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Abstract—The orientational order parameter Sof molecules in high-temperature discotic nematic liquid-crys-
tal phases of triphenylene derivativesisinvestigated as afunction of the length of side flexible molecular chains
at different temperatures. It is established that the orientational order parameters Sin the range of the transition
from the nematic phase to the isotropic liquid phase (the Np—! transition) are smaller than those predicted from
the molecul ar-statistical theory and computer simulation. It is shown that the Np— transition is close to both
theisolated Landau point and the tricritical point (regardless of the chemical structure of the molecules and the
anisotropy of dispersion intermolecular interactions). Consistent explanations are offered for a number of
experimental findings, such as the anomalously small changes in the enthal py and entropy upon the Np—I tran-
sition (as compared to those revealed upon the N-I transition in calamitic nematic liquid crystals), the anoma-
loudly strong response of the isotropic phase of discotic nematic liquid crystals to external fields (thermody-
namically conjugate to the order parameter S) and the long relaxation times of this response, and the formation
of cybotactic discotic molecular clusters in the isotropic phase in the vicinity of the Np— transition. © 2004

MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

The phase transition from a discotic nematic phase
to anisotropic liquid phase (the Np— transition) in lig-
uid crystals consisting of disk-shaped moleculesis one
of the most intriguing phenomenain the physics of lig-
uid crystals. This transition has been the subject of
extensive experimental studies [1-12], molecular-sta-
tistical theoretical investigations [13-17], and com-
puter simulation [18-23]. Disk-shaped molecules
forming a discotic nematic phase consist of a planar
central aromatic core with arelatively large radius and
radial flexible aliphatic chains of specific length [24,
25]. In a uniaxia nonpolar homogeneously oriented
discotic nematic phase, the preferred axes | of disk-
shaped molecules are normal to the molecular planes
and are predominantly oriented along the director n.
The degree of orientational ordering in liquid-crystal
molecules is characterized by the order parameter S=
[3cos’0 — 1112, where 6 isthe angle between the vectors
| and n and the brackets [..0indicate statistical
averaging.

Discotic nematic liquid crystals are characterized by
anomalously small changes in the enthalpy AH = 0.02—
0.6 kd/mol upon the Np— phase transition [3-8, 12] as
compared to the enthal py change AH = 1-6 kJ/mol [26]
observed upon the Nl phase transition in calamitic
nematic liquid crystals, which consist of rodlike or lath-
like molecules. From the Landau—de Gennes expansion

for the thermodynamic potential of a nematic liquid
crystal into aseriesin powers of the parameter S that is,

AD = a(T-T*)S/2-BS/3+CS'/4

. (1)
+ES/5+DS/6+ ...,
we obtain the following expression:
AH = aSy Ty/2, )

where T, is the temperature of the Ny phase transi-
tion (T, > T*) and §, = YTy )). Hence, it follows that
the smallness of the change in the enthalpy AH can be
associated either with the small values of S, and the
similarity of the Np—l phase transition to the second-
order transition or with the smallness of the factor a.
Both variants lead to a number of physica conse-
quences. Since the specific features of the Ny phase
transition are governed by the structural features of
disk-shaped molecules, this problem can be solved by
analyzing the available data on the influence of molec-
ular properties on the temperature dependence of the
orientational order parameter S(T). Thereareonly afew
works devoted to the investigation of the dependence
S(T) for discotic nematic liquid crystals with the use of
refractometry [6, 9-11] and IR spectroscopy [12].

In this work, the dependence ST) for the discotic
nematic phase of two high-temperature triphenylene
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derivatives was investigated using the anisotropy of
diamagnetic susceptibility of these compounds. Con-
sideration was given to the structural features of the
chosen molecules and their ordering, which are respon-
sible for the strong coupling of the orientational and
conformational degrees of freedom of moleculesin the
discotic nematic phase. A correlation was reveaed
between the dependence S(T) and molecular properties.
The results obtained were compared with those pre-
dicted from the molecular-statistical theory and com-
puter simulation. Consistent explanations were offered
for the known features of the Np—| phase transition.

