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The longitudinal relaxation time 7 of a series of alkyl-isothiocyanato-biphenyls (nBT) liquid crystals
in the smectic E phase was measured as a function of temperature 7" and pressure P using dielectric
spectroscopy. This relaxation time was found to become essentially constant, independent of 7 and
P, at both the clearing point and the lower temperature crystalline transition. 7(7, P) could also be
superposed as a function of the product TV?, where V is the specific volume and vy is a material
constant. It then follows from the invariance of the relaxation time at the transition that the exponent
v superposing 7(T,V) can be identified with the thermodynamic ratio I'=—dlog(7T,)/d1og(V,),
where the subscript ¢ denotes the value at the phase transition. Analysis of literature data on other
liquid crystals shows that they likewise exhibit a constant 7 at their phase transitions. Thus, there is
a surprising relationship between the thermodynamic conditions defining the stability limits of a
liquid crystalline phase and the dynamic properties reflected in the magnitude of the longitudinal
relaxation time. © 2008 American Institute of Physics. [DOIL: 10.1063/1.2931541]

INTRODUCTION

Although the relaxation properties of liquid crystals and
supercooled liquids obviously differ (e.g., Debye relaxation
with Arrhenius behavior for the former versus stretched re-
laxation and non-Arrhenius behavior for the latter), there are
interesting parallels between the two classes of liquids. For
example, theoretical developments on both were based either
on energetic or steric effects. Mean field theories assumed
that liquid crystallinity arose from long range, anisotropic
attractive forces between molecules, " whereas local packing
effects are paramount in models™ in which the excluded
volume governs orientational order. The latter idea is central
to lattice models,™® especially appropriate for polymers,
which have very large aspect ratios. In analogous fashion,
structural relaxation of liquids was interpreted historically in
terms of either thermally activated transport over local po-
tential barriers’ or, particularly for polymers, free volume.®’
Current understanding has evolved to a common recognition
of both factors. Liquid crystalline order results from both
long range energetic attractions and short range steric
repulsions,lof14 and similarly, the dynamics of supercooled
liquids and polymers reflects both temperature and density
effects.”"’

At the clearing temperature 7. above which the liquid
crystal becomes an isotropic fluid, the product T, VF where
V. is the specific volume at T,, is constant. 7, and V, both
vary with pressure. The material constant /" is presumed to
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depend on the nature of the intermolecular interactions; i.e.,
how the effective anisotropic pair potential varies with inter-
molecular separation r. Consistent to a good approximation
with experimental results,"*'® this mean field approximation
leads to the prediction that the order parameter describing the
degree of orientation of the liquid crystal is constant at TL..19
This, in turn, implies constancy of I', which is referred to as
the thermodynamic ratio

%=—F=const. (1)
dlogV,

For nematic ordering due solely to anisotropic dispersion
forces, as in the model of Maier and Saupe,1 I'=2. Chan-
drasekhar and Madhusudana®® introduced additional contri-
butions to the volume dependence of the radial distribution
function to obtain I'=3. More generally, I" can be taken as an
adjustable parameter in applying Eq. (1) to experimental
data. The value of I' reflects the volume dependence of the
orientational contribution to the internal energy, without a
priori assumptions about the nature of the anisotropic inter-
molecular potential;21 larger I" implies stronger steric repul-
sions relative to the attractive interactions. Experimentally, I"
is found to lie in the range of 2-82% dependent on the
molecular structure.” % Although the original Maier—Saupe
theory1 considered only the nematic-isotropic clearing line,
this method of analysis has been extended to other liquid
crystal phase changes, which are found to yield somewhat
smaller values of I' than for the nematic-isotropic
transition.”*>#*%
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There is a scaling law for the dynamics of supercooled
liquids analogous to Eq. (1) for liquid crystals. Structural
relaxation times 7, (as well as viscosities) measured versus
temperature and pressure superpose as a function of the
quantity 7V7; i.e.,

AT, V) = f(TV?), 2)

where f is a material-specific function and the exponent vy, is
. 1631-33 .

