PHYSICAL REVIEW E 82, 031707 (2010)

Order of phase transitions and tricriticality in mixtures of octyloxycyanobiphenyl

and nonyloxycyanobiphenyl liquid crystals: A high-resolution study
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A detailed study has been performed for mixtures of octyloxycyanobiphenyl (80CB) and nonyloxycyano-
biphenyl (9OCB) liquid crystals and nine of their mixtures by means of high-resolution adiabatic scanning
calorimetry. The isotropic to nematic transitions are weakly first order with latent heat values in the range
usually encountered for this transition in other liquid crystals. With the exception of pure 8OCB, for which
only an upper limit of 1.8 J kg~! for the latent heat could be established, finite latent heats have been obtained
for the nematic to smectic-A transition of all the mixtures and of pure 9OCB. The concentration dependence of
their latent heats could be well fitted with a crossover function consistent with a mean-field free-energy
expression that has a nonzero cubic term induced by the Halperin-Lubensky-Ma (HLM) coupling between the
smectic-A order parameter and the orientational director fluctuations. Clearly first-order transitions with mea-
surable latent heats are found for mole fractions of 9OCB in the mixtures where the effective critical exponent
for the specific-heat capacity has substantially lower values than the tricritical one (0.5). This is qualitatively
different from what has been observed so far in other liquid-crystal systems and yields strong experimental
evidence from a calorimetric experiment for the HLM coupling between the smectic-A order parameter and the

director orientation fluctuations.
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I. INTRODUCTION

Liquid-crystalline compounds can exhibit one or more
mesophases with symmetry intermediate between that of an
isotropic liquid and a solid crystal. These mesophases pos-
sess orientational order but no or reduced positional order
[1-3]. Many different types of phase transitions occurring in
liquid crystals have been good model systems for testing the
general concepts of phase transitions and critical phenomena.
The first-order (i.e., discontinuous) or second-order (i.e.,
continuous) character of the transitions and the universality
class of the critical exponents have been investigated exten-
sively by many different techniques.

The most frequently observed transition is the one be-
tween the isotropic (I) liquid phase and the nematic (N)
phase, possessing only orientational order but no positional
order. This transition is weakly first order [1-3] with small
latent heats and quite often substantial pretransitional fluc-
tuation effects [4]. However, the nematic to smectic-A
(N-SmA) phase transition is probably the most extensively
studied and, at the same time, the most controversial in the
field of liquid crystals [5]. In addition to the orientational
order, the SmA phase exhibits one-dimensional positional or-
der. The positional order in the SmA phase can be described
in terms of a two-component complex order parameter and,
thus, in general terms the N-SmA transition should belong to
the three-dimensional XY universality class (including, e.g.,
the normal to superconductor transition and the N transition
in helium [2]). However, the first molecular models that ap-
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peared almost 40 years ago resulted in a more complex pic-
ture [6,7]. It was predicted that the transition should be first
order for Ty,/T;>0.87 and second order for Ty,/T;y
<0.87, where Ty, and T,y are the isotropic to nematic (/-N)
and the nematic to smectic-A (N-SmA) transition tempera-
tures, respectively. Hence, a tricritical point (TCP) should
occur at T,/ T;y=0.87. Shortly after the development of the
molecular models, a formulation using a Landau free-energy
expansion including coupling between the (orientational)
nematic order parameter (S) and the (amplitude of the)
smectic-A order parameter was developed by de Gennes
[8,9]. It was shown that a strong coupling (narrow nematic
range) results in a first-order N-SmA transition, while a weak
coupling (wide nematic range) gives a second-order transi-
tion. Subsequently, Halperin, Lubensky, and Ma (HLM) pre-
dicted, in analogy with type-I superconductors [10] that, be-
cause of the coupling between the SmA order parameter and
the nematic director fluctuations, the N-SmA transition
should be always fluctuation-induced weakly first order [11].
The discontinuity was expected to be weak and decrease
with decreasing the Ty,/T;y ratio, but never vanish. Later
on, a continuous behavior similar to type-II superconductors
was also considered [12,13], predicting a three-dimensional
XY behavior with inverted specific-heat-capacity amplitudes.
Further theoretical progress considered the anisotropy in the
critical behavior of the correlation lengths parallel and per-
pendicular to the smectic layers, induced by the finite splay
stiffness [14—21]. This anisotropy has been treated by gauge
transformation theory [14,17], dislocation-loop melting
theory [15,16], and self-consistent one-loop theory [20,21].
In principle the above theoretical predictions apply to
pure one-component liquid-crystalline systems or by exten-
sion to mixtures of liquid-crystalline compounds (usually of
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the same homologous series) in the one-component approxi-
mation. Other special situations such as the chirality of the
compound (N*-SmA transition) [22,23] or the presence of
nonmesogenic impurities [24,25] can affect the order of the
transition and the pretransitional behavior. These special situ-
ations will not be further considered since here results are
presented for octyloxycyanobiphenyl (80CB) and nonyloxy-
cyanobiphenyl (9OCB), two nonchiral compounds of the
alkyloxycyanobiphenyl (nOCB) homologous series, and for
some of their mixtures.