2. OBJECTS OF INVESTIGATION
AND THEIR SPECIFIC FEATURES

Owing to the relatively dense molecular packing in
the nematic phase, the shape of the molecules deter-
mines the anisotropy of their local coordination envi-
ronment. In calamitic nematic liquid crystals, the vector
n is perpendicular to the direction of the shortest inter-
molecular distance which is comparable to the trans-
verse size of rodlike molecules. At the sametime, inthe
discotic nematic liquid crystals, the vector n is aligned
paralel to the direction of the shortest intermolecular
distance which is comparable to the thickness of disk-
shaped molecules. This difference in the local anisot-
ropy of the calamitic nematic and discotic nematic
phases, aong with the structural—chemical features of
discotic molecules, accounts for the fact that the con-
formational state of side chains of these molecules in
the discotic nematic phase has a more profound effect
on the order parameter S and the dependence ST) as
compared to that in the calamitic nematic phase.

The loose structure of discotic molecules with the
statistical symmetry axisC, ||| (n = 3) is characterized
by large-sized holes between side chains of the mole-
cules, which isaprerequisite for a high conformational
mobility of the chains. As the chain length increases,
the free volume per chain of a discotic molecule
increases rapidly, which also enhances their conforma-
tional mohility.

In the discotic nematic phase, the planar aromatic
cores of the molecules are equivalent to the planes
restricting the conformational mobility of the chains of
neighboring molecules along the director. However, the
mobility in the directions norma to the director
remains sufficiently high and isrestricted only by steric
repulsion of adjacent chains of the same molecule or by
the engagement of chains of the neighboring mole-
cules. An increase in the degree of orientational order
of molecular axes | with respect to the director n or in
the order parameter Sleadsto a decrease in the number
of conformational states responsible for the deviation
of the chains from the core plane. This favors an
increase in the anisotropy of the molecular shape and
enhances anisotropic steric intermol ecul ar interactions.
On the ather hand, the thermal conformational mobility
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Fig. 1. Structure of nOBT molecules.

of the chains results in a decrease in their contribution
to the energy of the anisotropic intermolecular interac-
tion and has adisordering effect on the molecular cores.
The above factors are responsible for the interrelation
between the orientational order of molecules and the
conformational state of their chains in the nematic
phase. In turn, this interrelation should manifest itself
in the dependence of the magnitude and the tempera-
ture behavior of the order parameter S on the chain
length, especially in the case when the mesophase has
a high temperature corresponding to a high thermal
mobility of the molecular chains.

On this basis, the compounds of the homologous
series of 2,3,6,7,10,11-hexakis(4-n-a kyloxybenzoy-
loxy)triphenylenes (nOBT) at n = 6 and 11 [1] were
chosen as the objects of our investigation. The structure
of NnOBT moleculesisshownin Fig. 1.

The molecules of these compoundswith anidentical
number of side chains differ from those studied earlier
in [9-11] in terms of the point group of statistical sym-
metry C,, the chemical structure, the polar properties of
the aromatic cores, and the free volume per chainin an
individual molecule. For each fragment R, the angle ¢,
between the plane of the triphenylene core and the
plane of the O(O)C bridging group varies from 61° to
81° [7]. The angle ¢, = O between the plane of the
O(O)C electron-acceptor fragment and the phenyl ring
provides the 1t conjugation of this fragment to the phe-
nyl ring and the electron-donor alkoxy chain. This
results in an increase in the anisotropy of molecular
polarizability. The distribution function f(d3) has a
maximum at the angle ¢; = 0 [7]. Therefore, for the
methylene chain fragments that are adjacent to the
molecular core and predominantly adopt a trans con-
formation, the carbon backbone lies in the plane mak-
ing the angle ¢, = ¢, with the plane of the triphenylene
core. As the length of the chains increases, their side
fragments deviate from the core plane. Thisleads to an
increase in the thickness of the molecul e and adecrease
in the anisotropy of the molecular shape. The anisot-
ropy of steric intermolecular interactions also
decreases.

