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Abstract

The new capabilities of AC calorimetry, when working at frequencies above the classical limit, were shown. The idea of the

method was to use the information about the phases and the amplitudes of the temperature oscillations on both sides of a plate-

like sample for simultaneous determination of the sample's complex heat capacity Cs(w) and thermal conductivity js(w),

when the oscillating heat ¯ow was supplied to one face of the sample. The mathematical algorithm for simultaneous

determination of real and imaginary parts of the sample's heat capacity and thermal conductivity was developed. The

advanced AC technique was applied for polymers. As a ®rst step, the approximation of the frequency independent thermal

conductivity was used to determine the complex heat capacity Cs(w) of polymers in the melting region. It was found that the

processes of reversing (more de®nitely heat-reversing) melting and completely irreversing melting can be distinguished by the

complex heat capacity measurements. Thus, the different physical processes at melting can be distinguished by the complex

heat capacity measurements. # 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction

The general scheme of AC calorimetry measure-

ments is to supply an oscillating heat ¯ow P0�cos(wt)

to one side of the sample, and to measure the tem-

perature oscillations T0�sin(wt � j) on the other side

[1±4]. Recently, the new capabilities of AC calorime-

try, when working at frequencies above the classical

limit, were demonstrated [5,6]. At high frequencies,

the temperature oscillations in the sample are not

quasi-static, i.e. j 6� 0. The idea of the method [5]

was to use the information about both the phase and

the amplitude of the temperature wave transmitted

through a plate-like sample for simultaneous determi-

nation of the sample's heat capacity Cs and the thermal

conductivity ks. The mathematical algorithm to do so

was presented in the paper [5]. The advanced AC

calorimetry was applied to studies of polymers in

[5,6].

The aim of this work is to further advance AC

technique, for time-dependent or frequency-depen-

dent heat capacity measurements. Heat capacity

becomes complex and frequency dependent, when a

slow relaxation process occurs in the system. The

presence of the imaginary part of heat capacity inevi-

tably leads to the entropy production during the

cycling of the sample's temperature [7±10]. On the

other hand, if the irreversing melting occurs in the

system, the non-zero imaginary part of heat capacity
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must be measured, as it was shown in [11,5]. The

complex heat capacity Cs(w) of a sample can be

measured by AC calorimeter in the appropriate fre-

quency range. Using the information about the ampli-

tudes T01 and T02 as well as the phases j1 and j2 on

both sides of the sample, it is possible to obtain

simultaneously the complex heat capacity Cs(w) and

the complex thermal conductivity js(w), i.e. four

parameters: Re(Cs), Im(Cs), Re(js) and Im(js). The

mathematical algorithm to do so is presented in the

®rst part of this paper.

Next, we focus on the complex heat capacity,

Cs � Cs exp(-if), and consider the approximation of

the frequency independent sample's thermal conduc-

tivity js. To determine the parameters Re(Cs) and

Im(Cs) simultaneously, it was suf®cient to measure

temperature modulation only on one side of the sam-

ple. In our experiments the temperature modulation

was measured on that side of the sample, which was

opposite to the heated sample's surface. In this case, it

was possible to determine js(T) in the temperature

region far from phase transitions, where Im(Cs) � 0.

In general, the phase shift j was a sum of two

contributions. The ®rst contribution was equal to

f � arg{1/Cs(w)}. This was a positive contribution

to the phase shift j. Note, that by de®nition

C(w) � C0ÿiC00, where C00 > 0. The second contribu-

tion was equal to the phase lag jj, depending on the

system thermal conductivity. This contribution was

negative and tended to ÿ1, when the thickness of the

sample and/or modulation frequency were increased.

Consequently, it was possible to distinguish these two

contributions, which were opposite in sign.