The many different types of phase transitions in liquid
crystals have been studied extensively by a large variety of
experimental techniques in efforts to determine the order of
the phase transitions and the universality classes of the re-
lated critical phenomena. The work to be presented here con-
cerns the I-N transition and the N-SmA transition. Regarding
the /-N transition the weakly first-order character is well es-
tablished [4]. The values of the (effective) critical exponents
describing the anomalies in relevant physical quantities are
consistent with the presence of a (nearby) tricritical point
[26-28]. The situation concerning the N-SmA transition is
still not clearly established and theoretically not fully under-
stood. From many high-resolution calorimetric and x-ray
studies it follows that the critical exponents « (specific-heat
capacity), vy (susceptibility), and v and v, (parallel and per-
pendicular correlation lengths) exhibit complicated but sys-
tematic trends as functions of the McMillan ratio T,/ Ty
[5]. For wide nematic ranges when o« has the three-
dimensional XY value, not all other critical exponents have
three-dimensional XY values [5,29]. In particular, there re-
mains a persistent critical anisotropy in the correlation length
behavior. For Ty,/T;y values very close to 1 the N-SmA
transition is clearly first order with latent heats (L) often
comparable to the ones measured for the /-N transitions
[30,31]. With decreasing T,/ T,y values (i.e., increasing the
width of the nematic range) the latent heat values strongly
decrease, becoming effectively zero (calorimetrically) at an
apparent tricritical point in a quadratic way as a function of
the mole fraction deviation from the tricritical value [32-34].
For even smaller Ty,/T;y values the transitions are effec-
tively second order and exhibit critical behavior with a
specific-heat critical exponent « decreasing from the tricriti-
cal value aycp=0.5 (at the tricritical point) to the three-
dimensional XY value asp_yy=-0.007 [32-36]. At first sight
this picture is in full agreement with the crossover from sec-
ond order to first order induced by increased de Gennes cou-
pling between the smectic density-wave amplitude and the
magnitude of the nematic order parameter [8,9]. However, it
seems that the picture is more complicated. In 1987 Anisi-
mov et al. [37] pointed out that there is an important differ-
ence between the Landau-de Gennes theory that does not
include a cubic term (contrary to the HLM theory) and the
experimental N-SmA tricritical behavior. According to the
Landau-de Gennes theory the latent heat should go to zero at
the TCP as a function of the concentration difference in a
linear way and not quadratically as observed experimentally.
In Ref. [37] it was found that the discrepancy could be re-
solved by assuming a small cubic term in the Landau-de
Gennes free-energy expansion. This was the first experimen-
tal evidence considered to be in line with the predictions of
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the HLM theory. In a 1990 paper by Anisimov et al. [38] a
more extended experimental test for a HLM fluctuation-
induced first-order character was presented. A universal scal-
ing curve was used to reanalyze and compare previous re-
sults of the latent heat, obtained by high-resolution adiabatic
scanning calorimetry (ASC), for 9CB+ 10CB (nonylcyanobi-
phenyl and decylcyanobiphenyl) [32], 8CB+10CB (octylcy-
anobiphenyl  and  decylcyanobiphenyl)  [33], and
(4-n-hexyloxy-phenyl-4'-n decyloxybenzoate and
4-n-hexyloxy-phenyl-4’-n dodecyloxybenzoate) [34] mix-
tures. A good description of the experimental data could be
obtained. From an extrapolation of the curve fitting the mea-
sured latent heats (along the first-order part of the coexist-
ence line), it was concluded that the experimental upper lim-
its for the latent heats of transitions considered second order
were larger than the estimated HLM contribution. Of particu-
lar relevance is the case of pure 8CB with an estimated HLM
contribution substantially smaller than the upper limit L
=1.4 Jkg™' quoted by Thoen et al. [39]. An analysis by
Anisimov er al. [38] in terms of their scaling relation of
previously published [40] N-SmA interface front propagation
velocity measurements yielded qualitative and quantitative
evidence for the presence of HLM latent heat contribution
consistent with the estimates from the calorimetric L data. In
1995 Tamblyn er al. [41] reported measurements of the cap-
illary length near the apparent tricritical point of 8CB-10CB
and obtained results consistent with the HLM analysis of
Anisimov et al. [38]. More recently, Yethiraj et al. [42-46]
introduced a novel intensity fluctuation microscopic tech-
nique for testing a fluctuation-induced first-order phase tran-
sition. Measurements were carried out for 8CB and some
mixtures of 8CB and 10CB. From these measurements val-
ues of the entropy discontinuity were derived for pure 8CB
and for four 8CB+ 10CB mixtures (see Fig. 2 of Ref. [44]).
At concentrations above the (apparent) tricritical one (narrow
N ranges), a good agreement was obtained with the direct
calorimetric latent heats [33] and with the HLM scaling
curve of [38]. However, for a lower 10CB concentration (i.e.,
wider N range) and especially for pure 8CB quite large latent
heats are obtained. For 8CB they found a value more than an
order of magnitude larger than the upper limit of Thoen et al.
[39] and the HLM value of Anisimov et al. [38]. In addition,
the effect of an external magnetic field was probed by the
same technique, and it was found to be much weaker than
predicted by HLM. In 2001 Lelidis [47] reported for 8CB a
birefringence-derived discontinuity in the nematic order pa-
rameter at the N-SmA transition corresponding to an en-
thalpy discontinuity (latent heat) about ten times larger than
the calorimetry result and the HLM result [38,39,46]. At
present, the origin of these inconsistencies is not understood.
According to Herbut et al. [48] the inclusion of smectic fluc-
tuations in the HLM calculation could possibly solve (part
of) the discrepancies.

In view of the above uncertainties and discrepancies in
the experimental situation new high-resolution experiments
are clearly desirable. Since most of the relevant experiments
have been carried out for compounds of the alkylcyanobi-
phenyl homologous series and mainly on the 8CB com-
pound, we decided to look for suitable compounds for a
high-resolution ASC investigation of the different but related
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homologous series of the nOCBs. Two suitable compounds
of this series are 80OCB and 9OCB. This series might exhibit
a different strength of the HLM coupling between the SmA
order parameter and the nematic director orientation fluctua-
tions. Investigations of 80OCB using the ac calorimetric tech-
nique did not show any evidence for a first-order coexistence
region at the N-SmA transition [49-55]. Using ASC Jamée ef
al. [23] did not find any evidence for a first-order character
of the transition. An upper limit of L=1.8 mJ g~! for a pos-
sible latent heat and a maximum width of a possible two-
phase region of 2 mK were reported. Evidence for the first-
order character of the N-SmA transition of 90CB was only
recently presented on the basis of an investigation by means
of modulated differential scanning calorimetry (MDSC)
[56,57]. The phase diagram of the system 80CB+90CB was
also qualitatively characterized and a tricritical point was re-
ported for a x=0.63 mole fraction of 9OCB [56]. Additional
MDSC data for the pure 8OCB were published in another
paper by Sied er al. [58].