a material constant. Since 7, for a glass-forming ma-

terial at T, is constant,'® Eq. (2) implies that at the glass

transition, Tng is constant; thus, analogous to Eq. (1)

dlog T,

==, 3
dlogv, e (3)

Equations (1) and (3) are less general than Eq. (2) since the
latter applies throughout the dynamic range, not just at the
transition point. The scaling of 7, [Eq. (2)] is an empirical
fact, demonstrated for dozens of glass-forming materials.'® Tt
was motivated by the assumption that the intermolecular po-
tential U(r) can be approximated by

U(r) ~ r3% + const ~ V"% + const. (4)

To the extent this approximation is valid, the entire range of
thermodynamic states could be characterized by the single
parameter ya.34 Such an approximation to U(r) is popular in
models of crystallization,35 and over the length scales asso-
ciated with structural relaxation of supercooled liquids, it
leads to the expectation that the local motion of nonassoci-
ated molecules depends only on TV e 313637

Of course, the experimental fact of Eq. (2) does not
mean that Eq. (4) is an accurate representation of the poten-
tial nor that the scaling exponent 7y, can be identified with
the repulsive power law exponent. However, in a typical ex-
periment in which Eq. (2) has been applied, the volume
changes only a few percent, which corresponds to even
smaller changes in the intermolecular distance; therefore,
even if eq. (4) is not entirely accurate, it can describe the
“local” shape of the potential, with the scaling parameter 7,
a measure of the effective steepness. This correspondence
was suggested in molecular dynamic simulations on
1,4polybutadiene38’39 and shown explicitly in simulations of
Lennard—Jones (LJ) systems (neutral particles interacting via
a two-body, spherically symmetric potential), carried out us-
ing the standard value of 4 for the repulsive power law
exponent40 (i.e.,U~r"'?) or systematically varying it over a
range from 3 to 12.%® The simulation results conform to Eq.
(2), with the interesting finding that the scaling exponent is
related to, but numerically larger than, one-third the repul-
sive exponent in the LJ potential. The obtained value of vy,
corresponds to the power law slope on the repulsive side of
U(r) in the region of closest approach between particles. The
attractive forces make the effective potential steeper close to
the minimum than in the (purely repulsive) limit of small r.
The implication is that the scaling of structural relaxation
times can provide information about the steepness of the
intermolecular potenti211,36’38’39 in the same manner that I" in
Eq. (1), derived from models of the thermodynamic stability
of liquid crystalline phases, is related to the anisotropic po-
tential governing orientational order.
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FIG. 1. Chemical structure of nBT.

Equation (2) can also be derived from the assumption
that 7, is governed by the configurational entropy, with the
scaling exponent given by the thermodynamic Griineisen
parameter.41 In turn, the (mode) Griineisen parameter is ap-
proximately equal to y, when U(r) has the form of Eq. (4).**

Molecules in the liquid crystalline state undergo longitu-
dinal reorientations (rotation about the short axis), due to
coupling with translational motions; that is, fluctuations in
molecular centers of mass confer some rotational freedom."
(Note that transverse rotations also transpire but usually are
too short to measure dielectrically.) Recently the dynamic
scaling [Eq. (2)] was extended to the longitudinal relaxation
times 7 of liquid crystals.“’44 Thus, there exists an exponent
v that superposes the relaxation times in the ordered state,
thereby quantifying the volume dependence of the dynamics

T, V)= f(TV?). (5)

It is not necessarily the case that the exponent I' [Eq. (1)]
that quantifies the effect of volume on the order-disorder
transition temperature equals the scaling exponent for the
longitudinal relaxation times. However, I' and y would be
equal if 7 were constant at T.(V,) (i.e., at the pressure-
dependent transition temperature). In analogous fashion, Eq.
(3) follows from the fact, together with Eq. (2), that the
structural relaxation time at the glass transition is indepen-
dent of V or pressure p®

