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Critical heat capacity at the smectic A± smectic C transition in a

partially ¯ uorinated liquid crystal
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A high resolution a.c. calorimetric study of a phenyl pyrimidine derivative with one alkyl
and one per¯ uorinated end group shows that the excess heat capacity associated with the
smectic A± smectic C transition exhibits critical ¯ uctuation behaviour that is consistent with
the three-dimensional XY universality class. This is in contrast to the usual mean-® eld
SmA± SmC behaviour and the near tricritical ¯ uctuation behaviour reported recently in
several other compounds. It is speculated that smaller than usual correlation lengths are the
cause for the wide ¯ uctuation region in this compound.

1 . Introduction reason for such a narrow SmA± SmC critical region nor
the proximity to a tricritical point. Thus vigorous e� ortsIn the vicinity of the smectic A (SmA)± smectic C

(SmC) transition, the SmC order parameter can be have been made to discover liquid crystal systems that
exhibit critical SmA± SmC ¯ uctuation e� ects.written as h exp(iw), where h is the tilt angle of the

director with respect to the smectic layer normal and w Non-Landau behaviour has been reported recently
for the heat capacity near the SmA± SmC transition inis an azimuthal angle. De Gennes [1 ] showed 25 years

ago that as a result the SmA± SmC transition should 5-n-decyl-2-[4-n-(per¯ uoropentylmetheleneoxy)phenyl ]-
pyrimidine (H10F5MOPP) [10 ] and the SmA± SmC*

abelong to the three-dimensional (3D) XY universality
class. However, extensive experimental studies [2 ± 7 ] of transition in 4-(1-methylheptyloxycarbonyl)phenyl 4 ¾ -

octyloxybiphenyl-4-carboxylate (MHPOBC) and threea wide variety of SmA± SmC transitions in nonchiral
systems and SmA± SmC* transitions in several chiral related compounds [11]. The latter are chiral compounds,

and the SmC*
a phase is an antiferroelectric version of thesystems reveal mean-® eld behaviour that is well modelled

by the so-called extended Landau theory [2 ]. In the familiar SmC* ferroelectric phase. As discussed in §3 ,
all of these ¯ uctuation C p data indicate the importantextended Landau model, the sixth-order term in the tilt

order parameter plays an important role in the free in¯ uence of a Gaussian tricritical point. The present study
involves a high resolution investigation of the SmA± SmCenergy and, indeed, most systems show evidence of being

close to a mean-® eld tricritical point at which the heat capacity in a new partially ¯ uorinated liquid
crystal. This compound exhibits much stronger energycoe� cient of the fourth-order term is zero [5 , 6 ].

The explanation for the absence of critical ¯ uctuation ¯ uctuations in the disordered (SmA) phase than seen
previously. Furthermore, in spite of anomalies observede� ects at most SmA± SmC transitions lies in the Ginzburg

criterion, since true critical behaviour is expected very close to the transition, which are presumably due
to trace impurities, the C p data can be well described byonly when |t|< tG , where t is the reduced temperature

(T Õ Tc )/Tc and tG is the Ginzburg temperature. The the 3D-XY model over a wide temperature range.
large bare correlation lengths typically obtained from
scattering studies yield tG# 10 Õ 5 [8 , 9 ]. This tG value 2 . Experimental results and analysis
implies that the SmA± SmC critical region is experi- High resolution a.c. calorimetric measurements have
mentally inaccessible. There is, however, no universal been made at MIT on 2 -{4 -[1,1 -dihydro-2-(2-per¯ uoro-

butoxyper¯ uoroethoxy)per¯ uoroethoxy]}phenyl-5-octyl-
pyrimidine, denoted as H8F(4 ,2 ,1 )MOPP and having a*Author for correspondence.
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52 G. S. Iannacchione et al.

molecular weight M = 674.5 g molÕ 1 ² . The structural
formula is

This compound was synthesized and puri® ed at 3M
Corporation in St. Paul, MN and was used without
further treatment. Samples from the same batch are
being used for thin ® lm optical studies of the SmA±
Isotropic (I) transition at the University of Minnesota.
The phase transition sequence is

SmC 3 2 1 .1 K SmA 3 4 4 .7 K I

On cooling, the SmC phase does not freeze into a crystal
but forms a room temperature smectic glass.