The paper is organized as follows. Section II gives some
relevant theoretical background information. Section III de-
scribes the experimental setup and the measured samples.
Section IV A discusses the results for the pure 8OCB and
90CB. Mixture results are analyzed and discussed in Sec.
IV B. A summary and conclusions are formulated in Sec. V.

II. THEORETICAL BACKGROUND

In the vicinity of the /-N transition the thermodynamic
behavior is usually described with the Landau-de Gennes
mean-field theory. For a uniaxial nematic liquid crystal one
writes the free energy F as an expansion of the order param-
eter S,

F=F, + lA,,Sz - lBos3 + lC(,S4 + lE,,Sﬁ. (1)
2 3 4 6

In the isotropic phase S=0 and F'=F,, and in the nematic

phase S#0. In Eq. (1) one has B,>0 and A,=a,(T

=T%)/ Ty, with a,>0. T* is the stability limit of the isotropic

phase. The presence of the cubic term leads to a first-order

transition at 7y with a finite discontinuity, S;y=2B,/3C,, in

the order parameter. The excess heat capacity in the nematic
phase is given by [1,2]

c ag {1 B, <T**— T)‘l/z] 2)
= —+ y
g C,Tiy 2(a,C,) 12 Ty

with 7" being the stability limit of the nematic phase. At the
I-N transition temperature Ty there is a jump in C, equal to
AC,,=2a§/ C,T,y. For the enthalpy discontinuity (latent heat
L) at Ty, one obtains

2aoBz
9c:

AH =H;-Hy= (3)
Thus, because of the presence of the (small) cubic term in
Eq. (1), the I-N transition is predicted to be (weakly) first
order.

As pointed out in the introduction, the basic features of
the initial molecular models of Kobayashi [6] and McMillan
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[7] for the N-SmA transition can also be obtained from a
Landau-de Gennes [8,9] free-energy expansion in terms of
the smectic order parameter with the inclusion of coupling
terms between the nematic and smectic order parameters. In
this case, the smectic free energy Fy,=F—Fy (with Fy as the
nematic free energy) near the N-SmA transition can be writ-
ten as

1, 1 1 1
FNA = _a:(T)|‘P|2 + _Cu|q,|4 + _eu|‘l,|6 - d0|\lf|25S+ 68
2 4 6 2x

(4)

For T<Ty,, one has 85=S-S,, with S,(7) being the
nematic order parameter in the absence of smectic order. The
temperature dependence of a;, is given by a (T)=a,(T-T,).
x is the temperature-dependent nematic susceptibility that is
large near Ty, but decreases with decreasing temperature.
The quantities «,, c,, e,, d,, and y are all positive constants.
On minimizing F with respect to &S, one gets 8S=CxW?;
and then eliminating 8S from F' yields

6, (5)

1 1 1
Fya= Ea:(T)|‘I’|2 + ZC|‘I’|4 + gea|‘1’

with c:c(,—2d§x. Depending on the values of d, and y and
the resulting sign of c, three different cases occur. For ¢
>0 one has a continuous transition with 7,=Ty,, ¢ <0 cor-
responds to first-order transitions, and at ¢=0 one has the
crossover from second-order transitions to first-order transi-
tions at the tricritical point.

In 1974 Halperin et al. [10,11] considered, in addition to
the S-W coupling, the contribution to Fy, of the on-W¥ cou-
pling also between the nematic director orientation fluctua-
tions and the smectic order parameter. It was derived that a
cubic term in WV always occurs in F)y,, making the transition
(weakly) first order. The free energy can be written in the
form [38]

1 1 1 1
Fya= AN = 2BV + S CW[+ <E[VP. - (6)

In this equation A=a’(T-T,)/T, (with T,# Ty,), and
B,E>0. At a Landau tricritical point (LTP), e.g., at a mole
fraction x* in a binary mixture of two liquid crystals, one has
C=0. Assuming near the LTP along the Ty, phase-transition
line C=C'(x—x"), with C' <0 and x as the mole fraction of
the mixture, it is easy to show [38] that the entropy discon-
tinuity at x* can be written as

1 B 2/3
AS*=§GI<E) . (7)

It can also be shown that close to the LTP the reduced
entropy difference s =AS/R (with R as the gas constant) at
mole fraction x is related to s*=AS*/R at x* in the following
way:
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K s\ o4
(:)—(—*) =E(x—x*)=y—y*, (8)

N N

with d=—3a'/8E. Introducing the new variables y=adx/s"
and y*=adx"/s", a universal function for s/s* of the distance
to the LTP can be constructed.

III. EXPERIMENTAL SETUP AND SAMPLES

For the measurements reported in this paper we have used
ASC. Adiabatic scanning calorimetry was developed to ob-
tain simultaneously and continuously the evolution of the
heat capacity C, and the enthalpy H as a function of tem-
perature [59]. Both quantities can be studied with very high
precision and temperature resolution, while maintaining a
thermal equilibrium within the sample. In order to obtain
C,(T) and H(T), a constant power P is supplied to the
sample and the resulting change in temperature 7(¢) is mea-
sured as a function of time r. From P and T(¢), the heat
capacity can easily be calculated as follows:

P
Cp=—. )
T(1)
with T(f)=dT/dr as the time derivative of the temperature to
be calculated by numerical differentiation of 7(¢). However,
the exact knowledge of T(r) allows also the direct calculation

of the enthalpy H as a function of temperature by inverting
the 7(¢) data to

H(T)=H(T,) + P[(T) - 1(T)], (10)

with T as the temperature of the run starting at #,. The con-
tinuous and precise assignment of the enthalpy as a function
of temperature provides a unique tool for the determination
of the order of a phase transition. When the enthalpy shows
a jump at a certain temperature (i.e., a latent heat is present),
the transition is first order; when such a jump is absent the
transition is second order (or continuous). In the case of a
broadened first-order transition the two-phase region can
clearly be identified. The ASC measurements have been per-
formed with a computer-controlled calorimeter consisting of
three stages. The sample cell that could contain up to 3 g of
sample was made of tantalum and equipped with a resistive
heating wire and a thermistor as a temperature sensor. Inside
the cell there was also a stirring ball. Stirring in the horizon-
tally mounted cylindrical cell was achieved by periodically
changing the inclination of the plate supporting the calorim-
eter, allowing the stirring ball to roll back and forth in the
cell. Further details on the ASC method and the practical
implementations can be found elsewhere [31,59,60].