We pursue this idea herein, analyzing dielectric longitu-
dinal relaxation times together with V(7,P) measurements
for the ordered phase of several liquid crystals, including
new measurements on three materials from the homologous
series of alkyl-isothiocyanato-biphenyls (nBT), whose struc-
ture is depicted in Fig. 1. The transitions include the clearing
point, demarcating the ordered and isotropic phases, and in
some cases lower temperature transitions between different
liquid crystal phases. We use T, generally to refer to the
temperature of these transitions. For the nBT materials, we
determine both scaling exponents, I" and 7, and find for the
odd nBT that they are equal to within the experimental error
and for 6BT they are nearly equal. Consistent with this
equivalence, the longitudinal relaxation times at the liquid
crystal transitions are constant. Thus, remarkably the thermo-
dynamics conditions defining the stability limits of the liquid
crystalline phase correspond to an essentially fixed value
of 7.

Beyond the clearing point, the loss of orientational order
speeds up reorientation about the short axis, whereby the
longitudinal relaxation times became too short to measure
with the available dielectric instrument. Accordingly, for se-
lected samples we measured the viscosity 7 in the isotropic
state as a function of 7 and P. As found previously for vari-
ous liquids,39
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FIG. 2. (Color online) DSC curves for the nBT homologous series, dis-
placed on the ordinate scale for clarity (tic marks every 25 J/g C). For 6BT
the transition from the SmE to crystal phase at —22.4 °C and the corre-
sponding melting at —1.5 °C are not shown. Note the brief loss of tempera-
ture control during the cooling of SBT and 6BT through the isotropic liquid
to smectic liquid crystal transition due to the strong exotherm.

n=f(TV"), (6)

but we find that the value of v, for the isotropic liquid,
dominated by the intermolecular repulsive potential, differs
from 7 for the ordered phase reflecting the anisotropy of this
potential.

EXPERIMENTAL

The alkyl-isothiocyanato-biphenyls were synthesized
starting from biphenyl, with the preparative details published
elsewhere.*® Differential scanning calorimetry (DSC) em-
ployed a TA Q100. Samples were initially melted at 100 °C,
with data taken during subsequent cooling below the crystal-
lization temperature, followed by reheating through the
clearing point. Temperatures were varied at 1 °C/min.
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FIG. 3. (Color online) V vs T for 5BT at P from 10 to 90 MPa (top to
bottom) in increments of 10 MPa. The bounds of the SmE phase are indi-
cated by the squares.
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FIG. 4. (Color online) V vs T for 6BT at P=from 10, 30, 50, 70, 90, 110,
140, 170, and 200 MPa (top to bottom). The bounds of the SmE phase are
indicated by the squares, with the solid line indicating the V,(7.) calculated
using y=3.1, as determined from scaling the longitudinal relaxation times
measured dielectrically.

The volume changes of ~1 ml samples were measured
as a function of pressure and temperature with a Gnomix
instrument, utilizing mercury as the confining fluid. At each
pressure, the sample was cooled at 0.5 °C/min from above
the clearing temperature to —10 °C. For the next isobaric
run, the temperature was raised prior to increasing the pres-
sure. The differential volume data were converted to specific
volumes using the value determined at ambient conditions by
the buoyancy method.

Dielectric measurements were carried out with the
samples in a parallel plate geometry (2 cm diameter and
50 wm thick Teflon spacers). The applied field was too weak
to orient the material or influence the relaxation spectra, all
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FIG. 5. (Color online) V vs T for 7BT for P from 10 to 120 MPa (top to
bottom) in increments of 10 MPa. The bounds of the SmE phase are indi-
cated by the squares. Note the rounded nature of the higher temperature
transition, especially evident at the highest pressures after repeated melting
and recooling of the sample. This is an indication of thermal degradation,
but the extent of such deterioration was not sufficient to significantly affect
T.(P) or the measured volumes.
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of which were described by the well-known Debye equation.
Spectra were obtained with a Novocontrol Alpha Analyzer
(1072-10° Hz), at ambient pressure using a Delta Design
oven (£0.02 K stability) and at elevated pressure with a Ten-
ney Jr. temperature chamber (+0.1 K precision at the
sample). Pressure was applied by an Enerpac hydraulic pump
in tandem with a pressure intensifier (Harwood Engineering).
Pressure was measured with a Sensotec tensometric trans-
ducer (resolution=150 kPa). Viscosities were determined for
5BT and 6BT with a falling body viscometer.*’ (For 7BT
there was insufficient sample to do the experiment.) At vari-
ous fixed temperatures, the viscosity measurements were car-
ried out at pressures from ambient to the condition at which
flow ceased (<140 MPa); the shear stress was 5.7 Pa.

