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Thermal and optical study of the kinetics of the nematic-isotropic transition in octylcyanobiphenyl
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It is shown in this paper that the kinetics of the nematic-isotrgNig transition in 30xm-thick octylcy-
anobiphenyl liquid crystal films is strongly affected by the cell walls. We have found that this is due to the
modification of the wetting properties of the liquid crystal depending on the surface treatment. The results have
been obtained with an experimental setup which allows the simultaneous high resolution study of the sample
thermal properties and texture evolution with temperature. An accurate determination of the width of the two
phase coexistence region associated with the NI transition has been possible and it is shown that it is affected
by the presence of a surfactant. The results have been interpreted with a simple model which is based on the
possible presence of a well-defined interface between the nematic and the isotropic phases in the coexistence
region, which depends not only on the thermal gradients in the sample but also on the surface treatments.
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[. INTRODUCTION ond is if, by using ac high resolution photothermal calorim-
etry, it is possible to obtain information about this kinetics
The nematic-isotropidNI) transition is known to be a together with an accurate determination of the width of the
weak first-order phase transition in octylcyanobiphenylTPCR and of other experimental parameters governing the
(8CB) liquid crystal (LC) as can be deduced by its quite TCPR.
small latent heat of (6125) J/mol [1].This is a serious Concerning the first issue there are many data available in
complication in the study of the transition itself and, in par-the literature regarding the kinetics of first-order transitions
ticular, in the study of the critical phenomena associated within thermal quenchef6], but almost no data in systems at
it, both from the theoretical and the experimental point ofthermodynamic equilibrium. The situation is completely dif-
view. The main problem in the first case is that we haveferent in the two cases and it is not possible to extrapolate
models for second-order transitions only. They have beethe results obtained in the first case to the second, because of
adjusted to be used with the NI transition also but, althoughhe strong undercooling required for the quenching which
some progress has recently been mgzle there are some conflicts with the quasiadiabatic equilibrium needed in high
aspects still far from being fully understood. However, theresolution phase transition studies. Another important aspect
so-called tricritical hypothesig3], which had been formu- concerning the kinetics of the NI transition is the possible
lated years ago, seems to have been confirmed by the avaikfluence of surfaces in relatively thick films such as the ones
able experimental datgd]. From the experimental point of considered in this study. We have quite a lot of information
view, the main drawback is the existence of a two phasen the influence of surfaces on phase transitions in nanom-
coexistence regiofiTPCR), which is always present in the eter thick films[7] but not very many data on what could be
vicinity of a first-order phase transition. In other words, wetheir role, if there is any, in rather thicker samples. Cell walls
do not have a single transition temperature as expected iare often treated to induce macroscopic alignment in LC and
ideal systems, but a temperature range across the phase tritneould be interesting to know whether these treatments in-
sition in which the two phases coexist. The data in the TPCRIuence the kinetics of the transition or not.
cannot be used in the study of critical phenomena, and most Concerning the second issue, a model for the behavior of
of the time they are simply skipped because of the difficultythe photothermal signal in ac photothermal calorimeters at
in deriving from them any useful information on the behav-first-order phase transitions had been proposed about two
ior of physical quantities close tdy, for a two phase sys- decades agf8]. The model is based on the assumption that
tem. The extent of the TPCR should thus be reduced to an interface separating the two phases is present in the TPCR
minimum. Also, in the case in which it is reasonably easy toand describes the contribution to the signal due the oscilla-
overcome this problem, the fact that the kinetics of the trantion of the interface position in the sample because of the ac
sition and therefore the temperature evolution of one phaskeat input. In high resolution measurements, however, the
into the other is dependent on the experimental conditionsemperature oscillation introduced in the sample by the mea-
makes the solution of this problem very difficult. It has beensuring technique, and therefore the oscillation of the inter-
suggested5], in fact, that the specific heat in the TPCR hasface, must be minimized and it is not clear if the proposed
an imaginary part and therefore is frequency dependent in amechanism is still valid. Moreover there is no experimental
calorimetric measurements, because of the partial conversia@vidence of the presence of such an interface in the TPCR.
between the two phases in a heating cycle. In this paper we report on the results obtained with an
The issues we have tried to address in this paper are esxperimental apparat(i8] that allows the simultaneous high
sentially two: the first is if it is possible to find a relation resolution study of thermal parameters and of the sample
between the kinetics of the NI transition and the experimentexture evolution with temperature at the same time. Specific
tal conditions in LC films tens of microns thick and the sec-heat, thermal conductivity, and thermal diffusivity data have
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been obtained with an ac photopyroelectric calorimeter irHe-Ne laser. The pyroelectric transducer, a 308-thick
which polarizing microscopy was implemented. We haveliTaOj, crystal, was used as a cover for the cell and one of its
studied samples with different cell wall surface treatmentselectrodes was in contact with the LC. In BD configuration
These are samples with no treatment, with surface depositiofe have used pyros with indium-tin-oxidérO) transparent
of thin quartz layers at grazing angle and of the polar surfacelectrodes and the laser light was absorbed by a (200
tant cetyl trimethylammoniumbromid€CTAB) so as to in-  nm) Ti layer deposited on the cell surface in contact with the
duce in the last two cases planar and homeotropic alignmenfguid crystal. This metallic layer is opaque to visible light
of the samples, respectively. We have found that the kineticand generates heat at the LC surface opposite to the one in
of the transition in the first two cases is very similar butcontact with the pyroelectric transducer. Moreover, it is also
different when heating or cooling the samples. In the case ofhermally thin and does not affect the heat diffusion process.
samples treated with CTAB we have found, however, that therhe optical access provided by the transparent electrodes al-
kinetics upon heating or cooling the sample is reversed withowed polarizing microscopy, with the light of a low power
respect to previous two cases and that it is similar to thoseamp reflected at the Ti layer after having crossed the sample.
obtained when cooling or heating, respectively, the the preThe lamp power was reduced to make the possible thermal
vious two samples. This behavior is attributed to the differengradient induced in the sample negligible. In FD we have
wetting properties of the material at the cell walls whichysed pyros with one ITO transparent electrode while the
influence the nucleation of one phase into the other. We havgther, in contact with the LC, was a thiabout 200 nmgold
also found that the presence of CTAB increases the width ofayer. The ac laser light was impinging on the pyro on the
the TPCR with respect to the other two cases in which theransparent electrode side and absorbed at the gold one. Heat
width is practically the same. is generated at the LC surface and the temperature oscillation
The difference in the kinetics, when heating or cooling thedetected at the same surface. The cell was completely trans-
sample, has been attributed to the fact that, as confirmed kyarent, and allowed optical access to the sample from the cell
texture analysis, a well-defined interface between the nenkide, with the light of the lamp reflected in this case at the
atic (N) and isotropiql) phases in the TPCR may or may not gold electrode of the pyro. The microscope was equipped
be formed in the Sample depending on the conditions. This Iﬁ”th a Charge-coup|ed dev|c(€CD) camera which allowed
not only due to the presence of thermal gradient in th&exture analysis of the sample during the measurement. The
samples but also due to the wetting property at the sampleéample plus pyro assembly was contained in an oven and the
cell walls, which in turn depends on their treatment and Onemperature rate change during the measurement was 1 mK/
the starting phase of the transition. We have compared thesfin.
conclusions, derived by the experimental results, with a
simple model for the generation of the photopyroelectric sig-