Heat capacity data for a small mass (~20 mg) of
the liquid crystal, cold-weld sealed into a thin silver
cell, were obtained as a function of temperature at an

Figure 1 . Heat capacity of H8F(4 ,2 ,1 )MOPP near thea.c. frequency v 0 = 2p f = 0 .196 sÕ 1 . Some measurements
SmA± SmC transition. The dashed line represents themade at v0 /2 con® rmed that these data correspond
Br +Et background heat capacity variation that would

to the static limit. The calorimeter and appropriate occur in the absence of the SmA± SmC transition. The
equations for analysing the observed Tac response to the slope E = 1 .51 is the least-squares value from ® t 2 in

the table.P 0 exp(iv t ) heat input are described elsewhere [12 ]. The
temperature range from 300 to 350 K was investigated
with emphasis on a 30 K-wide region centered around

most obvious on the high temperature side of thethe SmA± SmC transition. A very strongly ® rst order
transition, as shown in ® gure 2 . It seems likely thatSmA± I transition (not shown) was observed with a
anomalous Cp behaviour close to Tc is an impurity e� ect1 .1 K-wide two-phase coexistence region centered at
since it slowly becomes more pronounced with the length344.67 K. The observed pretransitional heat capacity
of time the sample is held at temperatures near TAC. Itwings were typical of other SmA± I transitions.
should be noted that the ® rst-order SmA± I transition,Shown in ® gure 1 is the C p peak associated with the
which is more sensitive to impurity e� ects, shows a slowSmA± SmC transition after taking into account the heat
downward drift in TAI of about Õ 0.007 K day Õ 1 but thecapacity of the addenda (silver cell, heater, and leads).
width of the SmA+I two-phase coexistence regionThese data, which were obtained on cooling at a slow
remains constant.scan rate of Õ 67 mK hÕ 1 , are in good agreement with

In spite of the anomalous behaviour close to thethe data from two other scansÐ a heating run made at
transition, it is possible to carry out a power-law analysisa +134 mK hÕ 1 scan rate and a second cooling run
of the excess heat capacity DCp associated with themade at Õ 293 mK hÕ 1 . No appreciable drift in the
SmA± SmC transition. The observed heat capacity C p isSmA± SmC transition temperature was observed over a
given byperiod of 37 days, and the C p wings superimposed very

well for all three runs except for a region about 0 .4 K C p= DC p+C p (background ) (1 )
wide near the transition. The presence of anomalously

= A Ô |t| Õ a(1 +D Ô |t|0 .5
)+B c+B r+Et (2 )large (and history dependent) C p values in this region is

where C p (background) represents the underlying low-T
tail of the SmA± I heat capacity. Since the SmA± I and² Attempts were made to analyse the SmA± SmC transition
SmA± SmC transitions are well separated (by ~23 .6 K)for the compound H8F(4 ,2 ,1 )MOPP using high resolution

calorimetry at the University of Minnesota. While preliminary and the SmA C p wing of the SmA± I feature is not very
results were very similar to those presented in this paper, a large or rapidly varying, this background can be well
thorough study of the compound was impeded by technical approximated by the linear expression B r+Et. The
di� culties. Due to its particularly low surface tension, this

quantity a is the critical heat capacity exponent thatcompound has a tendency to leak out of an unsealed glass
characterizes the singular DC p behaviour, and B c is acalorimetry cell. Various surface treatments of the cell have

thus far not resolved these di� culties. critical contribution to the nonsingular behaviour. In a
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53Critical SmA± SmC heat capacity

at this value. The resulting values of the adjustable
parameters are given in the table for both ® tting ranges.