RESULTS

Calorimetry, PVT, and dielectric measurements were
carried out on three members of the homologous series of
nBT with n=5, 6, and 7. Figure 2 shows the transitions seen
by DSC at ambient pressure. These materials are crystalline
solids at low temperature, isotropic liquids at high tempera-
tures, and exist in the smectic E (SmE) phase at intermediate
temperatures (appearing at about 73 °C on cooling). The
smectic phase is the only liquid crystalline phase exhibited
by nBT.*** The T. at ambient pressure are within 2° from
one another for these three nBT samples. The range of sta-
bility of the ordered state is larger when there is an even
number of carbon atoms in the alkyl side chain, i.e., 6BT.
This is a well-known phenomenon in liquid crystals:19 The
hexyl end chain in the all-trans orientation lies largely along

flf_

X

FIG. 6. (Color online) Representative dielectric loss curves for 6BT; upper
panel (top to bottom): 63.6, 54.5, 45.5, 36.9, 28.1, 19.5, 10.4, 0.7, and
—5.6 °C at ambient pressure; lower panel (top to bottom): 7.7, 27.6, 49.7,
72.6, 95.9, 118.0, 143.7, 169.7, 196.5, 220.2, 245.4, and 269.2 MPa at
64.0 °C. The solid lines are the Debye function, which describes the peaks
well.

J. Chem. Phys. 128, 224506 (2008)

the major molecular axis, enhancing the anisotropy underly-
ing liquid crystallinity. For this reason the crystal to smectic
transition for 6BT falls ~20° below that for the odd
BT 2649

The variation in the specific volume with temperature for
various pressures is shown in Figs. 3-5 for 5BT, 6BT, and
7BT, respectively. (Recently Jasiurkowska et al.® deter-
mined from x-ray diffraction measurements the orthorhom-
bic unit cell parameters for nBT in the SmE phase, which
can be used to infer the specific volumes; these results are
5—8% smaller than the present direct volumetric measure-
ments.) We determined the onset temperature for disappear-
ance of the SmE phase both at higher T (clearing tempera-
ture) and lower T (due to crystallization); these T,
correspond to the ambient pressure transitions seen in Fig. 1.
The pressure-dependent transition temperatures could be de-
scribed by a quadratic function (units are °C and MPa):

5BT

T.=323+0.323P-2.7 X 107*P?> cryst-SmE,  (7a)

T,=73.9+0.284P - 1.9 X 10*P> SmE-iso, (7b)
6BT

T,=-222+0406P-6.8 X 107*P?> cryst-SmE, (7c)

T,=74.0+0.285P - 1.9 X 107*P?> SmE-iso, (7d)
7BT

T.=264+0273P- 12X 107*P?> cryst-SmE,  (7e)

0.92 0.94 0.96 0.98
specific volume [ml/g]

FIG. 7. (Color online) Longitudinal relaxation times measured for the SmE
phase of nBT as a function of V, showing results for both the isobaric (open
symbols, 0.1 MPa) and isothermal (solid symbols, T as indicated) experi-
ments; all measurements were obtained with the samples in equilibrium. The
solid lines are only to guide the eyes.
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TABLE I. Scaling exponents for nBT.