nal (PPB in our calorimeter. The model is based on the IIl. RESULTS
contribution to the PPE signal of the thermal wave reflected _
at the NI interface when this is present. We have performed A. Sample alignment

some simulations, reproducing re'asonabl_y well the gxp_eri- One of the main aims of this paper is the study of the
mental data, which are not consistent with the oscillatingnfluence of surfaces on the kinetics of phase transitions of
interface model mentioned abo{@]. _ few tens of micrometer thick LC layers and we have there-
Finally, we do not find any evidence in our samples of asore preliminarily studied their effect on the sample ordering.
partial conversion of one phase into the other during onerpree different types of samples have been prepared: in the
heating cycle in the TPCRS] which can originate a fre- st case(type A) a very thin layer of quartz has been sput-
quency dependent specific heat at the NI transition in 8CBgreq at grazing angle on the cell walls, in the sectige
B) the surfaces have been treated with a surfadta¥t in
Il. EXPERIMENT weight CTAB in chloroform, and in the third(type C) the .
surfaces were not treated. We have performed a conoscopic
The experimental apparatus we have used in this worlgnalysis of the samples and, as expected, we have found that
combines the capabilities of a high resolution ac photopyrotype A and typeB showed planar and homeotropic align-
electric calorimeter and those of polarizing microscopy. Wements, respectively. Typ€ samples were also found to be
have used a standard back detectiBD) configuration by  homeotropic but polarizing microscopy showed that while
which the specific heat, the thermal conductivitk, and the  type B were monodomain samples, in tyflesamples small
thermal diffusivity D of the sample can be determingD],  areas with random orientational defects were pregggt 1).
and the front detectioFD) one in which only the sample  Figure 2 shows the thermal diffusivity data obtained in the
effusivity (es= vkpc, wherep is the sample densitycan be  three different cases described above. The thermal diffusivity
derived[11]. In both cases the sample cell thickness wagD=k/pc, wherek is the thermal conductivityp is the
30 um and the modulation frequency was 81 Hz, apart fromsample density, and is the specific heatis an indicator of
some measurements in FD configuration in which it was 72@he sample alignmerffL2]: the larger(the smalley the value
Hz. At these frequencies the samples are thermally thickn the ordered phases, the higher the degree of homeotropic
(sample thicknes$ much larger than the thermal diffusion (planay alignment. This is clearly shown in Fig. 2 where
length |+={D/af, wheref is the modulation frequengy type A sample, which exhibits a planar alignment, Has
The heating source was an acoustoptically modulated 5-mWalues in the ordered phases much smaller than pe
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FIG. 1. Polarizing microscopy image of tyg@sample. _ 207{ M ™
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scopic images, the alignment is homeotropic. The alignment & 1981 F82
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larger value ofD at all temperatures in the ordered phases, . . . . 81
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B. Front detection FIG. 3. Amplit_ude and phas_e qf the PPE sign_al for type
sample on(a) heating andb) cooling in FD configuration.

1. Type A sample
Figure 3 shows the amplitude and the phase of the PPE/Neree = (kpc); is the thermal effusivity, with=s,p cor-

signal obtained on heatin@) and on coolingb). It must be ~ résponding to the sample and the pyro, respectively.
noted that raw data are reported in the figure and that the N Fig. 3@ the phase is almost constant fdf;,
noise is remarkably smalk(0.03° in the phagefor a signal ~ <40-435 mK andT,>40.475 mK, but it shows a double
amplitude of only a few tens of microvolts. peak structure fol;,<T<T,, and therefore in the NI tran-

In front detection configuration, provided that the sampleSition region. This means that one or more of the conditions

are given by[11] consistent with the variation of the thermal effusivity (e,

is constant in the temperature range of the measureinents
Aot 1 b= const 1) away fromTy, and shows a peak, closeTq,, at a slightly
' ' higher temperature with respect to the sharpest one in the
s 1 phase.

P It is well known that the NI is a weak first-order phase
transition[1]. In ideal samples, with no thermal gradients,
and with no defects and pollutants in it, there is one single
temperatureTy, at which the nematic and the isotropic

-
[¢)]
1

124 " typeB phases coexist. FAr< Ty, the sample is completely nematic
KEZE\; and it is isotropic forT>Ty,. In real samples, however,
even in the high purity ones, we always have pollutants and

defects which can act as nucleation centers for one phase

10°® Thermal Diffusivity (W/m?)

