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Abstract

The new capabilities of the advanced two-channel AC calorimetry, when working at frequencies above quasi-static 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 direct simultaneous determination of the complex heat capacity C(o) and

the complex thermal conductivity l(o), when the thermal oscillations were measured on both sides of the sample. Therefore,

the complete set of the complex thermal parameters can be measured in the same experiment. The method provides a

possibility to answer the fundamental question about the value of imaginary part of the complex thermal conductivity. It was

found, that the argument of the complex thermal conductivity is considerably small with respect to that of the complex heat

capacity. Thus, at least within the error of the experiment the thermal conductivity at glass transition in glycerol can be

considered as a real valued parameter. In spite of the strong frequency dependence of the complex heat capacity, no frequency

dependency of the thermal conductivity was observed. # 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Temperature-modulated calorimetry (TMC) [1–9]

is widely used for the investigation of phase transitions

in polymers. Frequency dependent complex heat capa-

city can be measured by TMC [6–21]. The measure-

ments of the complex heat capacity as a function of

temperature, frequency and time provide unique infor-

mation on relaxation phenomena at glass transitions

[8–16], as well as on melting and crystallization

kinetics in polymers [16–21].

The general scheme of TMC is to supply an oscil-

lating heat flow P0 cos(ot) to a sample and to measure

temperature oscillations T0�cos(ot þ j). The mea-

sured parameters, P0, T0, and j, provide information

about Re and Im parts of the sample’s complex heat

capacity CsðoÞ ¼ C0
s � iC00

s . Thermal oscillations in the

sample must be quasi-static, i.e. homogeneous, other-

wise the measured parameters, T0 andj, are dependent

on thesample’s thermalconductivityls and thicknessds.

The requirement of quasi-static modulation impose the

following limitation f ! lsVs/Csd
2
s on the appropriate

frequency f ¼ o=2p, where Vs and Cs, are the sample’s
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volume and absolute heat capacity. Usually, the

appropriate frequency range is restricted by ca. 0.1 Hz

for materials with low thermal conductivity, ca. 0.1 W/

K m, such as polymers.

Recently, the new capabilities of TMC, when work-

ing at frequencies above this limit, were demonstrated

[18–20]. The idea of the method was to measure

simultaneously sample’s heat capacity and thermal

conductivity. The oscillating heat flow was supplied

to one side of a thin, ca. 0.3 mm, plate-like sample and

the temperature oscillations were measured on the

other side. The two parameters, Cs and ls, were

determined from the two measured values, T0 and

j, when the sample’s heat capacity and thermal con-

ductivity were real valued, i.e. at temperatures far

from phase transitions. Thus, the thermal conductivity

was measured outside the phase transition region.

Then, the temperature dependence ls(T) was extra-

polated to the phase transition region and the complex

heat capacity Cs(o, T) was determined [20]. It was

assumed that the thermal conductivity was frequency

independent or such dependence was relatively weak

to be neglected. But it is still an open question if this

assumption is generally true. There is an ongoing

discussion whether or not the measured phase at the

glass transition is due to the imaginary part of heat

capacity or imaginary part of thermal conductivity

[9,12,15]. Also for other transitions like melting of

polymers, where a large phase shift can be detected,

the behavior of the thermal conductivity is unknown.

The aim of this work is to further advance the TMC

technique, for simultaneous measurements of com-

plex heat capacity Cs(o) and complex thermal con-

ductivity ls(o) for low thermal conducting materials,

ca. 0.1 W/K m. The idea of the method is to measure

the temperature oscillations T01�cos(ot þ j1) and T02

�cos(ot þ j2) on both sides of a plate-like sample.

The amplitudes T01 and T02, as well as the phases j1

and j2, can be used to obtain simultaneously the fol-

lowing four parameters, Re(Cs), Im(Cs), Re(ls) and

Im(ls). The mathematical algorithm to do so is pre-

sented in the first part of this paper. In the next section

we describe the construction of the advanced two-

channel AC calorimeter and it’s calibration procedure.

Next, we demonstrate the capabilities of this two-

channel technique, when applied for simultaneous

measurements of complex heat capacity and com-

plex thermal conductivity of polymers in the glass

transition region. We present experimental data

obtained for the glass transition in glycerol, which

was used as a test material for other temperature-

modulated [8–11,22] and hot-wire [22,23] techniques.

The glass transition in glycerol is strong enough for

testing a new technique.

This work can be considered as a step forward to

measurements of the complete set of complex thermal

parameters in the same experiment. Thus, we did not

focus our affords on the accurate calibration and

precise determination of the parameters of the inves-

tigated materials. We rather focused on qualitative

peculiarities of the technique and we tried to answer

the question, is the imaginary part of the thermal

conductivity considerable in the glass transition region

or can it be neglected?