J. Chem. Phys. 128, 224506 (2008)

5BT 6BT 7BT 8BT
I' [Eq. (] SmE-iso 22%+0.2 24%0.2 22+02 2.7
SmE-cryst 22+0.2 4.1%0.2 22%02 -
v [Eq. (5)] SmE phase 23+0.1 3.1+0.2 23*0.1 41°
¥, [Eq. (6)] Isotropic 42+0.2 5.8+0.2 e e
phase
“Reference 29.
"Reference 43.
T.=724+0.241P -9 X 10°°P? SmE-iso. (7f)  SmE phase to the isotropic phase is essentially the same for

Comparable results for 6BT were reported from differential
thermal analysis measurements.”” In Table I are listed I" val-
ues for the three materials, determined from the slopes of
double logarithmic plots of T, versus V..

Dielectric relaxation measurements were carried out on
the nBT liquid crystals as a function of temperature at am-
bient pressure and as a function of pressure at various fixed
temperatures. As illustrated in Fig. 6 for 6BT, under all mea-
surement conditions, the spectra have the Debye form (expo-
nential relaxation), as reported previously from measure-
ments at only ambient pressure.46 From the frequency of the
maximum in the dielectric loss f,,x we obtain a relaxation
time 7=(27f)"" for the longitudinal rotational motion.
These are plotted in Fig. 7 as a function of V for the three
samples, with the specific volume calculated for each mea-
surement condition by interpolating the V(T,P) data using
the Tait equation of state (EOS)

V(T,P) = VO exp(apT){1 - 0.0894 In[ 1 + P/B(D)]},  (8)

where « is the thermal expansion coefficient at zero pres-
sure,

B(T) = by exp(- b, T) )

and V), by, and b; are material constants. The Tait parameters
for the three liquid crystals in the SmE phase are tabulated in
Table II. We found the Tait EOS described well V(T, P) for
the odd nBT, but was somewhat less accurate for 6BT.

The viscosities of SBT and 6BT were measured as a
function of pressure at three temperatures, and using the Tait
fit to V(T, P) above the clearing point (Table II), we obtain
the plot of n versus V in Fig. 8. The curvature of the data
reflects departure from a simple volume activated process.
This is normal behavior for nonhydrogen bonded liquids;
both volume and temperature govern the dynamics so that
simple models based on activated dynamics fail.'®

DISCUSSION
Thermodynamic scaling

The relationship [Eq. (1)] between T, and V,, developed
originally for the clearing point of nematics,' has been ap-
plied to other transitions in various liquid crystals including
p-azoxyanisole, heptyloxyazoxybenzene, octyloxycyanobi-
phenol, octylisothiocyanatobipheny, and a series of
di-alkylazoxybenzenes.23’25’29’30’49 From the PVT data (Figs.
3-5), the thermodynamic ratio for the transition from the

the three nBT, ['=2.2 (Table I). For the octyl-substituted
thiocyanatobiphenyl 8BT, Urban and Wl'irﬂinger43 reported a
slightly higher value of I'=2.7. For the nematic to isotropic
transition in 4’-alkyl-4-cyanobiphenyls (nCB), which differ
from the present materials by the absence of a terminal sulfur
atom. Shirakawa ef al.”! reported that I" decreases with in-
creasing alkyl chain length, while Urban and Wiirﬂinger43
found no systematic variation of I with n. For alkoxyazoxy-
benzenes, Tranfield and Collings52 observed a systematic de-
crease in the exponent with alkyl chain length, while for
4-alkyl-(4’-cyanophenyl)cyclohexane (nPCH) Urban and
Wijrﬂinger43 found no effect of n on I'. Aside from the effect
of alkyl chain length, the presence of such an end tail or
greater flexibility of the molecular core seems to lead to
smaller values of I".**** Note also in Table I that for 5BT and
7BT, the value of I' is the same for the transition of the SmE
phase to the crystalline phase at lower temperature as for the
clearing transition at higher 7. However, for 6BT crystalliza-
tion from the SmE phase gives a significantly larger I' than
for the clearing transition (Table I). Thus, although it is
tempting to draw inferences from the magnitude of the ex-
ponent in Eq. (1) concerning the effect of molecular structure
on the anisotropic potential, the situation at present is too
complicated.