9_ ¢
f within the second one even at a temperature different from
J Ty - Moreover unwanted imperfection in the heating stage
6. b ; and the measuring technique itself can induce temperature
\ gradients in the sample. We have, therefore, different parts of
: the sample at different temperatures undergoing a phase tran-
3l : : : : . sition not at the same time. The result is that, instead of a

32 34 36 38 40 42 single transition temperature, we have a TPCR, whose width
can be reduced improving the sample purity and reducing as
much as possible the thermal gradients in the sample. As a

FIG. 2. Thermal diffusivity for typeA, B, and C samples vs consequence, the sample is not thermally homogeneous in
temperature. the TPCR, since the N and | phases have different thermal

Temperature (°C)
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comes isotropic and this corresponds to a sharp increase of
the phase, partly smoothed by the vertical gradient. A further
increase of the temperature induces an increase and a subse-
quent decrease of the phase which are related to the shift of
the interface away from the laser heated surfacbecomes
almost constant when the interface is at a distance greater
than the thermal diffusion length from the surface.

The calculation reproduces quite well also the behavior of
the amplitude, apart from a very narrow temperature region
around T 40.437 °C where it shows a sharp dip. This is due
to the presence of the latent heat which is associated with the
first-order NI transition and not considered in the calcula-
Temperature (K) tions. It has been showji8] that latent heat plays a signifi-

cant role especially at the early stage of the nucleation of the
aﬁigh temperature phase close to the heated surface since it
suppresses the temperature oscillations induced by the ac
heat input. The basic mechanism is the following. Assuming
properties, and the results in Ed) do not therefore apply. that the ambient temperature is very closeTig, the ac

The above conclusion does not explain, however, the obheating source induces the nucleation of a very thin isotropic
served behavior for the phase and the amplitilg. 3(a)]. layer close to the surface with no temperature variation in it,

A possible explanation for the obtained results could bebecause of the latent heat involved. The amplitude of the
the following. Ac heating produces highly damped thermalPPE signal, therefore, tends to zero. Increasing the ambient
waves which propagate into the sample. Let us imagine thatemperature, the NI interface, and therefore the sample re-
because of the dc component of the temperature rise prajion involved in the transition, shifts away from the heated
duced by the ac heating source, a vertical gradient, perpemsurface into the sample volume. This means that the average
dicular to the surfaces, is established in the sample. At depth of the interface, around which the interface position
certain temperature, when heating the sample the | phasescillates due to the ac heat input, increases. This oscillation,
starts to nucleate at the surface where the heat is generatemymbined with the absorption and release of the latent heat,
which is at higher temperature with respect to the oppositeauses the temperature oscillation at the surface where the
one because of the above mentioned gradient. An interfageyro detection takes place to increase again. We believe,
between the | and N phases is therefore established andh@wever, that this mechanism is relevant only in the narrow
further increase of the ambient temperature moves the intetemperature region close #o=40.437 °C mentioned above,
face toward the low temperature side of the sample. Becauseith the reflection of the thermal wave playing a major role
of the discontinuity of the thermal parameters across the inin all the rest of the TPCR.
terface, the thermal wave generated at the heated surface is The video taken during the measurement provides addi-
reflected at the interfadd 3]. The reflected wave propagates tional evidence that the behavior of the amplitude and phase
back to the heated surface, where, in FD, the pyro signal isn heating in the TPCR is due to the above mentioned re-
detected, and contributes to its temperature rise. flection of the thermal wave. Figure@ shows an image

To see if the above mentioned hypothesis is consistertken atT=40.435°C. Here the light areas correspond to
with our results, we have performed some calculationsiematic material both extending throughout the entire
whose results are reported in Fig. 4. We have derived theample thickness and at the interface with isotropic material,
PPE signal amplitude and phase for a 8CB LC sample fromvhile the dark areas correspond only to isotropic material. It
the temperature rise induced at the heated surface by numers clearly evident that while the left and the right parts of the
cally solving the one-dimensional heat diffusion equation.sample are fully nematic, and isotropic respectively, there is
We have introduced a vertical gradient of 50 mK which, a region in the middle in which the two phases coexist. The
combined with the ambient temperature change, induces thtemperature evolution of this region is consistent with the
movement of the interface in the TPCR. For the thermalfact that a thin isotropic layer starts to nucleate at the heated
parameters vs temperature values in the N and | phases veairface(opposite to the one facing the CCD camerae-
have used the expressions obtained from the best fits olzause of the vertical temperature gradient introduced by the
tained against the sample thermal parameters values derivéaser, and it progressively becomes thicker with increasing
from BD measurements over the NI transitiee below ambient temperature. Superimposed on this there is also an-
The results of the calculation&ig. 4) reproduce reasonably other effect due to a spurious lateral temperature gradient
well the experimental behavior of the phd§ég. 3@)] espe- (parallel to the sample surfageslue to a nonperfect design
cially if one considers that they have been obtained makingf the heating stage, which causes the displacement of the
two assumption not fully justified by the experimental resultsTPCR from right to left in the image. As a result we have, in
(see below a well-defined interface which remains flat and the sample region probed by the PPE measurement, a verti-
parallel to sample surfaces while moving and an abruptally moving interface in the TPCR, which is not exactly
change of the sample thermal parameters. Increasing thgarallel to the sample surfaces and not completely flat since
temperature, the high temperature side of the sample behe nucleation of the | material is not homogeneous all across

1.054 —=—ampl. 81 Hz
—=—pha. 81 Hz

|
1.024 —*—ampl. 720 Hz "
——pha. 720 Hz

Amplitude (arb.units)
(Bep) eseud

099 Tmm—

40.38 40.41 40.44 40.47 40.50

FIG. 4. Simulation of the PPE amplitude and phase vs temper
ture in FD configuration close tdy .
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When this happens, the phase must increase as shown in
Fig. 4.