Although the x
2

n
value is smaller for ® t 1 (range A)

than for ® t 2 (range B), the slope E = 2 .23 J KÕ 1 gÕ 1

obtained for ® t 1 is too large to be physically reasonable
for the background C p slope. Thus ® t 2 is more realistic.
However, the important point is that both ® ts yield the
same critical exponent value when a is allowed to be
a freely adjustable variable. The quality of ® t 2 is
shown in ® gure 2 , where the excess SmA± SmC heat
capacity DCp is given, together with a deviation plot
of DC p (exp) Õ DC p ( ® t). In order to obtain DC p from
equation (1 ), Cp (background ) was taken to be 2 .076 +
1 .51t, where the E = 1 .51 J KÕ 1 gÕ 1 value is taken
directly from ® t 2 and B r = 2 .076 J KÕ 1 gÕ 1 is obtained
by matching C p (background) to the high-temperature
C p data in ® gure 1 . This B r estimate yields B c= B Õ B r =

6 .854 J KÕ 1 gÕ 1 for the representation of DC p with ® t 2
parameters. Inspection of ® gure 1 shows that the choice
of the ® t 1 slope E = 2 .23 will result in DCp values in
the SmC phase that decrease on cooling from Tc to
~312 K and then increase on further cooling. This
is inconsistent with the overall behaviour required forFigure 2 . (a) Excess heat capacity DC p associated with the
excess pretransitional heat capacities.SmA± SmC transition. The data points represent C p values

minus the background C p line Br +Et shown in ® gure 1 . The region of anomalous C p values that deviate from
The solid line represents ® t 2 in the table. (b) A deviation power-law behaviour in the region just above Tc is
plot of the points used for ® t 2 with Ô 2s limits, where s clearly shown in ® gure 2 , and similar anomalies wereis the standard deviation.

observed on other runs. The deviation plot indicates an
excellent ® t for T <Tc and the presence of a slight
systematic character for the di� erences when T >Tc .® t of C p data with equation (2 ), one obtains only the

sum B ; B c+B r , but B r can be estimated as described Additional ® ts were also tried with the inclusion of the
correction terms in equation (2 ), i.e. D Ô allowed to bebelow, which allows an evaluation of B c .

The C p data in ® gure 1 were least-squares ® t with freely adjustable parameters. The quality of these ® ts
was not signi® cantly better than those of ® ts 1 and 2equation (2 ) without corrections-to-scaling terms (i.e.

D Ô ; 0 ) over two temperature ranges: range A with and the e� ective a values were still a . 0 . Furthermore,
the D Ô values are strongly coupled with the E value,|t|max = 1 .5 Ö 10 Õ 2 (316.25 ± 326.03 K) and a broader

range B with Õ 3.5 Ö 10 Õ 2 < t <2 .8 Ö 10 Õ 2 (310 ± 330 K). and physically appropriate E values imply quite small
D Ô values. Thus there is no evidence that corrections-In both cases, anomalous data in the range

321.097 ± 321.470 K (tmin . Õ 1.6 Ö 10 Õ 4 and +1.0 Ö 10 Õ 3 ) to-scaling terms play a major role or alter the a values.
Finally, one can inspect the consistency of the ® twere omitted from the ® ts. Due to this relatively large

gap near Tc , the x
2

n
minimum is quite broad, and 40 ® ts parameters in the table with expectations based on

3D-XY theory and experiments on N± SmA transitionswere carried out for each range with the critical exponent
a ® xed at values 0 .02 apart between Õ 0.3 and +0.5. On with XY character. For the XY universality class, the
the basis of the F test, the best least-squares values of a

with 90% con® dence limits are a= 0 Ô 0 .08 for range A
Table. Adjustable parameter values from least-squares ® ttingand a= 0 Ô 0 .10 for range B. Not only is the x

2

n
value

of Cp with equation (2 ). In these ® ts, a was held ® xed atsigni® cantly worse for a equal to +0.1 or Õ 0.1, but the
aXY = Õ 0.007 and D Ô ; 0 . The units of A Ô , E andsystematic deviations also support an a value close
B ; B c +B r are J KÕ 1 gÕ 1 . The values of |t|max are

to zero. For both a= +0.1 and Õ 0.1, the deviations 1 .5 Ö 10 Õ 2 for range A and ~3 Ö 10 Õ 2 for range B.
below Tc are clearly worse than those for a . 0 . Above

Fit Range Tc /K A+ A Õ /A+ B E x2

nTc , the deviations are worse (a= +0.1 ) or comparable
(a= Õ 0.1 ) to those for a . 0 . The best least-squares