Of course, it was impossible to separate three

parameters Re Cs, Im Cs, js, when only two, T0 and

j, were measured. However, it was possible to deter-

mine the large maxima of Re Cs(T) and Im Cs(T) near

phase transitions. In the ®rst approximation, we extra-

polated the smooth temperature dependence of ther-

mal conductivity from the temperature regions, where

Im Cs � 0. Thus, it was assumed that the dynamic

contribution to the thermal conductivity was relatively

small. The sample's thermal conductivity in the tem-

perature range around the phase transition was deter-

mined by the algorithm described in [5]. Then, the

thermal conductivity was extrapolated on the whole

temperature range. These results were in good agree-

ment with the steady-state measurements of js(T). The

extrapolated dependence js(T) was used for the cal-

culations of Re Cs(T) and Im Cs(T) from the measured

temperature dependences of the modulation amplitude

and the phase shift. The algorithm for these calcula-

tions was developed and applied to polymers in the

melting region. The excess heat capacity Cex related to

the latent heat can be measured in the melting region.

The real and imaginary parts of the excess heat

capacity Cex in the melting region were measured.

The two types of the melting process were observed.

The ®rst type, when the excess heat capacity is mainly

real valued, Re(Cex) >> Im(Cex), can be named as

`̀ reversing melting'' [12] or, may be more de®nitely,

as `̀ heat-reversing melting''. The second, when

Re(Cex) � 0, corresponds to the completely irrever-

sing melting. The term `̀ heat-reversing melting'' can

be used to emphasize that the heat absorbed at heating

is released at cooling in each temperature-modulation

cycle. Of course, it does not mean reversibility in

microscopic scale.

2. The method: general description

The construction of the calorimeter was described

in [5,13]. The calorimeter cell Ð the system for

creation and registration of temperature modulation

in a disk-shaped sample Ð consists of a heater, a

sensor, and a holder. The sample is placed between the

heater and the sensor substrates. The heater and the

sensor are formed on the surfaces of polished sapphire

disks of 3 mm diameter and of thickness 0.1 mm. The

heater is a chromium ®lm, sputtered on the ®rst

sapphire substrate. Copper contact pads are sputtered

on the ®lm, and copper wires of 50 mm diameter are

welded to the pads. The power of the resistive heater

equals P0�(1 � cos wt), where w/2 is the angular

frequency of the electric current and P0 the average

power of the heater. To form the sensor, a copper ®eld

is sputtered on the second sapphire substrate. The

thermocouple (Cu±Cu:Fe) wires of 50 mm diameter

are welded to the copper ®eld. The sensor is glued on a

silk net, which serves as a holder. Thus, the system

consists of four layers, including the sample.

This layered system is heated by a uniform heat

¯ow of oscillating rate P � P0�cos(wt). The ¯ow is

supplied to the outer face of the ®rst layer at z � 0 and

propagates through the system along the z-axis. The
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cross area S of the system is independent on z.

Provided the heat leakage through the perimeter of

the system is negligible, the plane temperature waves

T � Re[T0�exp(iwt � kz)] propagate across the sys-

tem, where k � exp(i�/4)�(wc/j)1/2, c is the speci®c

heat capacity and j the thermal conductivity of the

material. In general, c and j are the complex values:

c � c exp(-if), j � ��exp(-i#). Note that the complex

values are expressed in bold font and the modulus in

Italic. The negative signs of the phases of c and j mean

the delay in the system response. Strictly speaking, the

square root of a complex value is double valued. Thus,

one should consider the following two possibilities:

(c/j)1/2 � exp(ÿif/2 � i#/2)�(c/�)1/2 and (c/j)1/2 �
exp(ÿif/2 � i#/2 � i�)�(c/�)1/2. The second branch

of the complex function (c/j)1/2 has no physical

meaning, because the physical values, c and j as well

as f and #, are varied continuously with temperature

and frequency. Indeed, the square root (c/j)1/2 must be

real valued far from phase transitions, at f � 0 and

# � 0, when the speci®c heat capacity and the thermal

conductivity are real valued. Therefore, only the ®rst

branch of (c/j)1/2 should be considered.

Consider the approximation of the long temperature

waves, kÿ1� lph, where lph is a phonon free path.