The liquid crystals 80CB and 90OCB were purchased
from BDH. Both compounds were carefully stored prior to
the measurements, and they were used as received. A sample
of the same 80OCB batch was measured in a similar calorim-
eter by Jamée er al. [23]. This measurement was repeated as
an additional check of the quality of the sample, and it
yielded sharp transitions and the same transition tempera-
tures with only a few mK difference. Several mixtures of
8OCB and 90CB were also prepared, namely, x=0.85, 0.75,
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FIG. 1. (a) Temperature dependence of the specific-heat capac-
ity of 90CB from well in the smectic-A phase to well in the isotro-
pic phase (solid dots). The crosses correspond to the effective val-
ues in the two-phase regions. (b) Temperature dependence of the
enthalpy over the corresponding range. For display reasons a linear
temperature-dependent background 2.1(7—T,,,) (kJ kg™!), with T,
an arbitrary reference temperature, has been subtracted.

0.70, 0.66, 0.62, 0.59, 0.50, 0.30, and 0.15. The concentra-
tion x is defined as the molar ratio of 90CB in the mixture
noocs! (Nooce+nsocs), i-€., pure 90CB and 80OCB corre-
spond to the values of 1 and O, respectively. Prior to the
measurements, all mixtures were kept for several hours in the
I phase and stirred in order to ensure homogeneous mixing.
Afterward, cooling runs (with rates of ~0.1 K h™!) were
performed in the range including the /-N and N-SmA transi-
tions. Additional very slow heating runs (with rates of
~0.03 K h™!) were performed in the vicinity of the N-SmA
transition in order to provide data for precise critical fits.

IV. RESULTS AND DISCUSSION

For the pure 80CB compound calorimetric data obtained
by ac calorimetry [49-55], ASC [23], and MDSC [56-58]
have been reported. The pure compound 90CB has only
been investigated by MDSC [56,57]. For three mixtures of
80CB and 90CB additional MDSC results have been pub-
lished [56]. Here, we give a full account of different ASC
results for the two pure compounds 8OCB and 9OCB and for
nine of their mixtures [61].

A. Pure compounds 8OCB and 90CB
1. Overview of the results

In Figs. 1(a) and 1(b) an overview is given for the experi-
mental heat capacity C,(7) and the enthalpy H(T) over a
temperature range from well in the SmA phase to well in the
isotropic phase for the pure 9OCB compound. The /-N and
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FIG. 2. (a) Temperature dependence of the specific-heat capac-
ity of 80OCB in the SmA and N phases around the N-SmA transition
and in the N and I phases around the I-N transition (solid symbols).
The crosses correspond to the effective values in the two-phase
region. (b) Temperature dependence of the enthalpy over the corre-
sponding range. For display reasons a linear temperature-dependent
background 2.1(T-T,,;) (k] kg™!), with T, as an arbitrary refer-
ence temperature, has been subtracted. The dotted lines serve only
as guides to the eye.

N-SmA transitions are clearly visible in both quantities. In
Figs. 2(a) and 2(b) a similar overview is presented for the
pure 8OCB. One may notice the substantial difference be-
tween the width of the nematic range of 9OCB (about 2.2 K)
and that of 8OCB (about 13 K). Because high-resolution
ASC measurements have only been done near both phase
transitions for SOCB and not in the large intermediate nem-
atic range, both data sets in Fig. 2 have been connected by
dotted lines to guide the eye. From the enthalpy plots of Figs.
1(b) and 2(b) it is clear that in both cases the I-N transitions
are discontinuous, which is consistent with Eq. (3). For
80CB we obtain for the latent heat L=1.55+0.05 kJ kg™!
and for 9OCB L=2.4+0.1 kJ kg~'. These I-N latent heats
as well as the pretransitional heat-capacity behavior below
and above the transition are similar and in line with the be-
havior of other systems [4], and they will not be further
considered. We will concentrate on the N-SmA transitions of
80CB and 90CB and of their mixtures, where quantitative
and qualitative differences are encountered. From the en-
thalpy curves in Figs. 1(b) and 2(b) it is not obvious whether
or not there is an enthalpy discontinuity at the N-SmA tran-
sitions within the resolution of these figures. One has to ana-
lyze the data near the N-SmA transitions in more detail. In
particular, this involves in the first place enlarging of small
part of the enthalpy curves around the transitions and sub-
tracting the often quite large regular (linear) increase in the
enthalpy with temperature (corresponding to a constant back-
ground heat capacity). In these detailed plots one then looks
for slope discontinuities at the beginning and end tempera-

PHYSICAL REVIEW E 82, 031707 (2010)

0.02

0.00 [ i

1 1
339.9 340.0 340.1 34022
T (K)

FIG. 3. Temperature dependence of the enthalpy near the
N-SmA phase transition of 80CB over a 300 mK temperature
range. For display reasons a linear temperature-dependent back-
ground 2.1(T=T,,) (kJ kg™!), with T,,; as an arbitrary reference
temperature, has been subtracted.

tures of the two-phase regions of first-order transitions.
Looking at higher temperature derivatives of H(T) is often
quite helpful in determining the width of the two-phase re-
gion. From the enthalpy change over the two-phase region
the latent heat can be determined. When the transition is
second order, there is no two-phase region and no latent heat,
but from the finite resolution of the H(7) data a maximum
width of a possible two-phase region and an upper limit for
the possible latent heat can be assessed.