As described in the Introduction, there is an alternative
scaling exponent, vy [Eq. (5)], that we expect to be related to
I". We replot the data from Fig. 7 in Fig. 9 versus the product
variable TV?, with the exponent vy determined empirically to
superpose the longitudinal relaxation times for each sample.
As can be seen, for the odd nBT the 7 are uniquely deter-
mined by TV? with a common value of y=2.3*=0.1. This is
equivalent within the error to the value of I" (Table I). How-
ever, superpositioning for 6BT is obtained with a higher
value of y=3.1*0.2; this is too large to be consistent with
the slope of the transition (I' from V.. versus T,) in the PVT
data in Fig. 4. Similarly, Urban and Wl'irﬁinger43 obtained
v=4.1 for 8BT; thus, the scaling exponent for the longitudi-
nal relaxation times in the SmE phase is larger for the even
nBT than for the odd nBT.

Commonly, activation parameters are used as measures
of the effect of changing thermodynamic conditions on the
frequency of the dynamics; these parameters quantify the
change of the relaxation time with 7 or P under conditions of
constant 7, P, or V.'® Some values of the activation param-
eters for nBT materials have been reported in the
literature.**** These parameters and the scaling law [Eq.
(5)] contain the same information. For example, the ratio of
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TABLE II. EOS parameters for the nBT liquid crystals.

J. Chem. Phys. 128, 224506 (2008)

SBT 6BT 7BT
Phase SmE Isotropic Isotropic SmE Isotropic
Vo 0.909%0.004 0.921+0.001  0.913+0.001  0.922+0.001  0.954+0.008  0.947%0.005
(ml/g)
ap X 104C™")  5.06+0.04 7.90%0.05 4.83£0.02 7.86£0.06 5.23%0.05 9.90£0.18
bo(MPa™) 141+1 98.9+2.1 211+2 178+6 157+2 212+ 14
by X103(C™)  0.73%0.14 2.17x0.21 3.57+0.06 3.54+0.04 1.74%0.16 9.1+0.7

the isobaric activation enthalpy Hp and the isochoric activa-
tion energy Ey is related directly to the scaling exponent,
according to>

HP/EV=1+CYPT')/, (10)

where ap is the pressure-dependent, isobaric thermal expan-
sion coefficient. While the activation parameters change with
T, P, and V, the scaling exponent is strictly constant, which
makes it more amenable to analysis.

It has been shown for various fluids® that the viscosity
of isotropic liquids is in accord with Eq. (6). As shown in
Fig. 10, a similar result is obtained for # for SBT and 6BT
from Fig. 8. The scaling exponent for the isotropic state is
larger than 7y for the SmE phase. Of course, these exponents
characterize different things—y reflects the anisotropy of the
intermolecular potential, whereas y,, depends on the steep-
ness of the isotropic repulsive pote:ntizll.36’39’38

Longitudinal relaxation time at the phase transition

The expectation that the exponents I' and vy should be
the same follows from the idea that both are a measure of the
anisotropic intermolecular potential, values greater than 2 re-
flecting the increasing importance of the repulsive interac-
tions in governing both the ordering and motions of mol-
ecules in the liquid crystalline state. As pointed out above, if
I" and +y are equal, it follows that 7 assumes a constant value
at T.(V,); that is, the longitudinal relaxation time is indepen-

5 T T T T T T
L a A 6BT ]
A 5BT v
AV
v
3t o .
— = - aY
a vV o v O
E AV 00 v&
1k v A .
_8) Ay v
oL AV & 3 |
O 85°C AV A
L | A 100°C A
4L | v 120C L i

0.89 0.91 0.93 0.95 0.97 0.99 1.01
specific volume [ml/g]

FIG. 8. (Color online) Viscosities of 5BT and 6BT in the isotropic state
measured as a function of P at the indicated 7 and plotted vs V.