This approximation is valid for polymers below

105 Hz at room temperature. In this frequency domain

the heat transfer equation without heat sources is as

follows: c�@T/@t � @/@z(j�@T/@z). In the linear

approximation, when (�)ÿ1�(@�/@T)�T0 << 1, this

equation can be approximated by the equation c�@T/

@t � j�@2T/@z2. This approximation can be applied at

suf®ciently small amplitudes T0 << DTtr, where DTtr is

the width of the phase transition. The stationary

oscillating solution of this heat transfer equation is

Re{exp(iwt)�[a�sinh(kz) � b�cosh(kz)]}. Therefore,

the temperature wave Ti(z) � exp(iwt)�{ai�sinh[ki(zÿ
xi)] � bi�cosh[ki(z ÿ xi)]} is excited in the ith layer,

where xi is the coordinate of ith boundary. The com-

plex coef®cients ai and bi are determined by boundary

conditions for temperature and heat ¯ow amplitudes

on the faces of the ith layer. The complex amplitude

T0i of the temperature modulation on the ith surface

equals bi.

In general, the following effective heat capacity is

measured in classical AC calorimetry:

Ceff � P0=�i!TA�; (1)

which is proportional to the heat-flow amplitude P0

and inversely proportional to the measured complex

amplitude TA. Of course, at sufficiently low frequen-

cies and sufficiently low heat-link between the system

and the thermostat the effective heat capacity Ceff

equals the sum of the sample's heat capacity Cs and

the heat capacity of the empty cell. The phase shift

between the temperature modulations in the heater and

in the sensor equals zero at these conditions. In fact,

the phase shift between the heat-flow and TA equals

j - �/2. As the trivial phase lag �/2 is not of interest,

we consider the phase shift j � arg(1/Ceff). This

phase shift tends to zero at low frequencies and far

from phase transitions. In general, the relation

between the measured Ceff and Cs is complicated.

The general solution of the heat transfer equation

for the system of n layers was obtained in [5], for the

case of the heat leakage into the wires of the thermo-

couple and through the perimeter of the system being

negligible. Denote the effective heat capacity

C0i � P0/(iwT0i) related to the amplitude T0i. The

effective heat capacities C01 and C0n, measured on

the ®rst and on the nth surfaces of the system, can be

expressed as follows:

C01 � �Bodd � G=i!�=�1� Beven�;C0n

� �Bodd � G=i!� � cosh�a1� . . . cosh�anÿ1�; (2)

where G is a constant, characterizing the heat-link

between the system and the thermostat and ai � di�ki

the parameter characterizing the thermal length of

the ith layer of thickness di. The terms of odd power

of ai are presented by the sum Bodd � B1 �
B3 � ��� � B2m�1, where 2m � 1 � n, and the terms

of even power by the sum Beven � B2 � B4 � ��� �
B2m, with 2m � n. Denote bba � jbkb/jaka, i.e.

bba � (Cb�aa)/(Ca�ab), where Cl is the heat capacity

of the lth layer. Then, Bi can be written as follows:

B1 �
X
�Ca=aa� � tanh�aa�;

B2 �
X

bba � tanh�aa� � tanh�ab�;
B3 �

X
�Ca=aa� � bcb � tanh�aa� � tanh�ab� � tanh�ac�;

B4 �
X

bba � bdc � tanh�aa� � tanh�ab� � tanh�ac�
� tanh�ad�;

B5 �
X
�Ca=aa� � bcb � bed � tanh�aa� � tanh�ab�

� tanh�ac� � tanh�ad� � tanh�ae�; (3)
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and so on for all indexes, such that a < b < c < d < e. . .
The sum Bq is taken over all combinations of q

elements from n, i.e. over Cq
n elements.

The terms, which are proportional to the high power

of �i, are negligibly small at low frequencies. Indeed,

tanh(ai) � ai at small �i, and �i decrease with fre-

quency as �i �
���
!
p

. Of course, in the low-frequency

limit, the zero-order term, B1, is equal to the sum of the

heat capacities of all layers, B1 � �Cl.

3. The method: heater±sample±sensor±holder
system

Next we apply the method to study polymer mate-

rials. The ideal thermal contact of the sample with the

calorimeter cell is assumed. This approximation is

suf®cient for polymers Ð the materials with relatively

low thermal conductivity, ks < 1 W/m K, as it was

shown in [14]. Usually, after the ®rst melting±crystal-

lization cycle, polymers provide a good and stable

thermal contact due to good adhesion with substrate.