When the sample is cooled from the isotropic phéEay.
3(b)] the amplitude and the phase of the PPE signal are very
different from the ones obtained when heating the sample. A
single small and broad peak has been obtained for the phase
and there is no peak structure on the high temperature side of
the NI transition of the amplitude. According to the mecha-
nisms proposed earlier, it means that the contribution of the
reflected thermal wave is severely reduced. Figutb) 5
shows an image taken @t=40.460 °C during the measure-
ment which shows no clear interface between the isotropic
and the nematic phases. Isolated nematic volumes appear and
the transition occurs via their coalescence with decreasing
temperature. Contrary to what was observed when the NI
interface was close to the lower temperature side of the
sample, during the heating of the sample, no Newton colors
are detected at the early stage of the nematic phase nucle-
ation at the same surface. This means that the nucleated nem-
atic volumes are rather thick, denoting a vertical temperature
. ) ) gradient in the sample which is smaller in this case with

FIG. 5. Polarizing microscopy images of type A sample taken atggnect to the one obtained when heating the sample. This
() T=40.445°C on heating anh) T=40.460°C on cooling. can be understood if one considers that in our setup, for

the sample. Finally, Newton interference colors appear in &80metrical reasons, the heat exchange of the LC cell with

well-defined sequence as the nematic layer progressively b&1€ ambientis slightly more efficient on the side where the ac
comes thinner with increasing ambient temperature. heating source impinges. Thus, this causes an additional ther-

From the video observation it turns out that in the region™@l gradient which reinforces the dc gradient introduced by
where the PPE signal is generated, which approximately COI_I_he laser when heating the sample and reduces it when cool-
responds to the spot size of the heating source, the onset 519 the sample. o ,
the TPCR is aff; ; thatT,, corresponds to the temperature The absence of a well-defined m_terface is aIS(_) the reason
at which the amplitude and the phase start to increase in Fig!/"y We have not found the sharp dip in the amplitude found
3(a); and that forT>T,, the phase remains practically con- on heating when the isotropic phase becomes very thin and
stant while the slight progressive increase in amplitude re€l0S€ to the high temperature sample surface.
flects effusivity behavior of a fully isotropic sample. We can IS0 in this case the video taken during the measurement
therefore conclude that the observed texture evolution i§ONfirms that the width of the TPCR corresponds to the tem-
fully consistent with the proposed explanation of the behayPerature region where the phase substantially changes. Its

ior of the amplitude and the phase of the PPE signal in th(%(alue of 40 mK is very close to the one obtained when heat-
TPCR. ing the sample.

The arguments reported above account for the low tem-
perature peak in the phase. There is, however, a second
smaller peak at higher temperature in Figg)3vhose origin Figure 6 shows the amplitude and the phase of the PPE
can be explained as follows. The growth of the isotropicsignal upon heatinga) and cooling(b) the typeB sample.
layer with temperature causes the movement of a NI inter- Upon heating no dip, close to the transition temperature,
face from the high temperature side to the low temperatur@s the one observed in Fig(a3, has been detected in the
one, as stated previously. The interface is not perfectly flaamplitude, which starts to increase, after an initial decrease,
and uniform and therefore when the isotropic phase reaches T,5=40.421 °C. At approximately the same temperature a
the low temperature side of the sample at some points, somgeak starts appearing in the phase that is much less pro-
other points are still in the nematic phase. The video clearlynounced with respect to the corresponding one for sadple
shows that when this happens the second smaller peak in theit comparable to the one obtained for that sample upon
phase shows up. The video also shows that when the intecooling. The phase then remains fairly constantTorT,g
face reaches the colder side of the sample and isolates -a40.474 °C after the amplitude too has saturated to a fairly
nematic volume within the isotropic phase, the volume im-constant value.
mediately shrinks. This is due to the fact that the contact The video shows that &,z small isotropic areas appear
angle between the two phases and the substrate cannot hethe low temperature side of the sample, as shown in Fig.
indefinitely small but assumes a well-defined value which7(a). Here the dark lines correspond to the NI interface.
depends on the surface tension. The decrease of the surfathere is no contrast between the N and | areas, and this
bounding the nematic volumes produces, of course, an instrongly suggests that they are isotropic columns in a nem-
crease in their thicknesses and a recoil of the NI interface ofitic sea, whose depth is approximately equal to the sample
these volumes away from the cooler side of the samplethickness. The size of the columns increases with increasing

2. Type B sample
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tween the N and | phases for both cases. The height of the
peak in the phase is in fact approximately the same in the
two cases and the amplitude does not show any dip at the
early stage of the isotropic phase nucleation. The only dif-
ference is in the alignment of the moleculé®meotropic in
this case and planar in sam@@ which has an effect on the
values of the sample thermal conductivity and the thermal
diffusivity, and on the sample optical activity which affects
the contrastcolor) in the polarizing microscopy imagésee
Figs. 5b) and qa)].

When cooling the samplé¢Fig. 6(b)] the amplitude starts
to decrease at =40.461°C, where the bright areas corre-
sponding to nematic thin layers appear on the low tempera-
ture side of the sample. When the temperature is decreased,
the video shows that the bright areas form a uniform texture
which changes its coldincreases its thicknegsand reaches
the opposite side of the sample in some points Tat
=40.449°C, where the phase reaches its maximum, before
the appearance of a fully nematic layer. A typical texture in
the vicinity of T=40.458°C is shown in Fig. (B), where
some hedgehog defects are also present. This texture evolu-
tion can be explained as follow®]. Isotropic thin layers
nucleate on one side of the sample. The LC molecules are
oriented at the NI interface along a direction that forms an
angle of 63° with respect to the normal to the interfat4).
Because of the homeotropic alignment of the molecules at
the surface where the nucleation starts, the fraction of the

temperature and the transition takes place via the coalescenggmme which is in the nematic phase has a hybrid alignment

of the columns. The sample is completely isotropicT g .

and therefore appears bright between crossed polarizers.

