact is between O atoms (i.e. for DC7) (23).
Finally, for each conformer, a direct check was per-
formed on the distances between atoms of the two dif-
ferent mesogenic groups, discarding those conformers
for which the minimum distance was less than 3.4 A The
total number of conformations used in the calculations
was 6467 for DC7, 19002 for DCS, 43507 for DC9 and
106352 for DC10.

The calculation of the thermodynamic properties
of the dimers was performed following the molecular-
field approach reported in detail in (/7). For each
conformer, the 7 angle between the elongation axes
of the two mesogenic groups was calculated (the axes
are indicated by arrows in Scheme 4). The elongation
axis of the mesogen was taken as the segment connect-
ing the two phenyl-C atoms bonded to O atoms. The
energy of each conformer was split in an internal part
(conformation dependent) and in an external part
(orientation dependent) (25). After proper averaging
over all orientations and conformations, the orienta-
tion-conformation partition function was evaluated
and, from that, the Helmholtz free energy and other
related thermodynamic quantities (/7). The experi-
mental N-I transition temperatures of the dimers
were used in the Boltzmann factors.

0}
C H, I X2

w RN

Ch-6CH, Cn-s O (2 O (I)

n=

2

Scheme 5. Definition of torsional coordinates and of the angles between the mesogenic groups for DCrn dimers. 7 is the angle
between the arrows; 6 is the supplementar angle of 7 (6 = 180° — 7).
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3. Results and discussion

DCn dimers show thermotropic mesomorphism
(Table 2). The liquid-crystal phase was assigned as
nematic, as suggested by the mobile schlieren texture
observed by the polarising microscope. Concerning
odd-even fluctuations, it is evident from Table 2 that
they are absent for the transition temperatures, and
still present, but greatly reduced, for transition enthal-
pies and entropies. This behaviour is similar to the few
classes of carbonate dimers studied up to now (6,7,9)
and may be considered as typical of carbonate dimers
as compared with ester dimers.

On the other hand, the corresponding Dn ester
dimers show strong odd-even fluctuations (5). The
striking difference between DCrn and Dn dimers is
graphically shown in Figure 1. We note that a com-
parison between the two classes of dimers is particu-
larly significant in our case, since they have the same
mesogenic group and the same terminal tails.
Actually, Dn and DCn dimers (same n) differ only
for a CH, group being replaced by an O atom (see
Scheme 1), so they are isoelectronic. Looking at
Figure 1 it is also evident that between correspondent
carbonate and ester dimers relevant differences are
mainly observed for even members, the differences
between odd members being smaller by far.

Now we discuss the results of the theoretical
analysis.

The dependence of the calculated core order para-
meter S versus the scaled interaction parameter X is
shown in Figure 2.

Table 2. Experimental thermodynamic data of DCn
dimers.

Ten(K)  Tap(K)  AHwy (kJimol)  ASy/R

DC7 463 496 4.3 1.04
DCS8 465 495 5.5 1.34
DC9 447 483 4.7 1.17
DCI10 445 478 5.2 1.31

520

510 4

500

Tn1 (K)

490

480

470 T T

7 8 9 10

n

ASNY/R 1,5 1

The shape of the curves is very similar to the the-
oretical curves reported by Ferrarini et al in their
theory of dimers as mixtures of the linear and the
bent conformers (/2) and to the curves we have eval-
uated for the corresponding Dr ester dimers (/7). We
note the closeness of curves for dimers of the same
parity when plotted against the scaled X’ parameter.
However, the spanning between the curves for even
and odd dimers is significantly reduced in DCn as
compared with Dz dimers.

The value of X at the N-I transition, X:", is
obtained by equating the Helmholtz free energy of
the isotropic and nematic phases (/1,12-16,25).

From the values of X*» we have estimated the core
order parameter at the N-I transition, SV, as well as
other thermodynamic properties of the dimers, such as
ASNI and TNI (11)

The transition temperatures have been scaled
with the transition temperature of the DC7 dimer
and approximate molecular volumes have been esti-
mated from the crystal structures of ester dimers D8
and D9 (9).