2. The method, general description

First we consider an ideal cylindrical system of four

layers, a disk-shaped sample placed between two

identical sapphire substrates and maintained on a

disk-shaped holder, as shown in Fig. 1. All these

layers are thin disks of the same face area S. A film

heater and a sensor are sputtered on the faces of the

first sapphire substrate, which is maintained on the

holder. The heater is on the face attached to the sample

and the sensor is on the opposite face attached to the

holder. The second sensor is placed on the face of the

second sapphire substrate on the side, which is oppo-

site to the sample. We assume that heat capacities and

thermal resistances of the film heater and of the

sensors are negligibly small, as well as the thermal

contact resistances between all layers compared to the

thermal resistance of the sample. Thus, the system can

be described by the following parameters, the heat

capacities Cs, Ch, C0, the thermal conductivities ls, lh,

l0, and the thickness ds, dh, d0 of the sample, holder

and each of the sapphire substrates, respectively. The

system is placed into a thermostat. The thermal link

between the system and the thermostat occurs through

an ambient gas pumped down to 10–100 Pa. This

thermal link is described by the parameter G, ca.

1 mW/K, depending on the ambient gas and the

system dimensions.

The resistive film heater provide a uniform heat

flow, with oscillating part of the heat flow rate P ¼ P0
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cos(ot). The heat flow is supplied to the sample’s face

connected with the first sapphire substrate at z ¼ 0 and

propagates through the system in both directions along

the z-axis. The system thickness, ca. 0.5 mm, is con-

siderably small with respect to diameter D ¼ 8 mm.

Therefore, the radial heat leakage through the periph-

ery of the system can be neglected. Further we assume

that the thermal oscillations are small enough to

consider the linear-response approximation.

The plane thermal waves Re[T0 exp(iot � kiz)] are

exited in the ith layer, where ki¼exp(ip/4) (oci/li)
1/2,

ci is complex specific heat capacity and li the complex

thermal conductivity of the ith layer material. Note,

that the complex values are expressed in bold font

and the modulus in italic: ci ¼ ci exp(�ifi), li ¼ li

exp(�iWi). The negative sings of the arguments of ci

and li mean the delay in the system response. The

stationary oscillating solution of the heat-transfer

equation for the multilayered system can be described

by the following relations

Tiðt;zÞ ¼ expðiotÞfai sinh½kiðz � xiÞ

þ bi cosh½kiðz � xiÞ
g;

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

plex coefficients ai and bi are determined by boundary

conditions for the temperature and the heat flow

amplitudes on the faces of the ith layer. The general

solution for the multilayered system of n layers was

received in [18,20]. We use this solution for calcula-

tions of the thermal oscillations in the system

described above.

Denote the effective heat capacities C1 ¼ P0/

(ioT01) and C2 ¼ P0/(ioT02) related to the ampli-

tudes T01 and T02 of the temperature oscillations

measured by the first and the second sensor of the

system shown in Fig. 1. Then, the effective heat

capacities C1 and C2 can be expressed as follows

C1 ¼ coshða0Þ
B1 þ B3 þ G=io

1 þ bs

(1)

C2 ¼ coshða0ÞcoshðasÞ
B1 þ B3 þ G=io

1 þ bh

(2)

where al ¼ dlkl is the parameter characterizing the

thermal thickness of the lth layer. Denote complex

functions YlðalÞ ¼ tanhðalÞ=al. Then, the terms B1,

Fig. 1. Schematic cross-sectional view of the calorimeter cell. The sample is placed between two polished sapphire substrates. The heater and

the first sensor, sensor 1, are sputtered on the first sapphire substrate. The second sensor, sensor 2, is sputtered on the top face of the second

substrate. This sandwich is glued to a thin silk net, which serves as a holder. The cell is placed into the thermostat.
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B3, bs and bh can be written as functions of the

sample’s parameters Cs and as as follows

B1 ¼ 2C0Y0 þ ChYh þ CsYs;

B3 ¼ Ch
ioCs=K0 þ a2

s C0

Cs

� �
Y0YhYs

þ C0
ioChYh

K0

þ Ysa2
s C0

Cs

� �
Y2

0;

bs ¼
a2

s C0

Cs

� �
Y0Ys; bh ¼ ioCh

K0

� �
Y0Yh; (3)

where K0 ¼ Sl0=d0 is the thermal conductance of

each sapphire substrate. Note, that dimensionless

parameter al is proportional to Ho and al ! 1 at

sufficiently low frequencies. Thus, at low frequencies

tanh(alÞ � al and YlðalÞ � 1. Of course, in the low

frequency limit the obvious relation C1 ¼ C2 ¼
ð2C0 þ Ch þ Cs þ G=ioÞ follows from Eqs. (1) and

(2). The term G/io describes the heat leakage from the

system to the thermostat during oscillation period. At

sufficiently small heat leakage from the system to the

thermostat the effective heat capacities C1 and C2 are

equal simply to the total heat capacity of the system

Ct ¼ 2C0 þ Ch þ Cs.