Among the known compounds [25], the 60BT
homolog has one of the highest temperature discotic
nematic phases. The nematic phase of the 110BT
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Fig. 2. Temperature dependences of the order parameter S
in the discotic nematic phase for nOBT homologsat n = (1)
6 and (2) 11. Solid lines represent the results of interpola-
tion according to relationships (3) and (4).

homolog is also observed at temperatures considerably
above the limiting temperature T; = T (N — o) =
60°C at which the molecular chains do not affect the
phase transition point Ty, for this homologous series
[27]. For al homologs of the nOBT series, the inequal -
ity Ty(n) > T, holds true and an increasein nis accom-
panied by a monotonic decrease in the temperature
Tn(N). This implies a decrease in the anisotropy of
intermolecular interactions that stabilize the nematic
order of molecules. There is a scatter in the data avail-
able in the literature on the phase transition tempera-
tures Ty, (n) for compounds of thenOBT series[1, 5, 12,
24, 25]; however, this scatter is not related to the aniso-
tropic properties of the discotic nematic phase on the
scale of the reduced temperature AT =Ty, —T.

3. ORIENTATIONAL ORDER OF THE NEMATIC
PHASE AND SPECIFIC FEATURES
OF THE Np—I PHASE TRANSITION

The molecules under consideration are statistically

uniaxial, and the anisotropy Ax,,, = (X, — X0 ) <O0of the

diamagnetic susceptibility tensor of a discotic nematic
liquid crystal isdetermined only by the order parameter

S[11]. The components X, and X correspond to the
magnetic field directions parallel and perpendicular to
the director. For the 60OBT and 110BT homologs, there
are data on the dependence of the specific diamagnetic
anisotropy Ax(T) for the discotic nematic phase ori-
ented in a magnetic field [1]. These dependences were

obtained from therelationship Ax,= 3(X;" — X5 ) under
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the assumption that the diamagnetic susceptibility x;"
in the isotropic phase coincides with the average dia-
magnetic susceptibility in the nematic phase ¥,, =

(X" +2X0)/3, which does not depend on the tempera-

ture and the degree of molecular ordering. Since the
contribution of alkyl chains to the anisotropy of dia-
magnetic polarizability of the studied moleculesis neg-
ligible [28], the dependences AX,(T) can be used to
determine the order parameter S

S(T) = DXm(T)/BXmo- ©)

Here, the value of Axo = A, (T =0, S= 1) can be
determined from the approximate relationship

DXe(T) = DXpmo(1=T/T)", 4

which wastheoretically justified in terms of expansion (1)
[9-11]. Here, we have Ty, > Ty,. Figure 2 shows the
dependences S(T) thus calculated with parameters
AXmo = <(1.267 £ 0.027) x 107 cm®/g, T = 550 +
0.27 K, and 3 = 0.241 £ 0.007 for the 60BT compound
and Axo = —(0.811 + 0.082) x 10" cm®g, T,; =451 +
0.38 K, and 3 = 0.248 + 0.027 for the 110BT com-
pound. The order parameters for each homolog at the
highest temperatures correspond to the values of §
[1]. It can be seen from Fig. 2 that the dependences S(T)
are approximated well by expressions (3) and (4). For
identical differences AT = Ty, — T, the order parameter
Sfor the 110BT homolog with long chains is smaller
than that for the 60BT homolog with short chains
(especially at temperatures close to the phase transition
point Ty,). This indicates that the therma mobility of
chains has a disordering effect on the orientational
order of the molecular cores in the range of the Np—I
phase transition. For the intermediate homolog 80BT
of the studied series with the phase transition tempera-
ture Ty, = 238°C and a wide range of existence of the
nematic phase, the order parameters SIAT), which were
obtained from the data on the dichroism of the IR
absorption band at frequency v = 1603 cm for homeo-
tropically oriented samples, vary in therange from 0.27
to 0.6 [12]. For identical differences AT, these order
parametersfall in the range between the corresponding
valuesfor the 60OBT and 110BT homologs. Therefore,
an increase in the chain length of the nOBT homologs
leads to a monotonic decrease in the order parameter S
in the range of the Np—I phase transition. A similar
decrease in the order parameter S with an increase in
the chain length was observed earlier for the low-tem-
perature reentrant discotic nematic phase of truxene
derivatives [29] and, most likely, can be considered a
general property of discotic nematic liquid crystals.