The calculated thermodynamic properties are
summarised in Table 3. For easy comparison, they
are also reported graphically in Figures 3 and 4
together with the calculated properties of the corre-
sponding ester dimers (/7).

The results for the order parameter are satisfying.
In fact, the predicted values are quite realistic for all
dimers and the odd-even fluctuations are clearly
reduced as compared with ester dimers. Actually, for
all DCn dimers, the predicted order parameter at the
N-I transition is close to 0.4 (in particular, $¥ 22 0.4 for
odd and SM= 0.45 for even members) which is inter-
mediate between the predicted value of 0.35 for odd
and 0.5 for even Dn ester dimers (/7).

This result is in agreement with experimental data
available from the literature. For ester dimers contain-
ing the mesogenic groups of cyanobiphenyl or phenyl-
benzoate, Toriumi et al. (26) measured the order
parameter with the H-NMR technique and found
values, extrapolated at 7= Tyy, of 0.38 for the odd

2,5

2 4

14

0,5

7 8 9 10
n

Figure 1. Experimental nematic-isotropic transition temperatures and entropies for ester Dn dimers (squares) and carbonate

DCn dimers (triangles). Data for Dr dimers are taken from (35).
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0,8 1

0,6

0,4

0,2 1

Figure 2. Plot of the orientational order parameter, S,
versus X% for DC7 (squares), DC8 (triangles), DC9
(diamonds) and DC10 (circles).

members and 0.60 for the even members; for the carbo-
nate dimers, on the other hand, the difference between
odd and even members is scarcely significant and inter-
mediate values close to 0.5 were found both for even and
odd members (9). Analogously, for ester dimers con-
taining the a-methylstilbene mesogen, the order para-
meter measured with the X-ray scattering technique was
0.45 for odd members and 0.58 for even ones (27); for
the corresponding carbonate dimers the difference
between even and odd members is not appreciable and
values of the order parameter, measured with the same
technique, were around 0.48 for all (7).

The calculated transition entropies are also sub-
stantially satisfying, showing a reduction of the odd—
even fluctuations; moreover we note that, in

Table 3. Calculated thermodynamic properties of DCn
dimers at the N-I transition.

DCn XN SN T$, /TS, (DCT) AS, /R
DC7 1.915 0.390 1 0.77
DC8 2.000 0.454 1.09 0.91
DC9 1.920 0.396 0.96 0.77
DC10 2.032 0.453 1.02 0.92
0,6
0,5
SNI 0,4
0,3
0,2 4 : . i
7 8 9 10

n
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comparison with ester dimers, the transition entropies
of the odd members are less varied than the even
members, in agreement with the experimental data.

The calculated N-I transition temperatures, on the
other hand, show a less satisfying behaviour. In fact,
though the predicted fluctuations are strongly reduced
as compared with esters, we have to remember that
odd—even fluctuations of transition temperatures are
absent in DCrn— carbonates.

As a general remark to the above data, we stress
that just because odd-even fluctuations are absent or
greatly reduced in carbonates, and the differences
between the thermodynamic properties of consecutive
members are small, it is clear that quantitative agree-
ment between calculated and observed data is not
expected for a simulation based on a simplified
model, like our model. A better quantitative agree-
ment could be reached perhaps by using more sophis-
ticated mean-field approaches (13,14). However, it
seems that the reduction of odd—even fluctuations in
carbonate as compared with ester dimers, which is a
quantitative rather than a qualitative effect, is within
the target of our model.

Further insight into the difference between carbo-
nate and ester dimers can be reached by comparing the
calculated distributions of conformers in the liquid
crystal phase. These are reported in Figure 5 for DC7
and DC8 (similar distributions are calculated for DC9
and DCI10). For easy comparison with the work from
previous literature on ester and carbonate dimers (28),
we have reported in Figure 5 the integrated distribu-
tion curves as a function of the disorientation angle 6
between the mesogenic groups, which is the supple-
mentar of the 7 angle: § = 180° — 7 (see Scheme 5). In
this way, for a given 6,, value, P(6,,)in the curves of
Figure 5 gives the probability of conformers with
0<60<6, (29). In Figure 5, are also reported the
correspondent curves for the ester dimers D7 and D8
calculated from the data of (/7).