2. N-SmA phase transition in 8OCB

In Fig. 3 the temperature dependence of the enthalpy near
the N-SmA transition of 8OCB is given in a narrow tempera-
ture range of 300 mK. For display reasons a linear
temperature-dependent background has been subtracted from
the enthalpy. There is no clear indication of a latent heat at
this transition. From a detailed analysis of the H(T) and cor-
responding C,(7) data very near the transition we arrived at
an upper limit of a latent of 1.8 J kg!. This is in agreement
with the upper limit of 1.8 J kg™! reported by Jamée et al.
[23]. The data near the transition are consistent with a latent
heat of 0.9+0.9 J kg™!' and a two-phase region of about 2
mK. However, a zero latent heat and the second-order nature
of the transition cannot be excluded. There is a substantial
pretransitional heat-capacity variation on both sides of the
transition temperature, which can be described by power-law
expressions. The limiting behavior of the specific-heat capac-
ity at a second-order transition can be described by means of
a power law of the form

C,=A%|1"*+B, (11)

with 7=(T-T,)/T,, A* as the critical amplitudes above (+)
and below (—) the transition, « as the critical exponent, T, as
the critical temperature, and B as the constant background
contribution composed of a regular and a critical contribu-
tion: B=B,,,+B.. In a constant power heating or cooling run
one readily arrives at the heat capacity C, in Eq. (9) from the
(known) power and from the temperature-dependent rate, by
a numerical differentiation of 7(z) (the precisely and fre-
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quently measured temperature evolution of the sample as a
function of time). However, the fact that via Eq. (10) T(¢) can
immediately be transformed in an enthalpy versus tempera-
ture curve opens new possibilities for the data analysis. At
the temperature T with a corresponding enthalpy H(T), two
quantities with the dimensions (J kg™' K™!) of specific-heat
capacity, C,, and C, can be introduced. C, corresponds to the

P
slope dH/dT of the enthalpy curve at 7, and C is defined as

H-H,

C_ ’
T-T,

(12)

and it corresponds to the slope of the chord connecting H(T)
at T and H, at T,. It can easily be shown that C has also a
power-law behavior, but with an amplitude divided by (1
—a) [39]. Thus, both C,, and C have the same critical expo-
nents and background term, but different amplitudes. By
considering the difference (C—-C p), above and below T, the
(unimportant) background term drops out, resulting (after
taking the logarithm) in

+

log(C - C,) = log< laA ) — alogl7l. (13)

Thus, one obtains a straight line with a (negative) slope
directly yielding the critical exponent «. Equations (11) and
(13) should only be used for data fitting sufficiently close to
T.. For extended C, data ranges one uses the usual
renormalization-group form with the inclusion of
corrections-to-scaling terms [5,62]

C,=A"|d"*(1+D"|A4*) + B+ E(T-T,). (14)

Here, the superscripts = again stand for above and below
T.. D* are the corrections-to-scaling amplitudes and A is the
first corrections-to-scaling exponent. The value of A is usu-
ally set to the three-dimensional XY value of 0.529 [63] or to
the essentially equivalent value of 0.5. B is again the sum of
the regular and the critical backgrounds. The last term rep-
resents the temperature dependence of the regular contribu-
tion. From the definition of the quantity C in Eq. (12) the
corresponding extended expressions for C and (C—-C,) can
be derived [39]. For (C-C,) one obtains

aAi - * A A
l—aM [1+D (1_a(l+A—a)>|T‘ :|

c-C,=

ST, (15)

The corrections-to-scaling amplitudes as well as the coef-
ficient of the linear background term are modified compared
to Eq. (14). The linear background amplitude has changed
sign and it is divided by 2. The multiplicative factor f=1
—Aa"'(1+A—-a)™" depends mainly on the (effective) value
of « (assuming a fixed value around 0.5 for A). One has, e.g.,
f=-2.57 for @=0.1, f=-0.39 for «=0.3, and f=0 for the
tricritical value arcp=0.5. For azp_yxy=—0.01 a value f
=34.1 is obtained. For a N-SmA transition close to the I-N
transition the C, peak is superimposed on the nematic pre-
transitional C,, wing of the /-N transition, often resulting in a
nonlinear temperature dependence of the regular back-
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TABLE 1. Parameters from the fits of the quantity (C—C,) near
the N-SmA phase transition of 80CB without and with an addi-
tional linear background term —E(T-T,)/2 over various reduced
temperature ranges.

E
(kI kg ' K?)  logio(|Amin)  10gi0(] Hmar) @y AT/IAY
0 -4.50 -3.00 0.224 1.003
12 -4.50 -3.00 0.205 0.975
0 -4.50 -2.75 0.222 1.074
12 -4.50 -2.75 0.200 1.009
0 -4.75 -3.00 0.210 1.008
12 -4.75 -3.00 0.192 0.986
0 -4.75 -2.75 0.214 1.077
12 -4.75 -2.75 0.193 1.012
0 -5.00 -3.00 0.200 1.012
12 -5.00 -3.00 0.183 0.984
0 -5.00 -2.75 0.208 1.078
12 -5.00 -2.75 0.187 1.013