Thevaluesof 3 = 0.24-0.25 for the above homologs
are close to those determined for the previously studied
liquid crystals [6, 9-11] with a different molecular
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structure and different parameters A = 3(y; — v)/(yi +
2y.), where y; and y; are the longitudinal (along the |
axis) and transverse components of the molecular
polarizability, respectively. The parameter A character-
izes the relative anisotropy of the molecular polariz-
ability and dispersion intermolecul ar interactionsin the
nematic phase. The close values of 3 indicate that the
steric intermolecular repulsion plays a decisive role in
the orientational ordering of discotic nematic liquid
crystals, as is the case with calamitic nematic liquid
crystals.

The experimental values of the order parameter
SAT) for the homologs under consideration and the
compounds studied earlier in[6, 9-12] are considerably
smaller than the parameters predicted from the Maier—
Saupe molecular-statistical theory [13], especially in
the vicinity of the phase transition temperature Ty,. The
approaches based on generalizing this theory with a
more detailed analysi s of the anisotropic intermolecular
interactions [14-16] and intermolecular correlations of
short-range order [17] lead to overestimated values of
SAT) and do not offer correct interpretation of the
experimental data. The molecular dynamics simulation
of asystem of particles in the form of oblate ellipsoids
of revolution [21-23] predicts the sequence of the I—
Np—Col,y phase transitions with the order parameter
Sy = 0.5-0.7 and large values of S= 0.7-0.95 for the
discotic nematic phase. These results differ signifi-
cantly from the experimental data. Therefore, the
experimentally observed features in the dependence
S(AT) for discotic nematic liquid crystals cannot be
explained without considering the structural features of
real discotic molecules and intramolecular degrees of
freedom in the framework of the molecular-statistical
theory and in the computer simulation.

The sequence of the I-Ny—Col,4 phase transitions
was aso predicted by the Monte Carlo method for an
athermic system of disk-shaped particles (cut spheres
with diameter D and thickness L) at L/D, < 0.14 [20].
However, in this system, the Np—l phase transition is a
weak first-order transition with the order parameter
Su = 0.3-0.4. For a system of N disk-shaped particles
in avolume V with L = 0 and an effective density p =

N D53/V [18, 19], the order parameter S, = 0.37 corre-
sponds to the temperature of the Ny—I phase transition
at p = py and the dependence S(p) in the discotic nem-
atic phase is approximated well by the relationship S~
(p —p1)P, where 3 = 0.23 + 0.03. Here, the quantities p;
and (3 are similar to the quantities T,; and (3 in for-
mula (4). The small difference between the calculated
and experimental values of B confirms the above
assumption regarding therole played by the steric inter-
molecular interactions in the ordering of the discotic
nematic phase.

Therefore, when changing over from models of
ellipsoidal molecules with a three-dimensiona shape
(D =3)[17, 21-23] to model s of disk-shaped molecules
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with a small thickness (dimension D = 2) [18, 19], the
calculated parameters S, and B approach the experi-
mental values. The loose structure of discotic mole-
cules with large-sized holes between radial side chains
suggests that the shape of these molecules has adimen-
sion D < 2. The value of D depends on statistical sym-
metry of molecules, the structure of the molecular core,
the number of flexible chains, and their length. This
ensures amutual penetration of the chains of neighbor-
ing molecules in the nematic phase (similar to engaged
gears) and hinders the rotation of molecules about the
axes and their dliding relative to one another in planes
normal to the director. This type of intermolecular cor-
relation, which isnot taken into account or described in
any of the known theoretical approaches or computer
simulation, correspondsto the high viscosity of discotic
nematic liquid crystals, which exceeds the viscosity of
calamitic nematic liquid crystals by one or two orders
of magnitude [4].

The experimental dependences SAT) for calamitic
and discotic nematic liquid crystals over the entire
range of existence of the mesophase are described with
a high accuracy in terms of expansion (1) with inclu-
sion of thetermsup to S6[9-11]. Notethat, at B # 0, the
contribution from the term ~S°® is insignificant. Since
the values of (3 for discotic nematic liquid crystals are
closeto 0.25, both coefficients B and C in expansion (1)
are small; i.e., the Np—l phase transition is close to the
isolated Landau point (B = 0) and the tricritical point
(C =0). The smallness of the coefficients B and C for
discotic liquid-crystal molecules can be due to the
dimension of these molecules (D < 2) and the interrela-
tion between the orientational order of the molecules
and the conformationa state of their flexible chains.
The former factor is associated with the mutual pene-
tration and engagement of the neighboring molecules
located in the plane normal to the director. This factor
brings about the formation of molecular associates with
an effective biaxial shape, which leads to adecreasein
the coefficient B [30]. The interrelation between the
order parameter S and the conformational mobility of
chains provides a decrease in the coefficient C [11].