For ester dimers the curves clearly have different
shapes between even and odd members showing, in
particular, the bimodal character first pointed out by

n

Figure 3. Calculated order parameter at T = Ty (left), and transition entropy (right) for DCr (triangles) and Dn (squares)

dimers. Data for Dn dimers are taken from (/7).
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Tny/TNi(DC7)

L
)

n

Figure4. Calculated scaled transition temperatures for DCn
(triangles) and Dn (squares) dimers. Data for Dn dimers are
taken from (/7).

Abe et al. (28, 29). Passing to carbonate dimers, the
characteristic features of the curves become less
marked by far, and the curves lose their identity
assuming a shape not so easily distinguishable between
even and odd members. It is noteworthy that the
curves of Figure 5 are similar to those reported by
Abe et al. in their RIS/"H-NMR analysis (28).

A quantitative comparison between DCr and Dn
dimers shows that for odd members the changes are
relatively minor. As an example, in the nematic phase at
T = Ty, the probabilities of linear extended conformers,
say those with 150° < 7 < 180°, i.e. 0° < 0 < 30°, are
10.1% for DC7 and 9.9% for DC9; for D7 and D9 the

D8

08 1
0.6
P(6)
04

0,2

0(°)
D9

0. -
0.6 -
P(8)
04

0.2 4

0 20 40 60 80 100 120 140 160 180
0(°)

corresponding values are 2.3% and 2.2% respectively. On
the other hand, for even dimers the change is more
relevant. In fact, the probabilities of conformers with
150° < 7 < 180° (0° < # < 30°), in the nematic phase
at T = Tyy, are 27.6% for DC8 and 27.0% for DCI0,
while for D8 and D10 the corresponding values are
44.7% and 46.9%. These conformational data are sum-
marised in Table 4, in which the probability of linear
extended conformers is also reported for the isotropic
phase (X! = 0).

So the different mesogenic behaviour of carbonates
seems related mainly to a strong absolute reduction of
the probability of linear extended conformers in the
nematic phase for even members. This diminution,
with reference to the corresponding ester dimers, can
be due to various factors: the geometry of the carbonate
linkage, as pointed out by Abe et al. (9), and also the
different conformational features of the linkage (in
particular, the torsional coordinates v; and 1, for
which gauche states are allowed in esters and forbidden
in carbonates, and the torsional coordinates w;, w,, C;
and C,_s that make less energetically penalising, in
carbonates, gauche conformations in the spacer (includ-
ing G*G™ or G'G" sequences)). It can also be under-
stood why the effects of this different conformational
freedom are more relevant for even members; in fact,
for the odd members the number of linear extended

DC8
1
0.8 1
0.6
P(0)
04
02
0 20 40 60 8 100 120 140 160 180
6(°)
DC9
1
03
0.6 -
P(0)
04
02 -
0

0 20 40 60 8 100 120 140 160 180
0(°)

Figure 5. Integrated distribution curves for the disorientation angle 6 between the mesogenic groups (see Scheme 5). The curves
have been evaluated from the calculated distribution of conformers in the nematic phase at T = Ty; with X' = 2.00 for DC8

and X = 1.92 for DC9. Also reported are the correspondent curves for D7 and D8 calculated from data of (/7).
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Table 4. Calculated probability of linear extended
conformers (150° < 7 < 180°) for DCr and Dn dimers at
T = Tyy in the isotropic and nematic phase. Data for Dn
dimers are taken from (/7).

Isotropic Nematic

DC7 5.4% 10.1%
DC8 14.9% 27.6%
DC9 5.3% 9.9%
DCI10 14.3% 27%

D7 1.6% 3.5%
D8 26.2% 46.6%
D9 1.2% 2.2%
D10 24.9% 46.9%

conformers is in any case very small. As an example, for
DC7 and DC9 the number fraction of conformers with
150° < 7 < 180° is 4.0% and 4.5% respectively, while it
is 13.1% and 12.0% for DC8 and DC10.
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