ground. For this reason it is a common practice in the analy-
sis of the direct C,, data to subtract this regular temperature-
dependent background from the data and fit the difference
with Eq. (14), where the free parameter B represents only B,
and E is set to zero [50,51]. Since in Eq. (15) the B value at
T, is not present anymore only the temperature dependence
of the regular background, represented by the last term in Eq.
(15), has to be considered. In nonlinear least-squares fitting
(neglecting possible higher-order background terms) of the
(C-C,) data with Eq. (15), E can be a free parameter or
given a fixed value derived from the C, or C behavior in the
SmA and the N phases away from the transition. From our
80CB data we arrived at a value E=12 kJ kg~! K™2. In the
analysis of the (C-C,) data for 8OCB we did not use Eq.
(15) in a nonlinear least-squares approach. Instead we have
used, for the data relatively close to 7, range shrinking and
linear fitting (of the data above and below T, simultaneously)
with Eq. (13), before and after subtracting a linear contribu-
tion E(T-T,)/2, with E=12 kJ kg~' K=2. The results for the
effective exponent @ and for the amplitude ratio A=/A* of
these fits are summarized in Table I. The values for the ef-
fective exponent « are all in the range between 0.18 and
0.23, while the amplitude ratio values are in the range be-
tween 1.08 and 0.97. There are slight differences between the
fits with E=0 and E # 0. In the former case an average value
a=0213%£0.013 and in the latter one a value «
=0.193+0.012 are obtained. For the fits with E=0 an aver-
age value 1.042+0.040 (i.e., larger than 1) is found for the
amplitude ratio, whereas for E # 0 the corresponding average
value is 0.997 = 0.015 (i.e., slightly smaller than 1). An over-
all average value of @=0.20%+0.02 is in very good agree-
ment with the value a=0.18 = 0.02 derived from the data of
Jamée et al. [23,64]. Most of the a values obtained in ac
calorimetric experiments fall also in the range «
=0.20*+0.05 [50,51,59,60]. The older ac data of Johnson et
al. [49] resulted in a logarithmic singularity. For one sample
LeGrange and Mochel [52,53] reported a value «
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FIG. 4. Temperature dependence of the enthalpy near the
N-SmA phase transition of 90CB over a 600 mK temperature
range. For display reasons a linear temperature-dependent back-
ground 1.75(T-T,,) (k] kg™!), with T, as an arbitrary reference
temperature, has been subtracted. The two vertical dotted lines rep-
resent the limits of the two-phase region.

=0.025*0.04, while another sample gave a=0.25%*0.02.
Impurities were put forward as a possible cause for the low
value. On the other hand, from their MDSC measurements
Sied et al. [56] reported a=0.044 = 0.002.

3. N-SmA phase transition in 90CB

In Fig. 4 the temperature dependence of the enthalpy near
the N-SmA transition of 9OCB is given in a narrow tempera-
ture range of 600 mK. For display reasons a linear
temperature-dependent background has been subtracted from
the enthalpy. The transition is clearly first order. From a de-
tailed analysis of the enthalpy H(T) data and the correspond-
ing specific-heat data C,,(7) near the transition, we arrive at a
two-phase region of 35*2 mK and a latent heat L
=0.46+0.05 kJ kg~!. This value is about 30 times smaller
than the latent heat of the /-N phase transition of this com-
pound. From MDSC measurements Sied et al. [56] reported
a value of 0.16 kJ/mol (i.e., 0.49 kJ kg™!). From DSC mea-
surements (at a scanning rate of 5 K min~!) Oweimreen and
Morsy [65] obtained a value of 1.2 kJ kg™'. As can be seen
in Fig. 1(a), on both sides of the N-SmA transition, there is
substantial pretransitional C,(7) change on approaching the
transition. This temperature variation of C,(T) will be further
considered in connection with mixtures also exhibiting a
first-order N-SmA transition.

B. Mixtures of 8OCB and 90CB

In addition to the two pure compounds 8OCB and 90CB,
nine different mixtures of these compounds have been stud-
ied in detail near the N-SmA transition by ASC. In Fig. 5 the
I-N and the N-SmA transition temperatures are plotted as
functions of the mole fraction x of 9OCB. The T}y values are
consistent with a linear connection between the almost equal
T,y values of the two pure compounds. The Ty, transition
line is slightly curved, and it can be fitted with a quadratic
expression.
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FIG. 5. Transition temperatures of 80CB and 90CB and of the
different mixtures investigated, as a function of mole fraction x of
90CB. Solid symbols are for the I-N transition and open symbols
are for the N-SmA transition. The solid line through the 7y data is
a linear fit. The solid line through the Ty, data is a quadratic fit.

1. Enthalpy behavior near the N-SmA phase transition

In Fig. 6 parts of the enthalpy curves of the pure SOCB
and of the three mixtures with the lowest 9OCB concentra-
tions are given. In Fig. 7 a similar plot is presented for the
other mixtures and for the pure 9OCB. For display reasons,
because of the large differences in latent heat enthalpy
changes, the results are presented in two separate figures. For
the same reason also a linear temperature-dependent back-
ground has been subtracted from the enthalpy data. From a
detailed inspection of H(T) and C,(7) very near the N-SmA
transitions of the different mixtures the latent heat L values
given in the lower part of Fig. 8 have been obtained. Both L
and L'? are plotted as functions of the mole fraction x of
90CB. The mole fraction dependence is better visible in L'?
than in L at low latent heat values. It should also be noted
that contrary to the 9CB+10CB and 8CB+10CB systems
[32,33], L2 here is not a linear function of the mole fraction.

200 F 0.50 -

0.30 ( ]

<~ 150} g
()
&
=

E 100 - 0.15 1

80CB
50 + } E
0 1 1 1 1 1
340 342 344 346 348
T (K)

FIG. 6. Temperature dependence of the enthalpy near the
N-SmA phase transition of 80OCB and three mixtures of 8OCB
+90CB with 90CB mole fractions of x=0.15, 0.30, and 0.50. For
display reasons a linear temperature-dependent background 1.75(T
=T,.p) (kI kg™!), with T,/ as an arbitrary reference temperature, has
been subtracted.
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FIG. 7. Temperature dependence of the enthalpy near the
N-SmA phase transition of 90CB and six mixtures of 8OCB
+90CB with 90CB mole fractions of x=0.59, 0.62, 0.66, 0.70,
0.75, and 0.85. For display reasons a linear temperature-dependent
background 1.75(T-T,,,) (k] kg™"), with T, as an arbitrary refer-
ence temperature, has been subtracted.