On the other hand, the thermal contact should be

`̀ wet'' in the case when the sample cannot be melted.

Thus, when dealing with solids, a good `̀ wet'' contact

can be made by means of a thin layer of lubricant

between the sample and substrate. The vacuum grease,

apiezon, can be used for a good, reproducible and

stable thermal contact, as it was shown in [14]. To

focus on complex heat capacity of polymers, we

consider the frequency domain 0.1±10 Hz appropriate

for these measurements with the samples of thickness

in the range 0.1±0.5 mm.

Consider the heater±sample±sensor±holder system

consisting of four layers. Note that the heater and the

sensor are formed on the equal sapphire substrates.

That is why, we denote by C0 and d0 the total heat

capacity and the total thickness of two substrates, by

c0 and k0 the speci®c heat capacity and the thermal

conductivity of sapphire. Denote the corresponding

parameters of the holder and sample with subscripts h

and s. In the case of four layers, n � 4, the sum Bodd in

Eqs. (2) and (3) equals B3, where B3 is the sum of four

elements. The sum Beven equals B2 � B4, where B2 is

the sum of six elements, and B4 of one element.

Consider Eqs. (2) and (3) at modulation frequency

f � w/2� below 10 Hz, when a0� 1 and tanh(a0) �
a0. In this case, the cross terms from B2 and B3, which

are proportional to bi0, as well as the term from B4 can

be neglected within 3% accuracy. On the other hand,

the cross terms from B2 and B3, which are proportional

to bis, are essential and should be taken into account.

Then, the effective heat capacities C01 and C04, mea-

sured on the ®rst and fourth surfaces of the heater±

sample±sensor±holder system, can be expressed as

follows:

C01 � �A� G=i!� S0� Sh�=f1��b0s � tanh�a0=2�
� bhs � tanh�ah�� � tanh�as�g; (4)

C04 � �A� G=i!� S0 � Sh� � cosh�a0� � cosh�as�;
(5)

where A � C0�tanh(a0)/a0 � Ch�tanh(ah)/ah � Cs�
tanh(as)/as,

S0 � �Cs � tanh�as�=as� � ��b0s�2ÿ1�
� �sinh�a0=2��2=cosh�a0�;

Sh � �Ch � tanh�ah�=ah� � �b0s=2� bs0=2�
� tanh�a0� � tanh�as�:

Of course, the obvious relation C01 � C04 �
(C0 � Ch � Cs � G/iw) follows from Eqs. (4) and

(5) at suf®ciently low frequencies. In general, the

two complex parameters Cs and as can be determined

from the measured C01 and C04, provided other para-

meters in Eqs. (4) and (5) are known. Finally, the

parameter js can be determined from the following

relation: js � ! � Cs � ds=S � a2
s

4. Calibration of the calorimeter

Consider the effective heat capacity Cemp of the

empty cell, which is measured on the third surface

with respect to the heater. The expression for Cemp

follows from Eq. (5) at Cs � 0, as � 0:

Cemp � �C0 � tanh�a0�=a0 � Ch � tanh�ah�=ah

� G=i!� � cosh�a0�: (6)

In the above expression, only the parameter G

depends on ambient gas pressure. But this dependence

is very weak in the pressure range 1±100 Pa. In all

measurements the nitrogen gas pressure was ca. 10 Pa

and G was equal to 1.07 mW/K. The cell parameters

G, �0=
���
f
p
; �h=

���
f
p

, C0 and Ch were determined in

advance without a sample.
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Thus, we have ®ve parameters for ®tting the experi-

mental dependence Cemp(T, f ) by Eq. (6) at any ®xed

temperature. The experimental dependences of the

absolute value Cemp(300 K, f) and the phase shift j �
arg(1/Cemp) were inagreementwithin3%accuracy with

Eq. (6) in the broad frequency range 0.1±100 Hz for

the following parameters: C0 � 4.3 mJ/K, Ch �
2.05 mJ/K, �0=

���
f
p � 0.17 s1/2, �h=

���
f
p � 2.19 s1/2,

G � 1.07 mW/K.