The TPRC is in this case 53 mK, larger than the one obtaineglewton interference is observed in the layer because of
in type A samples.
There are close similarities between these results and thgic |ayer becomes progressively thicker and a well-defined
ones obtained when cooling the typesample, and this is  ¢ojor sequence is observed, which is reversed with respect to
essentially due to the lack of a well-defined interface bethe one obtained when heating typesample. This is obvi-

FIG. 7. Polarizing microscopy images of tyAesample taken at
(@) T=40.450°C on heating an@) T=40.460 °C on cooling.

sample birefringence. Decreasing the temperature, the nem-

ously due to the fact that in that case the nematic layer thick-
ness was decreasing with increasing temperature. After a
steep decrease the amplitude saturatesTa#40.392°C,
where the sample is fully nematic. At=40.449°C, where

the phase reaches its maximum, the nematic film reaches the
opposite side of the sample and a further decrease in tem-
perature produces a decrease in the phase, which becomes
almost constant foilT=40.392°C. In such a temperature
range only very tiny isotropic layers are left and they even-
tually disappear at approximately the same temperature at
which the amplitude starts to increase again after its steep
decrease over the transition region. These residual volumes
are responsible for the broadening of the dip with respect to
the one obtained on heating. The width of the TPCR in this
case is 70 mK, which is larger than the one obtained on
heating the sample and also than the one obtained inAype
samples.

The described behavior of the PPE signal amplitude and
phase is qualitatively similar to one obtained for type
sample on heating. Again, this is due to the fact that in both
cases there is an interface between the N and | phases. Nev-
ertheless, the height of the peak in the phase is much smaller
than the corresponding one shown in Figa)3This can be
related to the relatively large density of hedgehog defects
shown in Fig. Tb) which are typical of a nematic. These

041708-6



THERMAL AND OPTICAL STUDY OF THE KINETICS.. .. PHYSICAL REVIEW E 68, 041708 (2003

39 T T T T ‘ ‘ 96.0
|- 4 a 904
a) e Ampitude 87.4 530 )

a8 1 oS ." —&—Phase . . [
— B A B e |- 9 ; L
-*g L oy FI- _:J o e 87.5 £ 5204 : '- 96.3
=] . : - 3 hY
g L 876 3 £ | —a— Amplitude o
B 374 @ & 5104 —o— Phase L 966 B
3 & o l b
2 --87.7 § 3 i I 8
g 36 o - 2 500 " a—r 69
g Ly L-87.8 < i

35 T T T T -87.9 490 T T T T -97.2

40.35 40.40 40.45 40.50 40.55 40.60 40.35 40.40 40.45 40.50 40.55 40.60

Temperature (°C) Temperature (°C)
39 T T T T T T T
i —m— Amplitude | [-87-4 5304 D) N"%-O
| i —&— Phase 3
= 38l oot N —
-*g l'" i..l" b} 'Ml il |.| 87.5 *g 520 4 1 --96.3
=] ! ¢ o ) =] l - o
g l.876 3§ 3 I —=— Amplitude o
8 374 o 5 —o— Phase @
o b) r 2 5 5104 { --96.6 &
o - o o
E| 3 e 2 " 87.7 & £ ey, 3
a SGM ; R S e 2 Q,
£ g 5 i L-96.9
< o ;l , ol.g7.8 £ 500
» } i
35 T T T T -87.9 490 . . . - 97.2
40.35 40.40 40.45 40.50 40.55 40.60 40.35 40.40 40.45 40.50 40 .55 40.60
Temperature (°C) Temperature (°C)

FIG. 8. Amplitude and phase of the PPE signal for type FIG. 9. Amplitude and phase of the PPE signal for type
sample on(a) heating andb) cooling in FD configuration at 720 sample ona) heating andb) cooling in FD configuration.
Hz.

his is for the cooling run where the peak in the phase should

ave been more prominent. So, it may well be that the peak
the phase cannot be experimentally detected because of

gli:h a reduced width of the transition regi@mly about 10

in the amplitude on the high temperature side of the transin' N Fig. 8b)] which can cause the structure to b.e smeargd

tion as in the case of typ& samples. out by the temperature gradient. Moreover, the noise level in
To check further the validity of our hypothesis which ex- the phase has now increased due to the reduction of the PPE

plains the observed behavior of the amplitude and phase iﬁ'gnal level. This too may contribute to the smearing of the

TPCR in terms of a reflection of the thermal wave, we haveexpected structure in the phase. The trend which shows a

increased the frequency to 720 Hz in some experiments oﬂecrgase of the width O.f the pegk with increa_sing frequency,
type B samples. The results are shown in Fig. 8 when heatin onfirmed _by the experiments, is a furthe_r evidence support-
the sample@ and when cooling itb). The amplitudes are g the validity of the proposed explanation of the behavior

qualitatively similar to the ones obtained at 81 Hz. The phasg f 33;; EZ\E:;?Q:' ﬂcgmgg ggr?]ghraz(:lslzr':ahrﬁezl:t)sci-creasin

behavior is, on the other hand, remarkably different with perK . . 9
respect to the corresponding one at 81 Hz, since no peaks a%e power of the heating source to increase the vgrﬂcal gra-
detected either upon heating or upon cooling the sampled.Ient in the Samp'e- The results we have obtalmadt_ .
This can be understood if we go back to Fig. 4 where theShOWn show an increase of the peak in the phase. This is

calculations for 720 Hz are also shown. It turns out that Withdue o the fact that the larger thermal gradient enforces the

such a frequency increase the width of the temperature rgprmatlon of the interface and, in agreement with the pro-

gion corresponding to the peak in the phase is reduced osedt s::henarlc;, thi contrlbtutlon of_”tkt{e rgflelctec_i therma(;
approinately  factorof 3. The el difusion engh Y21 118 s (eperers oscater i nereosed
in fact, decreases with frequency and since the contributioréX eriments ' ’
of the reflected thermal wave to the PPE signal depends onh P '
the depth of the interface with respect to e this implies

a decrease of the temperature range in which such a contri-
bution is relevant due to the NI interface shifting deeper into  The results obtained in this case for the PPE signal and
the sample with increasing ambient temperature. As it turnghase are shown in Fig. 9 when heatiiay and cooling(b)

out the factor 9 in the frequency increase corresponds to e sampleC.