The order parameters S, for the discotic nematic
liquid crystals considered in this paper and studied ear-
lier in [6, 9-12] are smaller than those for calamitic
nematic liquid crystals. However, the difference is
insignificant. Therefore, the anomaously small
changes in the enthalpy AH [expression (2)] upon the
Np—l phase transition, as compared to the enthalpy
change observed upon the NI phase transition, are
determined primarily by the smallness of the factor a
for the discotic nematic liquid crystals. In turn, the
smallness of the factor a suggests a considerable bare
correlation length &, for equilibrium thermal fluctua-
tions of the order parameter S. For the isotropic phase,
the bare correlation length can be represented in the
form &, = (L/aT*)Y2[10]. In the one-constant approxi-
mation of the elagticity theory, the parameter L and the
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elastic modulus K of the nematic liquid crystal are
related by the expression K = 2SL [28]. Since the elas-
tic moduli (like the order parameters S) for calamitic
and discotic nematic liquid crystals are close to each
other [3-5], the correlation length & for the discotic
nematic liquid crystals should be severalfold greater
than &, = 6 A for the calamitic nematic liquid crystals
[31] and should be comparable to the diameter of disk-
shaped molecules.

According to the x-ray scattering data [1, 4], the
mean intermolecular distance along the director ninthe
discotic nematic phase d; = 4.5 A is substantially
smaller than the molecular diameter. Structurally, from
the inequality &g > d, for discotic nematic liquid crys-
tals, it follows that the isotropic and nematic phases
should contain cybotactic molecular clusters with a
strong correlation of several molecules along the direc-
tor n. This is confirmed by the x-ray scattering data
obtained for nOBT homologs with polar molecules [1]
and other liquid crystals with nonpolar molecules [4].
The latter circumstance implies that the polarity of dis-
cotic moleculesis not a controlling factor in the forma-
tion of cybotactic clusters.

Thesmall values of the enthal py change AH indicate
asmall changein the entropy A= = AH/T,,. Inturn, the
smallness of the entropy change A= means that
cybotactic clusters consisting of several molecules
rather than individual molecules serve as structural
units upon the Np—I phase transition. Moreover, this
transition is attended by an insignificant transformation
of the local structure of the material. This inference is
consistent with the aforementioned consequences of
the smallness of the factor a.

The factor a characterizes the susceptibility x; =

(02P/0F) 5 , = [a(T — T*)]* of the isotropic phase of
the nematic liquid crystal to external actions and deter-
mines the amplitude of anomalous changes in the
anisotropic properties of this phasein responseto exter-
nal fields (thermodynamically conjugate to the order
parameter S) asthe temperature of the I-Np phase tran-
sition is approached [10, 11]. Furthermore, the small-
ness of the factor a indicates long relaxation times T ~
X; [32] for anisotropic properties induced by external
fields in the isotropic phase for a fixed difference T —
T*. This explains not only the anomalously high bire-
fringence An ~ x;, which isinduced by shear flow inthe
isotropic phase of the discotic liquid crystal [8] with
an anomalously small value of AH =20 + 10 J/mol,
but also the large Kerr constant B ~ x; for the electric
birefringence Ang in the isotropic phase of the dis-
cotic nematic liquid crystal inthe vicinity of the phase
transition temperature Ty, and the long relaxation
time 1 ~ X; for the quantity Ang as compared to the
relaxation time characteristic of calamitic nematic
liquid crystals[4].
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4. CONCLUSIONS

Thus, the above analysis of the experimental dataon
the properties of discotic and calamitic nematic liquid
crystals has demonstrated that the difference in their
properties and the specific features of the Ny—I phase
transition are associated with the structural features of
loose discotic molecules and can be consistently
explained in terms of the smallness of the factor a in
expansion (1).
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