1 A 321.141 Õ 6.83 0 .994 8 .763 2 .23 1 .22exponent values are consistent with the 3D-XY exponent 2 B 321.135 Õ 7.00 0 .995 8 .930 1 .51 1 .52
aXY= Õ 0.007 , and ® ts were made with a held ® xed
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54 G. S. Iannacchione et al.

amplitude ratio has the universal theoretical value X-ray studies of H10F5MOPP and its homologues
[18 ], in which one tail is per¯ uorinated and the otherA Õ /A+= 0 .9714 Ô 0 .0126 [13] and N± SmA liquid

crystal experimental values are A Õ /A+= 0 .99 Ô 0 .005 protonated, show evidence of a statistically antiparallel
alignment of neighbouring molecules in both the SmA[14 ]. These values agree well with the A Õ /A+ values in

the table. The ratio A+ /B c is not truly universal, but and SmC phases. The thermal expansion coe� cient for
the layer spacing exhibits typical SmC behaviour for® ve N± SmA liquid crystals with XY character yield

A+ /B c values in the narrow range Õ 1.038 to Õ 1.053 T <Tc , but within the resolution of these experiments a
small negative expansion coe� cient with no temperature[13 ]. This compares fairly well with the ratio A+ /B c=

Õ 7.00/6.85 = Õ 1.02 for ® t 2 . Thus, the present data are dependence is observed for T >Tc . This is consistent
with the very narrow range of excess heat capacityfully consistent with 3D-XY behaviour.
observed in H10F5MOPP above Tc [10 ]. For the case
of H8F(4 ,2 ,1 )MOPP, not only is the per¯ uorinated tail3 . Discussion

It is clear from ® gures 1 and 2 that the excess heat bulkier than the alkyl tail but the presence of two ether
linkages should produce greater ¯ exibility and thuscapacity associated with the SmA± SmC transition in

H8F(4,2 ,1 )MOPP exhibits substantial critical ¯ uctuation more complex conformations (i.e. a cone shape rather
than an ellipsoid). A complex molecular packing in thee� ects. DCp (SmA± SmC) for this compound is almost the

same above and below Tc , in contrast to a mean-® eld smectic layer is thought to cause the anomalous layer
compression observed in H8F(4 ,2 ,1 )MOPP ® lms [19 ],SmA± SmC transition for which DCp = 0 for T >Tc . This

¯ uctuation behaviour is qualitatively con® rmed by the and such complex packing is consistent with the fact
that bulk H8F(4 ,2 ,1 )MOPP forms a smectic glass rathersubstantial temperature dependence of the thermal

expansion coe� cient for the smectic layer thickness over than freezing into a crystal. Any such complex and
varied molecular con® gurations and smectic packinga wide temperature range above Tc [15].

Due to the anomalous behaviour of C p close to Tc , could cause a marked decrease in the correlation
lengths. High-resolution X-ray and optical studies ofwhich led to a gap in the ® tting range from Tc Õ 0 .04 K

to Tc +0 .33 K, there is a fairly large uncertainty of H8F(4 ,2 ,1 )MOPP would be of great value in completing
the characterization of the critical ¯ uctuations near thisÔ 0.10 in the least-squares exponent value a= 0 .0 .

However, as discussed in §2 , the data are consistent SmA± SmC transition.
with 3D-XY behaviour over a 20 K range. The pre-
sent results di� er from earlier reports of SmA± SmC The authors wish to thank K. A. Epstein and
¯ uctuation behaviour, where DC p above Tc was much M. D. Radcli� e of 3M Corporation for providing
smaller than DC p below Tc [10 , 11 ]. In the case of the H8F(4 ,2 ,1 )MOPP sample and T. P. Rieker and
Cp data for H10F5MOPP, Reed et al. [10] analysed M. D. Radcli� e for helpful discussions. This work
their DC p variation with an additive combination of was supported at MIT by the MRSEC program of
a mean-® eld model plus Gaussian ¯ uctuation terms the National Science Foundation under Award No.
that gave rise to a very small DCp contribution above DMR-9400334 and at Minnesota by NSF Solid State
Tc . The calorimetric studies of Ema and coworkers Chemistry Program Grant No. DMR-9703898.
show that racemic MHPOBC exhibits a Gaussian
tricritical DCp (SmA± SmC) behaviour [16 ] whereas
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