dent of pressure. Using the scaling function [Eq. (5)] we
extrapolate the measured relaxation times for the SmE phase
to T,, with the results plotted as a function of pressure in Fig.
11. At both the lower and higher temperature transitions, 7
for the odd nBT are sensibly independent of pressure (Table
IID). For 6BT there is a weak change with P, on the order of
one decade per gigapascal. This change in 7 for 6BT is con-
sistent with the fact that y is not equal to I

It can be seen in Table III that longitudinal reorientations
at the clearing point become faster with increasing size of the
pendant alkyl chain; 7 decreases by about half a decade per
additional carbon atom in nBT. This is counterintuitive and
arises from the fact that as n increases, the “unoccupied vol-
ume” per unit cell volume increases,*® leading to the unex-
pected effect of faster molecular rotation for the larger nBT
molecules.

In Fig. 12 are collected data for other liquid crystals,
calculated from published results M6 A general invariance
of 7(T,) to thermodynamic conditions is evident. The aver-
age value of the relaxation time of the liquid crystal at the
transition and its variation with pressure are tabulated in
Table III. It is striking that the thermodynamic conditions
defining the stability limits of a liquid crystalline phase
should correspond to any particular property of the dynam-
ics, such as a fixed value of 7.

log (z /s)

:?% .

| IR S T SN TR S (N T SN T N SN SN SO AN SO SO S N PRI
200 220 240 260 280 300 320 340
TV [K(ml/g)]

FIG. 9. (Color online) Longitudinal relaxation times for the SmE phase of
nBT as a function of TV”, with the respective scaling exponents as indi-
cated. The symbols are the same as in Fig. 7.
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FIG. 10. (Color online) Viscosities of SBT and 6BT from Fig. 8 plotted as
a function of TV?», with superpositioning obtained for the indicated values
of the scaling exponent.

Thermodynamic properties at the clearing point

The increase in specific volume upon transition to the
isotropic phase AV, was determined in the usual manner as
the mean of the extrapolated volumes of the adjacent phases
at T... The changes in the enthalpy AH, and entropy AS. for
the transition can be calculated using the PVT data and the
Clapeyron equation

dP
AS.=AV,—, (11)
dT.

where dP/dT, is the isochoric thermal pressure coefficient.
The enthalpy change at the clearing point is then obtained
from
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FIG. 11. (Color online) Longitudinal relaxation times in the SmE phase at
the low (open symbols) and high (solid symbols) temperature transitions of
nBT. Only 6BT exhibits even a weak pressure-dependence.
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FIG. 12. (Color online) Longitudinal relaxation times in the ordered state vs
pressure for various liquid crystals (data from Refs. 26 and 54-56).

AH,=T.AS.. (12)

The results are in Table IV.

Integration of the heat capacity and its ratio with 7 from
the DSC measurements yields alternative determinations of
AH, and AS,, respectively. The strongly exothermic nature
of the transition (see Fig. 2) introduces some uncertainty into
the cooling data, so we integrate the heating runs to obtain
the results in Table IV. These are consistent with the PVT
determinations, although the DSC experiments were carried
out at 0.1 MPa, whereas the PVT results are for 10 MPa.
AV, AH,. and AS, all decrease weakly with P, for the
present materials and generally;m’sz’57 however, the effect of
the modest change from 0.1 to 10 MPa is less than the ex-
perimental uncertainty. Published enthalpy changes deter-
mined by DSC for 5BT and 6BT(Ref. 46) are equivalent to
those in Table IV, but the value reported for 7BT (Ref. 46) is
substantially smaller than herein. The reduced accuracy of
DSC determinations for liquid crystal phase changes com-
pared to PVT methods has been pointed out previously.57

Finally, the isochoric entropy change can be obtained
from

ap
AS,=—AV, 13
|4 KT c ( )

in which K7 is the isothermal compressibility. ASy avoids
complications due to changes in the intermolecular potential
with volume and is a measure of the entropy change at the
transition due primarily to conformational changes. Values
for these various quantities are listed in Table IV for the three
nBT; there is no significant change with length of the alkyl
end group. This implies similar degrees of disorder in the
smectic phase. Theoretical models predict that the nature of
the alkyl tail can affect the thermodynamic property changes
at the transition, but the magnitude and even the sign of these
changes with alkyl group size (e.g., with n) seem to depend
on the flexibility of the end group.s&59

Downloaded 11 Jun 2008 to 132.250.151.235. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



224506-8 Roland et al. J. Chem. Phys. 128, 224506 (2008)

TABLE III. Relaxation times at the liquid crystal transition.

liquid crystal Transition log(7(T,)s) Ref.!

