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ac-calorimetry studies at the hexatic-8 —smectic-A and crystal-8 —hexatic-8 phase transitions
in two compounds with hydrogen bonding
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Two compounds of the 1-{4'-alkoxyphenylamino-3-[5"-{2"-menthylpirydil)]-propen-1-one-3 (PIRn)
series that exhibit the hexatic-B (Hex-B) to smectic-A (Sm-A) and the crystal-8 (Cry-B) to Hex-B phase
transitions were studied by high resolution ac calorimetry. The Hex-B —Sm-A phase transition was
found to be of first order and continuous for PIR7 and PIR9, respectively. The tricritical point was lo-
cated at the concentration for which Tery ~ H,„z/THe„z sm z =0.980+0.004, i.e., a hexatic range of 7
K. At both sides of the tricritical point, nonclassical and non-three-dimensional-XY specific heat ex-
ponents a were observed. The Cry-B —Hex-B phase transition was of first order and was associated with
a small or immeasurable C~ anomaly.

PACS number(s): 64.60.—i, 64.70.Md, 68.35.Md, 82.60.Fa

The liquid to hexatic phase transition in liquid crystals
is associated with the development of long range bond
orientational order (BOO) [1,2]. The symmetry of the or-
der parameter places this transition in the three-
dimensional (3D) -XY universality class, which is recog-
nizable by a heat capacity critical exponent of
u= —0.007 [3]. Among liquid crystals with the simplest
(orthogonal) ordered phases, the in-plane melting process
has been almost exclusively studied in compounds be-
longing to the n-alkyl-4'-n-alkoxybiphenyl-4-carboxylate
(nmOBC) series. Heat capacity experiments in these ma-
terials [4,5] have shown that the hexatic-B to smectic-2
(Hex-B —Sm-A) phase transition is continuous with an
unexpectedly large critical exponent a=0.5, which obvi-
ously is not consistent with theoretical predictions. The
discrepancy between theory and experiment suggests that
the BOO is not the only symmetry breaking field at this
phase transition [5]. Thus fluctuations of herringbone or-
der (HBO) were proposed to be responsible for the
discrepancy in systems exhibiting a smectic-E (Sm-E)
phase below the Hex-B phase [5,6]. Indeed, the presence
of weak HBO in the Hex-8 phase of nmOBC compounds
was confirmed by x-ray scattering experiments [7].

In order to test the infIuence of HBO on the hexatic
phase, it is necessary to compare previous results with
those for systems lacking HBO, i.e., for systems where
the Sm-E phase is replaced by a crystal-B (Cry B) phase. -
Unfortunately, in the only compound that has been previ-
ously tested possessing a Cry-B —Hex-8 —Sm-A phase se-
quence, 4-propionyl-4'-n-heptanoyloxyazo-benzene, the
Hex-8 —Sm-A phase transition was found to be strongly
first order, making the determination of the critical ex-
ponent a impossible [8].

Recently, new compounds with the Cry-8 —Hex-
B—Sm- A phase sequence have been synthesized [9].
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For the ac-calorimetry studies reported here, two
compounds of the 1-(4'-alkoxyphenylamino)-3[5"-(2"-
menthylpirydil)]-propen-1-one-3 (PIRn) series, where n is
the number of carbons in the alkoxy chain, were chosen:
PIR7 and PIR9, with 7 and 9 carbons in the terminal al-
koxy chains, respectively. They were characterized by
di6'erential scanning calorimetry (DSC) studies and the
absence of HBO was confirmed by x-ray measurements
[10].

The ac-calorimetry measurements were carried out at a
heating frequency of 110 mHz on 5 mg bulk samples that
were placed on a 1 cm diameter, 0.1 mm thick sapphire
disk provided with a thermobead temperature sensor and
a heater. The imposed temperature oscillations were
maintained below 2 mK (peak to peak), while the average
temperature was controlled to better than 100 pK.
Lock-in arnplification and computer data averaging for
15 min at every temperature were used to achieve a rela-
tive heat capacity precision of 0.1%. The temperature
dependence of both the heat capacity and the phase shift
between the applied heat and resulting temperature oscil-
lations was simultaneously recorded in consecutive cool-
ing and heating runs over a 20 K range bracketing the
transitions. In the ac technique, the phase shift is usually
simultaneously determined as it provides empirical infor-
mation on the order of the phase transition. Further de-
tails about this experimental technique are given else-
where [11].