2. Specific-heat-capacity behavior near the N-SmA phase
transition

In Fig. 9 an overview is given of the temperature depen-
dence of the specific-heat capacity C,, as calculated with Eq.
(9), in the immediate vicinity of the N-SmA transitions for
the nine mixtures as well as for the pure 8OCB and 90CB. It
should be noted that for the first-order transitions the calcu-
lated C,, values in the two-phase regions are effective ones.
These two-phase region data can be distinguished from the
real C,, values in the SmA and N phases, and they are repre-
sented by different symbols (crosses). In Fig. 9 a clear in-

0.6 ———————————————————
(@  app=05 ;
0.5 pr--mmmmmmmm oo D { fffffffff
f }
04 .
5 0 !
S 03 i
g ¢
02+ ¢ i
600 25
(b) % T _
~400 - ISS'I
Ton % b Néﬂ
= {10 =
200k -
LT
0 -§§§ 777777 i,,..,!,’,,. 777777777777 Jo
. . L L L T

FIG. 8. (a) The effective critical exponent e, as a function of
the mole fraction x of 9OCB. (b) The x dependence of the latent
heat L (solid circles) and of the square root L2 of the latent heat
(open circles).
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FIG. 9. (Color online) The specific-heat capacity C, near the
N-SmA transitions at different mole fractions x of 90CB in the
mixtures and of pure 8OCB and 9OCB. From left to right data are
displayed for increasing mole fraction x of 9OCB. 1: pure 8OCB; 2:
x=0.15; 3: x=0.30; 4: x=0.50; 5: x=0.59; 6: x=0.62; 7: x=0.66; 8:
x=0.70; 9: x=0.75; 10: x=0.85; 11: pure 9OCB. The crosses indi-
cate the effective C,, values in two-phase regions of the first-order
transitions.

crease in the C, wings in the SmA and N phases with in-
creasing x can be observed, and there is also an increase in
the values of the effective critical exponent a, for the mix-
tures with larger 90CB mole fractions. This can indeed be
seen in Fig. 10 where the results for separate fits with Eq.
(13) (in the range —4.25 <1log,(|71=-3.0 and with H, and T,
adjustable parameters) for the smectic-A phase below the
transition and in the nematic phase above the transition are
given. The increased slopes of these lines indicate increased
a, s values. For display reasons the data for x=0.85 and 1.00
are not included in Fig. 10. However, all the obtained values
for «, s are displayed in the top part of Fig. 8. For the mix-
ture x=0.85, a, f=0.49t0.03, and for the pure 90CB Ay
=0.46*+0.04 is obtained. The pure 9OCB value is slightly
smaller than the tricritical value of 0.5 and than the value
a,;=0.51%0.03 of Cusmin et al. [57] from MDSC results.
Contrary to the systems 8CB+10CB [33] and 9CB+10CB
[32] the tricritical value a;pe=0.5 is not obtained for a mix-
ture where, within the experimental resolution, the latent
heat is zero, but for a mixture near xqocp between 0.75 and
0.80 with a latent heat around 50 Jk g™,

C. N-SmA phase transition and evidence for a cubic term
in the free energy

1. Fit of the N-SmA latent heats of SOCB+90CB as a function
of mole fraction

As already pointed out in Sec. II, Halperin et al. [10]
predicted that, because of the coupling between the nematic
director orientation fluctuations and the smectic order param-
eter, a cubic term should always be present in the free-energy
expansion, making the transition (weakly) first order. Anisi-
mov et al. [34,38] on the basis of Eq. (6) arrived at the
universal function of Eq. (8) for the reduced entropy discon-
tinuity s near a LTP. They analyzed the data available at that
time with Eq. (8). Here, a similar analysis of our new
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FIG. 10. (Color online) Double-logarithmic plots of the (C
-C,) data as a function of |1 (a) in the N phase and (b) in the SmA
phase at different mole fractions x of 90CB in the mixtures. From
top to bottom data are displayed for increasing mole fraction x of
90CB in the mixtures. 1: pure 8OCB, 2: x=0.15; 3: x=0.30; 4: x
=0.50; 5: x=0.59; 6: x=0.62; 7: x=0.66; 8: x=0.70; 9: x=0.75.

8OCB+90CB data is presented and, moreover, a compari-
son with the older data is made.

In Fig. 11 a fit with Eq. (8) of the reduced entropy dis-
continuity s=AS/R for the 8OCB+90CB system is given as
a function of the mole fraction of 90CB for all the mixtures.
A quite good fit is obtained. Since for 8OCB only an upper

0.06 I —

0.05|
0.04]
w» 0.03 I
0.02]

0.01 -

0.00 ® ® .

FIG. 11. The reduced entropy discontinuity s=AS/R (with R
being the gas constant) for SOCB+90CB mixtures fitted to the
scaling function of Eq. (8) to determine x* of the Landau tricritical
point and s*=AS*/R. The data point for pure 80CB was not in-
cluded in the fit. The dashed line represents the Landau theory
without the cubic term in Eq. (6).
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TABLE II. Parameters values in Eq. (8) obtained from fitting the
new data of 8OCB+90CB, and the data of 9CB+10CB and 8CB

+10BC from [32,33]. The values of 6010+6012 are taken from
Ref. [38].

Mixture a x* s*
8CB+10CB 0.9860 0.4213 0.02467
9CB+10CB 0.5917 0.0985 0.02029

80CB+90CB 0.2503 0.8350 0.01593
6010+6012 1.947 0.4828 0.0408

limit (of 1.8 Jkg™") for a possible latent heat could be ob-
tained experimentally, 8OCB was not included in the fit. The
extrapolation of the fitting curve to x=0 resulted in an esti-
mated latent heat for 8OCB of 0.85 J kg‘l, which is com-
pletely consistent with the SOCB enthalpy data. From the fit
a Landau tricritical point is obtained for a mixture with a
mole fraction x*=0.8350. The Eq. (8) fit parameters for this
system are given in Table II. In that table we also give the
parameter values from new fits of the old 9CB+10CB and
8CB+10CB [32,33,66] data and the parameter values for

6010+6012 from Anisimov et al. [38].

2. Universal crossover relation and Landau tricritical point

In Fig. 12 the reduced entropy discontinuities s/s* are
plotted as functions of y—y”*, as introduced in the universal
crossover expression given in Eq. (8) for all the systems
investigated accurately and in sufficient detail. From this fig-
ure it is quite clear that the new 8OCB+90OCB results are
fully consistent with the data of the three older systems and
follow the same crossover relation. This is more obvious for
the low s/s* in Fig. 13 where logo(s/s*) is plotted as a
function of y—y*. In that figure for 8CB and 80CB, calori-
metrically considered as second order within the experimen-
tal resolution, only the upper limits are indicated by vertical
error bars. On the basis of an extrapolation of the fitting

20 T T T T T T T T T T T T T T
® 6010+6012
|5l ® 8CBrl0CB |
O 9CB+10CB
* 80CB+90CB
104 g
*
n -
~
w 2
5k 4
8CB 80CB
0 [ -------------------
-5 ! ! ! ! ! !