Once the cell calibration is performed, the

described algorithm makes it possible to carry out

simultaneous measurements of the sample's heat

capacity and thermal conductivity. The sample's para-

meters, Cs and js, can be determined from the mea-

sured, C01 and C04, according to Eqs. (4) and (5).

5. Experimental: complex heat capacity
measurements

Further, we focus on the complex heat capacity of

polymers in the melting region and consider the

approximation of the frequency independent sample's

thermal conductivity ks. In this approximation the

wave vector of the temperature wave in the sample can

be expressed as follows: ks � k0s � i � k00s , where k0s �
ks � ��1� sin��=2�1=2

and k0s � ks � ��1ÿsin��=2�1=2
as

well as �0s � �s � ��1� sin��=2�1=2
and �00s � �s�

��1ÿsin��=2�1=2
.

To determine the parameters Re(Cs) and Im(Cs)

simultaneously, it was suf®cient to measure the tem-

perature modulation only on one side of the sample.

Thus, the subsequent experiments were performed as

follows. The temperature-modulation amplitude TA

was measured on the surface between the sensor and

the holder, i.e. TA �T04. Therefore, the measured

effective heat capacity Ceff � C04 was expressed by

Eq. (5). Using this equation, the parameters Cs and f
were calculated from the measured Ceff and j.

5.1. Complex heat capacity of polycaprolactone in

the melting region

Consider the results for polycaprolactone (PCL).

The sample was received from Prof. G.Groenickx

(Catholic University of Leuven, Belgium). The mole-

cular weight averages were as follows: the number

average Mn � 34 000, the weight average Mw �

94 000 and the polydispersity Mw/Mn � 2.76. To

avoid any additional phase shift, the sample was

placed between the sensor and the heater, without

any cuvette. Then, the sample was molten to provide

a good thermal contact with substrates. The distance

between the substrates was ®xed in three points by

small glass posts. The sample's thickness was 0.3 mm.

This sandwich was pressed with a thin silk thread. The

shape of the molten sample was stable due to the

surfacetensionforce.Theheatingandthecoolingcurves

were reproducible after one heating-cooling cycle.

The time lag in the heat transfer through the sample

can be estimated as ts � (Csds)/(Sks), it was ca. 1 s.

The apparatus time lag ta, in our experiments, was

dependent on the output channel of the ampli®er. The

value ta was equal to 5 s at frequencies below 0.5 Hz

and 2 s at higher frequencies. Thus, in our experi-

ments, the time lag of the system was determined by

the apparatus. The time lag due to the heat transfer

through the sample was of no importance.

The temperature dependences of the absolute value

Ceff and the phase shift j � arg(1/Ceff) for PCL

sample of 0.3 mm thickness are shown in Fig. 1.

The experiment was performed at the frequency

f � 1 Hz, the heat-¯ow rate P0 � 9.1 mW and the

amplitude TA ca. 0.04 K. The sample was cooled from

the melt with the underlying rate q � 5 K/min and the

crystallization at 315 K during 5 min was performed.

Then, the melting process was investigated at the

heating rate 5 K/min. Of course, there was no melting

nor excess heat capacity at cooling, on descending

curves in Fig. 1. Thus, it was possible to determine

ks(T) from the descending curves, when Im(Cs) � 0.

The two parameters Cs and ks were determined from

the measured absolute value Ceff and the phase shift j,

using Eq. (5). Analogously, ks(T) was determined just

above the temperature of crystallization, Tcr � 315 K.

The dependence ks(T) was measured at different

frequencies, as shown in the inset of Fig. 1.

These results were in good agreement with the

steady-state measurements, which are presented also

in the inset of Fig. 1. The steady-state measurements

were performed for the same sample in the same cell.

The constant heat-¯ow rate P� � 20 mW was sup-

plied by the heater. The temperature gradient across

the sample, DTs/ds, was measured. The thermal con-

ductivity was obtained from the following relation:

DTs/ds � P�/2Szks, where z is the parameter of the

A.A. Minakov et al. / Thermochimica Acta 342 (1999) 7±18 11



asymmetry of the cell. In the case of an ideal sym-

metric cell, when the heat ¯ows symmetrically from

the both surfaces of the cell, the parameter z equals 1.