factor of 3 in the decrease of the thermal diffusion length. A In the heating run the amplitude and the phase show a
reduction in the observed region where the phase shows temperature dependence qualitatively similar to the one
substantial variation is also evident in the experimental datéound for typeA samples. The main difference in the phase

of Fig. 8b) with respect to the data reported in Figb and  consists in the presence of a less pronounced peak, while the

defects can affect the orientation of the molecules at the N
interface, with a smearing of the discontinuity of the thermal.
parameters responsible for the thermal wave reflection. Thi

can also be the reason why we do not see any peak structuf

3. Type C sample
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at (@) T=40.447 °C on heating an) T=40.463 °C on cooling.

amplitude shows no peak on the high temperature side of the

transition and a shallow dip on the low temperature side. FIG. 11. Amplitude and phase of the PPE signal for type
The video recorded during this measurement confirms theample on(a) heating andb) cooling in BD configuration.

above mentioned similarity. It shows a texture evolution con-

sistent with the formation on an isotropic layer at the high;,.rease aff =40.470°C and shows a peak less pronounced
temperature sample surface, at the temperature where the, . ihe one obtained when heating the sample but compa-
amplitude has the dip, and a NI interface that moves towardypie with the one obtained when cooling tybsample. The

the lower temperature side of the sample with increasingijeq shows that at the same temperature where the phase
temperature. However, the Nl interface in this case is not SQars o increase and the amplitude starts to decrease, small
well defined as in typé samples. This explains the reduced 5, pright areas appear. The lack of Newton colors suggests
height of the peak in the phase and the shallower dip in thg, 4t their thickness is quite large if compared with the sample
amplitude afTy, also. The reason for this could be the pres-ihickness. They grow in size and coalesce with decreasing
ence of defects in the material due to the poorer a“g”menﬂemperature, and fully nematic regions appear Tt

quality with respect to typé samples, as shown in Fig. 1. _ 40 425°C. A typical sample texture at a temperature close
Moreover there is no side peak in thg_ pha}se asthe one onthe +_ 40 463°C is shown in Fig. 10). The width of the
high temperature side of the transition in typesamples.  1pcR is therefore 45 mK.
This side peak was attributed to residual isolated nematic
volumes at the low temperature sample surface which shrink
and increase their thickness when the NI interface toucher C. Back detection
the surface at some particular points. The reason why we do
not see a similar effect in this case is not fully understood,
but we believe that it is related to the wetting properties of Figure 11a) shows the amplitude and the phase of the
the sample at the differently treated cell walls. It should bePPE signal in the BD configuration when heating a type
noted, in fact, that in this case the LC is in contact with asample(nonaligned. Increasing the ambient temperature a
gold layer, while in the case of typk samples, it is in con- drastic change in slope of the decreasing amplitude phase
tact with the sputtered quartz needed for the planar aligneccurs afl =40.433 °C . At the same temperature, the video,
ment. Finally, when the nematic layer becomes sufficientlywhich is obviously similar to the one recorded in FD for type
thin, the video shows a Newton color sequence similar to th€ samples, shows the appearance of NI coexistence. The
one found in typeA samples. A typical sample texture, it sample becomes fully isotropic at=40.473°C and the
=40.447 °C, is shown in Fig. 18). The width of the TPCR width of the TPCR is therefore 40 mK, as also determined by
turns out to be 44 mK, which is comparable to the one ob+D detection measurements. From the results obtained in
tained in typeA samples and therefore smaller than the ond=D, one can deduce that the sharp dips in the amplitude and
found in typeB ones. phase, corresponding to the presence of the TPCR, are due to
The similarity with typeA sample also apply on cooling presence of the interface and therefore to the contribution of
type C sample[Fig. 9b)]. Again, no clear NI interface is the reflected thermal wave. We have performed a simulation
detected in the video of the measurement. The phase startssomilar to the one described earlier, this time calculating the

1. Type C sample
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FIG. 12. Simulation of the PPE amplitude and phase vs tem-
perature in BD configuration close i, .

temperature oscillation induced by the heating source on the
side opposite to the heated one as is the case for back detec-
tion. The results are shown in Fig. 12 and it shows an abrupt
dip in the amplitude in the TPCR similar to the one found in 7 | 4
the experiment. The phase shows a small discontinuity at the
onset of the TPCR with a dip which is much smaller than the
one observed for the amplitude. Also in the experimental
data the phase has a smaller dip with respect to the amplitude . .
but not ag small as the one obtgined in thpe calculationsPCon- FIG. 13. Amplitude and phase of the PPE signal for tfpe
sidering that the simplicity of the model adopted for thesample or(a) heating andb) cooling in BD configuration.
simulation does not allow a complete description of the rea%1

(Bop) sseyd

Amplitude (arb.units)

114
40.35 4040 4045 40.50 4055  40.60
Temperature (°C)

ick. In that region we can therefore work out the sample
ermal effusivity and thermal diffusivity, from the following
%mplitude and phase expressigas]:

situation, we can conclude that the simulation reproduce
reasonably well, at least qualitatively, the main features o
the experimental results, therefore supporting the hypothes

that also in BD the behavior of amplitude and phase are N
related to the reflection of the thermal wave at the NI inter- 5. 1 & e Wf/Dl), o=—[mfIDI, (2)
face. f (es+em) (ep/es)+1