The specific heat as a function of temperature for the
PIR7 compound is plotted in Fig. 1. Comparing cooling
and heating results, there is a 0.34 K hysteresis in the
transition temperature as well as slight diA'erences in the
shape of the Hex-B —Sm-A C anomaly that are particu-
larly pronounced on the low temperature branch. At the
transition, the phase shift (also shown in Fig. 1) exhibits a
narrow peak, which is characteristic of a two-phase coex-
istence region, usually present at first-order transitions
[12,13]. In contrast to the PIR7 results, specific heat and
phase shift measurements for PIR9 presented in Fig. 2
show that heating and cooling runs overlap exactly with
no hysteresis in the transition temperature or any phase
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shift anomalies. These results suggest that the Hex-
B—Sm-A transition is weakly first order for PIR7, while
it is continuous for PIR9. Thus a tricritical point exists
on the Hex-B —Sm-A phase transition line separating first
order from continuous transitions, in agreement with the
2D-melting theory [2]. The appearance of a tricritical
point in systems having a Cry-B —Hex-B —Sm-A phase
sequence can be attributed to the coupling between BOO
and positional order. As the terminal chain length in-
creases in the PIRn series, the hexatic range increases
while the positional order fluctuations decreases, driving
the Hex-B —Sm-A phase transition continuously. In the
PIRn series, the tricritical point is located for a system
having a 7 K wide hexatic phase between PIR7
(Tii~/T~„=0. 984) and PIR9 (Tiki/T~~ =0.976). This
position is rather different from that in the other sys-
tematically studied series (nmOBC) for which the hexatic
range is less than 0.8 K ( TIE& /Tii„& 0.999) [5].

The width of the critical anomalies associated with the
Hex-B —Sm- 3 phase transition in compounds of the
PIRn series, about 2.5 K full width at half maximum
(FWHM) for PIR7, is much larger than in the nmOBC
series (typically 0.4 K FWHM). This indicates that the
fluctuations are strong and persist over a wide tempera-
ture range for the PIRn series.

To quantitatively characterize the critical behavior of
the specific heat, data for PIR7 and PIR9 were fitted ac-
cording to the simple power law expression [14]

C =A itI +B +Dr .

The first term describes the singular part of the specific
heat, whereas B+ +Dt is a noncritical background;
t =(T—T, )/T, is the reduced temperature. The + sub-
scripts refer to below (

—
) and above (+) Tc. In these

fits, the instrumental 1/cr; weighting to each data point
was included, with the standard deviation a. ; taken as
0.02C . The transition temperature and the slope of the
background were fixed at the same values for both sides
of the phase transition. The fits were only sensitive to
temperature-range shrinking very close to Tc. The tem-
perature region of the instrumentally induced peak
rounding, as estimated from a log-log plot of the diver-
gent part of C as a function of reduced temperature, was
less than 0.2 K (r;„=3X 10 ). The results of the data
analysis are summarized in Table I. The uncertainty in a
is a consequence of the rather flat y surface for fits using
Eq. (1) [the y -a intersection is shown in the inset of Fig.
l(a)]. The resulting critical exponents, a =0.15+0.08 for
PIR7 and 0. 18+0.08 for PIR9, although lower than
those found for nmOBC, are still far from the 3D-XY
value. Attempts to improve the fitting results were made
by including the correction-to-scaling terms [14]; these
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FIG. 1. (a) Specific heat near the Hex-B —Srn-A phase transi-
tion for PIR7 heating and cooling runs. The peak position in
the cooling run was shifted up by 0.34 K. There is a pro-
nounced difference in the low temperature branches between
heating (upper curve) and cooling (lower curve). For clarity,
only every other data point is shown. The solid lines are results
of fits to Eq. (1) with parameters as given in Table I. Inset:
y /yo vs a, where yo is the value for the best fit. (b) Phase shift
near the Hex-B —Sm-2 phase transition for the heating run.
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FIG. 2. (a) Specific heat near the Hex-B —Sm-2 phase transi-
tion for PIR9 data from heating and cooling runs overlapped
identically. For clarity, only every other data point is shown.
Inset: log-log plot of the critical part of C~ vs t. (b) Phase shift
near the Hex-B —Sm-A phase transition for the heating run.
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TABLE I. Parameters obtained from fitting the specific heat data for PIR9 and PIR7 according to
Eq. (1).