4-n-pentyl-4’-thiocyanatobiphenyls Crystal-SmE -2.75+0.04 Herein

(5BT) SmE-isotropic —421+0.01

4-n-hexyl-4'-thiocyanatobiphenyls Crystal-SmE -1.65+0.10 Herein

(6BT) SmE-isotropic —-4.75+0.06

4-n-heptyl-4’-thiocyanatobiphenyls (7BT) Crystal-SmE -4.00+0.01 Herein
SmE-isotropic -5.34+0.02

4-n-octyl-4'-thiocyanatobiphenyls SmE-isotropic -5.78 +0.06 Refs. 29 and 43

(8BT)

2-(4-hexyloxyphenyl)-5-octyl- SmC-SmA -5.97+0.05 Ref. 54

pyrimidine (60PB8) SmA-nematic -6.70=0.03

4’-n-pentyl-cyanobiphenyl Nematic-isotropic -7.85+0.20 Ref. 55

(5CB)

4’-n-hexyl-cyanobiphenyl Nematic-isotropic -7.68+0.01 Ref. 26

(6CB)

4’-n-heptyl-cyanobiphenyl Nematic-isotropic -7.81£0.01 Ref. 56

(7CB)

4'-n-heptyl-cyanobiphenyl Nematic-isotropic -7.97+0.01 Ref. 26

(8CB)

4-trans-heptylcyclohexylcyanobenzene Nematic-isotropic -7.97%0.01 Ref. 54

(7PCH)

“Source of 7and PVT data used to calculate (7., P,).

SUMMARY ACKNOWLEDGMENTS

PVT, dielectric, and viscosity measurements were ob-
tained on three members of the nBT series of liquid crystal
forming materials. We show that both the longitudinal relax-
ation times in the SmE phase and the viscosity in the isotro-
pic phase are determined by the product of temperature and
specific volume, with the latter raised to a constant y. The
dynamics in the ordered and isotropic phases have different
scaling exponents, since the respective 7y is determined by
the steepness of the anisotropic or the isotropic intermolecu-
lar potential. With the observation that 7 assumes a constant
value at the phase transition of the liquid crystal, the constant
v can be identified with the thermodynamic ratio, I' [Eq.
(I1)]. Similar results are found for other liquid crystals for
which elevated pressure data are available in the literature.
The implication of these findings is that the control param-
eter (e.g., the Gibbs free energy) driving the transitions of a
liquid crystal has the same functional dependence on 7, P,
and V as does the longitudinal relaxation time.

TABLE IV. Thermodynamic parameters for the nBT (P=10 MPa except for
DSC results).

5BT 6BT 7BT
T, (K) 350.2 350.3 348.1
al(T,) (K1) 6.32X10%  6.11X10™%  6.48Xx 107
kp(T,) (MPa™") 6.26X10™*  490x10™ 6.08X 10~
AV, (ml/mol) 8.37 8.56 8.34
dP/dT, (MPa/K) 3.53+0.19 3.70+0.22 4.04+0.48
AS, (Jmol™' K™y  Eq. (11) 29618  31.7%3.1 33.8+2
DSC 205+02  306*02  283*05
AH, (kJ/mol) Eq. (12) 104+06  11.1=*1.1 11.8+0.7
DSC 10.4+0.1 10.7+0.1 10.3+0.1
ASy, Jmol™'K™')  Eq. (13) 85%0.4 10.7+0.3 89+13
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