Figure 11b) shows the results obtained for the same o )
Samp'e on C00|ing_ The d|ps in the amp”tude and phase afélhel’eem iS the knOWH thermal efoSIVI'[y Of the Ce” matenal.
somewhat broader and less pronounced with respect to the From these two quantities and knowing the sample den-
ones obtained on heating and this is due to the lack of &ity p we can calculate the specific heat and the thermal
well-defined interface as shown by the video recorded duringonductivity from the relations
the measurement. The width of the TPCR turns out to be 42
mK in this case, consistent with FD measurements. k=enD. c= E(E

Figures 18a) and 13b) show the amplitude and the phase syTs p\Dg/’
in BD for a typeB sample(homeotropi¢. Also in this case
we have dips in the amplitude both on heating and on cool- The results are shown in Fig. 14. It has been shpbé}
ing which are broader than the corresponding ones found ithat the different alignment in 8CB does not affect the criti-
type C sample. The width of the TPCR was found to becal behavior of the thermal parameters and, since from the
consistent with the one found by FD measurements and repoint of view of the width of the TPCR samplésandC are
ported earlier, and is greater with respect to tgpsample. quite similar, we have decided to compare the results relative
There is practically no abrupt dip in the phase in the coolingo type B and C samples only.
run and again this is due to the distortion of the interface We have skipped in the figures the data in the TPCR
induced by hedgehog defects at the heated surface, as dehose width has been experimentally determined as de-
scribed previously. scribed above. In all cases the curves almost overlap outside

The results for typé\ samplegnot shown are very simi- the TPCR. The specific heat data are in excellent agreement
lar to the ones already reported in Rgf6] and the width of  with the ones reported in RdfL] , which have been obtained
the two phase coexistence region is in agreement with Fvith adiabatic scanning calorimetry with a TPCR about 14
measurements. mK wide. The thermal conductivity and the thermal diffusiv-

ity are also in very good agreement with previously reported
2. Thermal parameters results obtained with PPE12]. A small discontinuity is

In the temperature region outside the TPCR the samplegresent ink, which does not show any critical behavior at

are thermally homogeneous, optically opaque, and thermallyy,. We can therefore conclude that also in this case, as in

()
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4.5 formation of a well-defined interface between the N and |
: phases in the TPCR of the sample. It should be noted that,
Pl L :;F even for an ideal sample with no defects and pollutants and
o, .] L-:}"‘,."'; L m type C for an ideal measuring setup, a NI interface must always be
5 type B present when an ac calorimetric technique because of the dc
L 504 temperature gradient introduced by the ac heating source.
g This of course is not true in high resolution dc techniques,
& 257 ORI such as the adiabatic scanning calorimetry, which however
2.0 a) do not allow the simultaneous measurements of transport
, , . . properties such as the thermal conductivity and the thermal
40.3 40.4 40.5 40.6 diffusivity together with the specific heat. Our results show
Temperature (°C) that the presence of the NI interface in experimental situa-
i 651 ,,.-,1_:*',“ T tions depends on some other factors and, in particular, on the
= 5 " presence of defects and on the sample wetting properties at
= the cell walls.
. It is generally known that the nematic phase wets more
3 m Type C . p
£ than the |sotrop|(_: phadgéa 7], but surface trea.tments can alter
= 5.0 the surface tension and therefore the wetting properties at a
% given surface. A clear example of this is given by tyBe
E 451 samples. We have seen that the kinetics for the transition on
o ‘o k) heating(cooling in these samples is qualitatively similar to
: 403 40.4 405 40.6 the one on coolingheating in type A andC samples. During
Temperature (°C) the heating of sampl8, at the early stage of the isotropic
0.27 phase nucleation, on the high temperature side of the sample,
< we have found isotropic columns in a nematic matrix. This is
§ 0.24 1 = TypeC due to the fact that the polar surfactant CTAB increases the
= Type B wetting ability of the nematic phase and decreases the con-
1% 0.21 = ATpr L oncpd x tact angle between the nematic and the surface. The isotropic
3 g a ‘*“ volumes, therefore, increase in size preferentially along the
é 0.184 depth of the sample. When cooling the sampleand C, we
E find columns of nematic material in an isotropic matrix at the
5 0.15- c) NNy early stage of the nucleation of the nematic phase, but this is
F mainly related to the reduced vertical thermal gradient in the
40.3 40.4 405 40.6 sample, as described previously. With a larger gradient, in

Temperature (°C)

fact, the formation of a NI interface would be more favored.
On cooling typeB samples the nucleated nematic volumes

FIG. 14. Specific heat, thermal diffusivity, and thermal conduc-spread over the surface because of the small contact angle
tivity vs temperature for typ® andC samples.

imposed by the CTAB, and a NI interface is therefore
formed. We have also found a well-defined NI interface on

the case of the smectic A—nematic phase transition, the theheating typeA and C samples, but this is again due to the
mal conductivity is dominated by short range processes aniicreased vertical temperature gradient we have in this case
therefore not affected by collective phenomena. As a consewith respect to cooling measurements, which enforces the
quence, the critical behavior of the thermal diffusivity is only formation of the interface even though the isotropic phase
related to that of the specific heat. “does not like” the surface.