heating
cooling

0.69
0.72

Tc
(K)

382.00
381.66

0.15+0.08
0.15+0.08

D
(J K-' g-')

PIR7
0.016
0.022

8+
(JK 'g ')

1.78
1.72

8
(JK 'g ')

1.60
1.54

1.51
1.62

0.94
0.78
0.99

385.38
385.44
385.43

0.18+0.08
0.5b

—0.007

PIR9'
0.008
0.008
0.009

1 7'
2.21

24.0

1.7'
2.26

24.2

1.29
2.81
5.10

'Cooling and heating data exactly overlapped.
Fixed value.

'8+ and 8 fixed at the same value.

did not change the resulting exponent significantly. Fit-
ting the data with an exponent fixed at the 3D-XY value
of —0.007 or to the mean-field value a=0. 5 resulted in
considerably higher y values and unacceptable fits.

From x-ray diffraction studies, the significance of the
order parameter fluctuations can be directly probed by
investigating the scaling relation [2] C6„=C6+ "'"
between harmonics, C6„describing the 6n-fold symmetry
of the order in these systems. If fluctuations are negligi-
ble as in the mean-field ease, A. =O. If fluctuations dom-
inate the critical behavior, then X essentially increases,
e.g. , A, =0.3—0.008n in the 3D-XY case. X-ray studies
for PIR7 showed that the system crosses over from
mean-field behavior deep in the hexatic phase to a fluc-
tuation dominated region near the phase transition, as in-
dicated by an increasing value of A, [14]. This behavior
might explain why a purely mean-field exponent is not
adequate to describe the C anomaly despite the first-
order nature of the transition. Hence the 0.15 specific
heat exponent determined here might be interpreted as an
"average" crossover exponent. A similar behavior was
observed for PIR9.

In addition to the Hex-B —Sm-3 transition, we also
studied the Cry-B —Hex-B transition. In PIR9, no C
anomaly was detected, while PIR7 exhibited a very small
anomaly. These results are shown in Fig. 3. The Cry-
B—Hex-B transition enthalpy estimated from the ac-
calorirnetry measurements, AH„=—0.08 Jg ', are com-
parable to those observed by DSC, AHDsc —=0.13 Jg
Since the DSC does not differentiate between the latent
heat and the changes in C near the transition, the latent
heat for the Cry-B —Hex-B transition is certainly less
than 0.1 J g '. Despite the small latent heat, the
difference in the shape of the C anomaly between heat-
ing and cooling and the small but noticeable anomaly in
the phase shift indicate that this transition is first order.
This is consistent with x-ray scattering results which, at
the Cry-B —Hex-B transition, observed the in-plane posi-
tional correlation length to range from 200 to more than
5000 A [10]. This suggests that the growth of long range
positional order is only weakly correlated with the transi-
tion enthalpy.
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FIG. 3. Specific heat anomalies near the Cry-8 —Hex-8 phase
transition for PIR7 heating (upper curve) and cooling (lower
curve) runs. Solid lines are guides to the eye.

To summarize, results for systems without HBO are
still not fully consistent with theoretical predictions. Al-
though the existence of a tricritical point on the Hex-
B—Sm-A transition line is in agreement with theory, the
critical specific heat exponent is not. Our experiments
are likely to have measured crossover exponents which
are intermediate between mean-field and fluctuation dom-
inated processes. The critical exponents a and P [15]
found for PIR7 allow us to estimate (via the Rushbrooke
equality [16]) the susceptibility exponent y =1.45+0. 14.
While not very precise, it seems to be consistent with the
predictions of the 3D-XY model. However, to elucidate
if fluctuations are indeed described by a 3D-XY model,
measurements for systems far from the tricritical point
(i.e., longer terminal chain compounds) are needed. Also,
it would be helpful to study a variety of hexatic materials
as results obtained for nmOBC and PIRn are not
sufticient to arrive at general conclusions regarding the
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behavior of the hexatic-disorder phase transition. The
first-order hexatic-crystallic transition in these orthogo-
nal systems was found to be accompanied by both a small
C anomaly and a small latent heat, as previously ob-
served in tilted systems [5].
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