In our experiments, one surface of the cell was

attached to the holder Ð the silk net. Due to this

asymmetry the parameter z was equal to 0.75. After

normalizing the steady-state data to the parameter z,

we obtained the results, which were in good agreement

with AC measurements beyond the melting region. In

the steady-state regime it was possible to measure the

static thermal conductivity in the whole temperature

range, including the melting region. These measure-

ments show (Fig. 1) that there was no signi®cant

change in ks(T) at melting. Therefore, it was possible

to extrapolate the dependence ks(T), measured beyond

the melting region, on the whole temperature range.

Then, the extrapolated dependence ks(T) was used

for the calculations of Re Cs(T) and Im Cs(T) from the

measured Ceff. The values of ks, obtained for amor-

phous material, were used on the descending part of

the curve Ceff(T) as well as at the end of the melting

region of the ascending curve. The values of ks,

obtained for crystalline material, were used at the

beginning of the melting region. Thus, the depen-

dences Re Cs(T) and Im Cs(T), shown in Fig. 2, were

determined using ks(T) curves, shown in Fig. 1. Of

course, there were discontinuous jumps in the curves

of Re Cs(T) and Im Cs(T) in the middle of the melting

region. As shown in Fig. 2, the discontinuity in

Re Cs(T) was relatively small and this was negligibly

small in Im Cs(T). It appears that the imaginary part,

Im Cs, for PCL in the melting region was considerably

greater than the real part of the excess heat capacity.

This was more apparent at lower frequencies, as

shown in Fig. 3 for the same sample.

The linearity of the measurements with respect to

modulation amplitude TA was checked. The measure-

ments were performed at the following amplitudes:

TA � 0.075 K and P0 � 2.3 mW, 0.15 K and 4.5 mW,

0.3 K and 9.2 mW. The crystallization at 316 K was

for 30 min and the heating±cooling rate was ca. 5 K/

min. Nonlinearity was negligible at modulation ampli-

tudes below 0.15 K, but it was noticeable at the

amplitude 0.3 K, as shown in Fig. 3.

Fig. 1. Temperature dependences of the effective heat capacity Ceff and the phase shift j � arg(1/Ceff) for PCL sample of 0.3 mm thickness.

The experiment was performed at the frequency f � 1 Hz, the heat-flow rate P0 � 9.1 mW and the amplitude TA ca. 0.04 K. The sample was

cooled from the melt with the underlying rate q � 5 K/min and the crystallization at 315 K during 5 min was performed. Then, the melting

process was investigated at the heating rate 5 K/min. Temperature dependences of the thermal conductivity ks are shown in the inset. The AC

measurements were performed at f � 0.2 Hz and TA � 0.3 K (squares), 0.4 Hz and 0.12 K (circles), 0.8 Hz and 0.05 K (crosses), and the

steady-state measurements of ks were performed at heating flow rate P� � 20 mW (triangles).

12 A.A. Minakov et al. / Thermochimica Acta 342 (1999) 7±18



Fig. 2. Temperature dependences of Re Cs and Im Cs calculated from the dependences shown in Fig. 1. The values of ks, obtained for

amorphous material, were used on the descending parts of the curves as well as at the end of the melting region of the ascending curves (open

squares and circles). The values of ks, obtained for crystalline material, were used at the beginning of the melting region (black triangles and

crosses).

Fig. 3. Temperature dependences of Re Cs and Im Cs for the same sample as in Fig. 1. The measurements were performed at f � 0.2 Hz and

different modulation amplitudes: TA � 0.075 K, P0 � 2.3 mW (squares), 0.15 K, 4.5 mW (circles) and 0.3 K, 9.2 mW (crosses). The sample

was cooled from the melt with the underlying rate q � 5 K/min and the crystallization at 316 K during 30 min was performed. Then, the

melting process was investigated at the heating rate 5 K/min.
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It was proved in [5,11] that the imaginary part

Im Cs(w) � e �Q/w must be measured at melting pro-

cess, provided irreversible melting exists. Q is the total

heat, absorbed by the sample during heating, and e�Q
is the part of the heat absorbed on heating, which is not

released on cooling. A set of the temperature depen-

dences Im Cs(T, w) is shown in Fig. 4 for the following

frequencies and modulation amplitudes: f � 0.1 Hz

and TA � 0.1 K, 0.2 Hz and 0.1 K, 0.4 Hz and

0.05 K, 0.8 Hz and 0.05 K. Denote by Im Cmax the

maximal value of Im Cs(T) at the middle of the

melting region. The frequency dependence of Im Cmax

is shown in the inset of Fig. 4. This dependence is in

agreement with the relation Im Cs � 1/w.