In this work we were mainly interested in the kinetics of ~ The results clearly show that the presence of CTAB in-
the NI transition in the TPCR and the data were thereforecreases the width of the TPCR. One may argue that this is
collected in a very narrow region aroufig, . We have made due to the desorption of surfactant molecules from the sur-
some runs, using typ€ samples, scanning the temperatureface which goes in the LC and acts as a pollutant. This is in
on a wider temperature region and the dawat shown have  contrast with the fact that the transition temperature does not
been fitted to analyze the critical behavior of the specificdecrease as expected but, in the tffeample on the con-
heat. The results we have obtained confirm the tricritcal-liketrary, we have observed a tendency Tqy to increase in the
behavior of the transition with the critical exponemt first two or three runs. We do not have at the moment a
=0.5. A detailed analysis of this aspect will be reported elsesatisfactory explanation on this particular point. The nonde-
where. pression of the transition temperature by such possible im-
purities could, on the other hand, be associated with the fact
that CTAB is not a nonmesogenic impurity but it is known to
form wormlike micelles and lamellar phases as a function of

The results reported earlier do show that the kinetics ofoncentration in water mixturgl8].
the NI phase transition in 8CB is largely dependent on the It is well known that for the study of anomalies of physi-

IV. DISCUSSION
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cal quantities close to a first-order phase transition, the pres- V. CONCLUSIONS
ence of a TPCR is a strong limitation since the data in such

a region cannot be considered. The larger the TPCR, th PCR are most of the time not considered for two main

poorer the quality of the information we can obtain. The . . . L e .
. . : . reasons: the first one is that it is extremely difficult to obtain
existence of TPCR is known to be associated with the pres- IO ; .
uantitative information on the physical parameters of a two-

ence of impurities and temperature gradients in the sample 69?1ase system and the second is that the kinetics of the nucle-

also confirmed by the present results. Regarding |mpur|t|e§tion and growth of one phase within the other is also very

we cannot do more than use a carefully purified sample. AlsoOm licated and dependent on the experimental conditions
in the case of thermal gradients, a careful choice of the heat:°MP na deper P '
We have tried in this paper to partially overcome these

ing stage design and of the ac heating source conditions is bl he NI > f 8CB Usi . tal
advisable. The results we have obtained, however, suggestp5° ems at the trans_mon 0 using an experimenta
possible way out to decrease the influence of at least theetup which allows the simultaneous high resolution study of

lateral temperature gradient. It is clear from the video welheérmal parameters behavior and of the sample texture evo-
have recorded during the measurements that if we reduce thgtion by polarizing microscopy. Using the obtained results
probed area, the lateral variation of the temperature in thi¥/e have been able to find a correlation between the PPE
area can be reduced. Now, if we consider that the narrowesignal and the texture of the sample in the TPCR which has
range value reported for the TPCR is 14 mK, the one obbeen very useful in the study of the kinetics of the phase
tained using adiabatic scanning calorimetry, and that we caffansition. We have found that, depending on the surface
easily reduce it to heated area in our setup, we think that thtzeatment and the thermal gradient in the sample, a NI inter-
value of 40 mK value we have for typeandC samples can face may or may not be present and may move across the
be improved. We could eventually obtain a value comparablgample with increasing or decreasing temperature. This has
with the one obtained with high resolution dc techniquesbeen possible by analyzing the PPE amplitude and phase on
which, however, cannot measure all the quantities measuretie basis of a simple model which takes into account the
by the present technique. Experiments in this direction areontribution of a thermal wave reflected at the interface and
underway and the results will be presented in a forthcomingorrelating it with the observation of the sample texture evo-
paper. lution in the TPCR. We have also found that the kinetics of
It has been suggestéf] that in the TPCR of a first-order the transition and therefore the presence of the interface is
phase transition, due to the partial phase conver$@g. strongly influenced by the treatments of cell walls and there-
N=1), the specific heat becomes frequency dependent. Thigre by the wetting properties of the material at such walls.
has been associated with the presence of a peak in the phaBlkis is particularly evident in the case of CTAB, a polar
of the signal of an ac calorimetric technique, which, on thesurfactant used for homeotropic alignment, which signifi-
contrary, at a second-order phase transitfoequency inde- cantly increases the wetting ability of the nematic material
pendent specific heais stated to show a difL9]. with respect to the isotropic one and significantly alters the
In our case we also find a peak in the signal phase at kinetics of the NI transition.
first-order phase transition but we have shown that its origin  Our experimental setup has allowed an accurate determi-
is other than the nonthermodynamic equilibrium conditionnation of the width of the TPCR. We know that it is influ-
which is found in a partial phase conversion situation. In factenced by impurities and we have confirmed that it is also
it is true that in our FD configuration, in a situation of non- affected by the presence of thermal gradients in the sample,
thermodynamic equilibrium, a peak should be observed iras expected. The obtained results, however, give some useful
the signal phase even in an optically opaque, thermally thickinformation on possible ways to minimize their influence.
homogeneous samp[20]. However, we think that the close We have also found that the presence of polar surfactant,
correlation we have found between the presence of a NI inused to induce homeotropic alignment, increases in the width
terface in the sample and the peak in the phase due to thef the TPCR by about a factor of 2. Moreover, though the
reflection of the thermal wave at the NI interface makes thateason for this is not completely understood, this effect is
hypothesis quite unlikely in our case. We have found a fre-absent in the case of more “inert” agent used to produce
quency dependence of the PPE signal, but this has nothing taacroscopic alignment, such as quartz deposition in planar
do with the above mentioned partial conversion of one phassamples, for which we have found a TPCR similar to the one
into the other and can be simply described in terms of théound in samples with no surface treatments.
model for the reflected thermal wave. We have also tried to Finally, we have found a frequency dependence on the
test the response time needed for a samplBato convert  PPE signal which can be described in terms of the model
from one phase to the other. This has been done by quicklwhich takes into account the contribution of the thermal
ramping up and down by small amounts the heating sourceiave reflected at the NI interface to the surface temperature
power. We have found that the appearance of volumes of onése of the sample. There is no evidence in our case of an
phase within the other closely follows the variation of the effect due to the a partial conversion of one phase into the
heating power. This of course does not mean that the conveother during the heating cycles in the TPCR, which could be
sion is complete, but our feeling is that, combining thesethe origin of an imaginary part of the specific heat and of its
results with all the other reported above leads to the conclufrequency dependence. We believe that in our case the
sion that, at least in our case, this effect does not play angample is always at the thermodynamic equilibrium also
significant role. when there is a coexistence between the N and | phases.

In the study of first-order phase transitions, the data in the
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