%
Y-y

FIG. 12. (Color online) Normalized universal scaling represen-
tation of Eq. (8) for the four different kinds of mixtures considered.
The solid line is based on the HLM mean-field free energy of Eq.
(6). The heavy dashed line represents the Landau theory without the
cubic term in Eq. (14).
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FIG. 13. (Color online) The normalized universal scaling repre-
sentation of Fig. 12 with s/s* on a logarithmic scale. Upper limits
(and error bars) are shown for the data that have not been included
in the fits. The data points for 8CB+10CB¢“ are obtained from Ref.
[33], and those for 8CB+10CB? are from Ref. [46]. The data for

6010+6012 are from Ref. [38].

curve one would expect a latent heat roughly a factor of 2
smaller than the upper limits. As already mentioned in the
introduction, Yethiraj er al. [42-46] derived from optical
measurements of fluctuations in the nematic phase values for
the entropy discontinuity at the N-SmA transition of the pure
8CB and for four mixtures of 8CB+ 10CB. The correspond-
ing s/s* values are also displayed in Fig. 13. Three of the
s/s* values for y—y™ values close to zero (near the Landau
tricritical point) are consistent with the HLM curve, but the
two other results (for pure 8CB and the 8CB+ 10CB mixture
with a 10CB mole fraction of 0.18 in the mixture) are an
order of magnitude larger than the corresponding values on
the HLM curve and the calorimetric upper limit for 8CB. At
present, it is not clear how these inconsistencies can be un-
derstood.

In Fig. 14 the mole fraction dependence of the effective
critical exponent «,;; is compared with that of the latent
heats for the system 8OCB+90OCB. In this figure it can be
seen that a, reaches the tricritical value of 0.5 for a mole
fraction of 9OCB closer to the mole fraction of the LTP (x

0.6 .
_ ; 4500
05F----- ({T.C.PT.O:S. ............... §..3 I S
é % 4400
0.4} 22 -
- 3 : 1300
5 03l 1 =
s 3 o ! 4200 &
' -
'8
02r ¢ ! 1100
e |
(V8 R ®---0 ---@----- ..-...........: ........ 0
0.0 Il Il Il Il : Il _100

-1.0 08 -06 -04 02 0.0 0.2
*
X-X

FIG. 14. Effective critical exponents a, (open circles) and la-
tent heats L (closed circles) for mixtures of 80CB+90OCB as func-
tions of the mole fraction difference (x—x*) with the mole fraction
x* of the Landau tricritical point.
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FIG. 15. Effective critical exponents «, s and latent heats L for
mixtures of 8CB+10CB (open and closed circles) from Ref. [33],
9CB+10CB (open and closed squares) from Refs. [32,33], and
6010+6012 (open and closed triangles) from Refs. [34,38] as
functions of the mole fraction difference (x—x*), with x* as the
mole fraction of the Landau tricritical point. For the 9CB+10CB
and 8CB+10CB systems x is the mole fraction of 10CB in the

mixture, while for 6010+6012 it is the mole fraction of 6012.

—x"=0) than for the previously studied systems presented in
Fig. 15. It is also clear that finite latent heats are observed for
a,rr values substantially smaller than arcp=0.5. This is
qualitatively different from what can be observed in the simi-
lar plot of Fig. 15, where for all three other systems a,z
reaches the value of a;cp=0.5 when the (possible) latent
heat is smaller than the experimental limits. The difference in
latent heat when a=0.5 between the 8OCB+90OCB system
and the other systems is presumably due to a larger cubic
coefficient B in Eq. (6) for 80CB+90CB than for the other
mixtures.

V. SUMMARY AND CONCLUSIONS

This paper reported on a detailed investigation by adia-
batic scanning calorimetry of the liquid crystals octyloxycy-
anobiphenyl (80CB) and nonyloxycyanobiphenyl (9OCB)
and nine of their mixtures. Particular emphasis was given to
the enthalpy and specific-heat capacity along the N-SmA
phase-transition line. All the I-N transitions were first order
and exhibited latent values comparable with those observed
in many other systems [4]. With the exception of the pure
80CB, for all the mixtures and for the pure 9OCB finite
latent heat values along the N-SmA transition line have been
found. For 8OCB only an upper limit for a possible latent
heat L of 1.8 Jkg™! has been obtained. However, the en-
thalpy data are quite consistent with L=0.9+0.9 J kg™!. The
measured N-SmA latent values could be well fitted with the
crossover function of Eq. (8) consistent with a mean-field
free-energy expression that has a cubic term [38]. The exis-
tence of such a cubic term implies that the N-SmA transition
is expected to be (weakly) first order. The existence of such
a term was predicted in 1974 by Halperin ef al. [10]. In this
study we have found that clearly first-order N-SmA transi-
tions, with measurable latent heats, are obtained for mole
fractions of 90CB in the mixture where the effective critical
exponents a,z are as low as 0.25-0.30, which is substan-
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tially lower than the tricritical value azcp=0.5. This is quali-
tatively different from what was found in the three previ-
ously studied systems of 8CB+10CB, 9CB+10CB, and

6010+6012. Moreover, in contrast to the previous results
the mole fraction at which a,; reaches aycp=0.5 is very
close to the mole fraction x* of the Landau tricritical point,
obtained by fitting the latent heat data with Eq. (8). These
two specific features of the present calorimetric results for
the 8OCB+90CB system constitute strong evidence, result-
ing from a static experiment, for the HLM arguments for a

PHYSICAL REVIEW E 82, 031707 (2010)

cubic term in the free-energy expansion and the (weakly)
first-order nature of the N-SmA transition.
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