Thus, the dynamic excess heat capacity due to

completely irreversing melting was observed in

PCL. The contribution of the heat-reversing melting

was negligibly small.

5.2. Complex heat capacity of 8OCB and water in

the melting region

The method was applied to 4.40-n-octyloxycyano-

biphenyl (8OCB) liquid crystal in the melting region,

smectic±nematic and nematic±isotropic transitions.

The sample was received from Merck Ltd. [15].

The arrangement of the sample in the cell was the

same as in the previous experiments with PCL. The

sample thickness was 0.3 mm.

The measurements were performed at heating±

cooling rate ca. 3 K/min. The heating and the cooling

curves were reproducible after one heating±cooling

cycle. Temperature dependences of the effective heat

capacity Ceff and the phase shift j at frequency

f � 1 Hz are shown in Fig. 5(a). At this frequency

the phase shift j was far from zero. This means that

the temperature modulations were not quasi-static. Of

course, it was possible to determine the sample's

parameters Cs and ks using the information on Ceff

and j as well as Eq. (5). Note that in the phase

transition region, where Im Cs 6� 0, the phase shift

j was the sum of two contributions: f and jk. Thus,

the thermal conductivity, determined in this way,

contained two physically different contributions.

The ®rst was the true thermal conductivity related

to jk. The second contribution was related to Im Cs.

Therefore, the calculated thermal conductivity should

be renamed as the effective thermal conductivity,

which equals ks, when Im Cs � 0. Temperature

dependence of the effective thermal conductivity is

Fig. 4. Temperature dependences of Im Cs(w) for the same sample and the same thermal history as in Fig. 1. The measurements were

performed at the following frequencies and amplitudes: f � 0.1 Hz and TA � 0.1 K (triangles), 0.2 Hz and 0.1 K (squares), 0.4 Hz and 0.05 K

(circles), 0.8 Hz and 0.05 K (crosses). The apparatus time lag, ta � 5 s, was the same at all frequencies. Frequency dependence of the inverse

maximal value of Im Cs(T) is shown in the inset.
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shown in Fig. 6. This dependence was in agreement

with the results of the steady-state measurements in

the temperature range beyond phase transitions (Fig.

6). On the other hand, near the phase transitions the

large peaks in the effective thermal conductivity were

observed. These peaks were related to Im Cs contribu-

tion into the phase shift j.

The dependences Re Cs(T) and Im Cs(T) were

determined using the extrapolated ks(T). A large peak

in Im Cs(T) dependence was observed in the melting

region. As shown in Fig. 5(b), the value of Im Cs was

small as compared to Re Cs at the beginning of the

melting process. On the other hand, this value

exceeded the real part of the excess heat capacity at

the end of the melting region. The fast crystallization

with latent heat release and fast spontaneous sample

heating was observed at 310 K, as shown in Fig. 5.

The smectic A±nematic and nematic±isotropic tran-

sitions at temperatures Tsn and Tni were well de®ned

and at the same positions as in [16]. The steps and

Fig. 5. Temperature dependences of the effective heat capacity Ceff and the phase shift j (a) as well as of Re Cs and Im Cs (b) for 8OCB

sample of 0.3 mm thickness. The measurements were performed at underlying heating±cooling rate 3 K/min, modulation frequency f � 1 Hz,

heat-flow amplitude P0 � 9.2 mW and temperature±modulation amplitude TA ca. 0.035 K.
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peaks in Cs(T) dependence at Tsn and Tni were

observed. These results were independent of the tem-

perature modulation amplitudes TA below 0.1 K. The

transitions became smeared at P0 ca. 20 mW and TA

ca. 0.1 K. In this case, the temperature difference

DTs � 2 K across the sample was relatively large.

The peak of Im Cs(T) dependence was observed at

nematic±isotropic transition, as shown in Fig. 5. It was

found that this peak disappeared at relatively high

amplitudes TA � 0.1 K.

It is noteworthy that the simultaneous measure-

ments of Re Cs and Im Cs gave a possibility to dis-

tinguish heat-reversing and completely irreversing

melting processes. As it was found, the excess heat

capacity due to irreversible melting in 8OCB was

increased at the end of the melting process. On the

contrary, the contribution of the heat-reversing melt-

ing was relatively small at the end of the melting

region.

Analogous result was obtained at melting of water

ice. The sample of distillated water was relatively

clean to reveal the super-cooling effect in the tem-

perature interval as large as ca. 14 K. The crystal-

lization was reproducibly observed below 260 K. To

avoid any additional phase shift, the measurements

were performed without any cuvette. A water drop of

volume ca. 10ÿ3 cm3 was placed between the sapphire

substrates of the heater and the sensor. The shape of

the drop was maintained by the surface tension force.

The thickness of the layer of water was ca. 0.1 mm.

The thermal conductivity of water was suf®ciently

large and the temperature modulation was almost

quasi-static. Unfortunately, the drop kept evaporating

during the experiment and it was impossible to com-

pare the results at different frequencies quantitatively.

However, the results were qualitatively reproducible

during three or four cycles. The results were qualita-

tively the same for large, ca. 5�10ÿ3 cm3, and small,

ca. 10ÿ4 cm3, drops. Temperature dependences of

Re Cs and Im Cs are shown in Fig. 7. The measure-

ments were performed at the amplitude P0 � 2.3 mW

and modulation frequency f � 1 Hz. The underlying

heating±cooling rate was ca. 5 K/min at temperatures

far from the melting region and ca. 0.3 K/min near the

melting transition. The modulation amplitude TA was

ca. 5�10ÿ2 K far from the melting region and ca.

10ÿ3 K in the melting transition. A long premelting

tail was observed at temperatures below Tc � 273.2 K.

This tail can be attributed to the intergranular defects

in the polycrystalline ice [17]. The heat-reversing

melting was relatively large in the temperature region

from Tc±3 K to Tc and suddenly disappeared after Tc.

Fig. 6. Temperature dependences of the thermal conductivity for the same sample as in Fig. 5. AC measurements of the effective thermal

conductivity (small circles) were performed at the same conditions as in Fig. 5. The steady-state measurements were performed at the heat-

flow rate P� � 20 mW (squares) and 37 mW (triangles).
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On the contrary, the completely irreversing melting

stayed large on the tail after Tc, where the ice-like

short-range order was destroyed irreversibly. Thus, the

different physical processes at melting can be distin-

guished by complex heat capacity measurements.

6. Conclusions

The advanced AC calorimetry, when working at

frequencies above the classical limit, can be applied

for simultaneous measurements of the complex heat

capacity and thermal conductivity. The mathematical

algorithm for such measurements was developed. This

algorithm can be applied for different materials, when

the complex amplitudes of the temperature modula-

tions are measured on both sides of the sample. As a

®rst step, the approximation of the frequency inde-

pendent thermal conductivity was applied for poly-

mers, when the complex amplitude TA was measured

only on one side of the sample.

It is noteworthy that the simultaneous measure-

ments of Re Cs and Im Cs gave a possibility to dis-

tinguish reversing [12] (more de®nitely heat-

reversing) and irreversing melting processes. The

imaginary part of the complex heat capacity is related

to irreversing melting and the real part to heat-rever-

sing melting. As it was shown, the excess heat capa-

city due to irreversing melting in the liquid crystal

8OCB and in water ice was increased at the end of the

melting process. On the contrary, the contribution of

the heat-reversing melting was small at the end of the

melting region. The contribution of the heat-reversing

melting in PCL was relatively small in the whole

melting region. The relation Im Cs � 1/w was experi-

mentally proved for the melting process in PCL in the

frequency range 0.1±1 Hz.
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