In general, the two complex parameters Cs and as

can be determined from the measured C1 and C2,

provided other parameters of Eqs. (1) and (2) are

measured in advance. Finally, the parameter ls can

be determined from the following relation, ls ¼
ðio=a2

s ÞCsds/S. When the sample’s face area Ss is

not exactly equal to S the relation should be corrected

as follows

ls ¼
io
a2

s

� �
Csds

Ss

(4)

The sample’s face area Ss equals Vs/ds, where the

sample’s thickness ds is fixed by the calibrated spacers

as described below. The sample’s volume Vs can be

estimated from the sample’s mass for the solid sam-

ples or directly measured as described below for the

liquid samples.

3. Two-channel AC calorimeter

The construction of the calorimeter was described

in [24,25]. The calorimeter cell, the system for crea-

tion and registration of temperature oscillations in a

disk-shaped sample, consists of a heater, a sensor, and

a holder. The scheme of this system is shown in

Fig. 1. The heater and the sensors are formed on

the surfaces of sapphire disks of 8 mm diameter

and of thickness 0.15 mm. The heater is a chromium

film, sputtered on the polished face of the sapphire

substrate. Copper contact pads are sputtered on the

chromium film, and copper wires of 50 mm diameter

are welded to the pads. The power of this resistive

heater equals P0(1 þ cosot), where o/2 is the angular

frequency of the electric current and P0 is the average

power of the heater. To form the sensor, a copper field

is sputtered on the opposite also polished face of the

sapphire substrate. The thermocouple (Cu–Constan-

tan) wires of 50 mm diameter are welded to the

copper field. The system is glued on a thin silk net,

which serves as a holder. The appropriate model of the

holder is a disk of 8 mm diameter consisting of glue

and silk net. Thus, the cell consists of four layers,

including sample. The heat capacities of wires, film-

heater and sensors are negligibly small. We assume

that the heat leakage though the wires can also be

neglected as it was shown in [25] for analogous cell

with the same wires and sapphire substrates of 3 mm

diameter.

The sample was placed between the polished sap-

phire substrates, without any pan. The distance

between the substrates was fixed by two glass fibers

of ca. 0.3 mm diameter placed between the sapphire

substrates. This sandwich was pressed with a thin silk

thread. The shape of the liquid sample was stable due

to the surface tension force.

The ideal thermal contact of the sample with the

polished sapphire substrates was assumed. This

approximation is sufficient for polymers, the materials

with relatively low thermal conductivity, ls < 1 W/

K m, as it was shown in [26]. The thermal contact

between substrates and glycerol was sufficiently good

and stable due to good adhesion with the substrates. In

the case of solid samples, on the other hand, the

thermal contact should be formed by a liquid-like

material. The thermal conductance of a dry thermal

contact is relatively low, unstable and irreproducible.

Thus, when dealing with solids, an appropriate ther-

mal contact can be made by means of a thin, ca. 5 mm,

layer of a lubricant between sample and substrate. The

vacuum grease, ApiezonTM, can be used for a good,

reproducible and stable thermal contact, as it was
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shown in [26]. When the thermal contact resistance

can not be neglected, it can be taken into account as it

was shown in [26]. In this case, the information from

the measurements with a reference sample or with the

same sample at temperatures far from the phase

transition are required.

The cell construction presented in this paper had the

following disadvantage. The wire-leads of the heater

were placed in the sample’s region in the periphery of

the first sapphire substrate. The sample was placed

between these leads and was in thermal contact with

the substrates. It was not possible to set the substrates

in close connection, when the sample was removed

from the cell, i.e. there was no direct thermal contact

between the substrates of the empty cell. Thus, the

empty cell calibration could not be performed. To

avoid this disadvantage we plan to produce in nearest

future a cell with the heater placed on the outer face of

the second substrate. Then, the heater and one of the

sensors will be on the same face separated by a

dielectric layer of SiO2 between these two metallic

layers. There will be no wires in the sample’s region

and the empty cell calibration will be possible.

In the present work the calibration was performed

with two other cells, A and B, which were made

almost the same as the previous one. These cells were

made with only one sensor and a heater. The heater

and the sensor were placed on the faces out of the

sample’s region. The results of the measurements of

the thermal parameters of these cells were averaged

and used as calibration parameters for the cell with

two sensors. The total heat capacities of the cells A

and B were the same within 14%. The total substrates

mass of the cell A was by 6% smaller than that of the

cell B. The total substrates mass of the cell with two

sensors was intermediate. Thus, we suppose that the

total heat capacity of the cell with two sensors was also

intermediate and coincided with the average para-

meter within 7%. For the cells A and B the parameters

2C0, Ch, 2a0/Hf, ah/Hf, and G were measured in the

temperature range 150–350 K in the frequency range

0.02–100 Hz. These parameters were frequency inde-

pendent within 3% accuracy. The results for the cells

at 150 and 300 K are presented in Table 1.

This is only the parameter G, which depends on

ambient gas pressure. But this dependence is very

weak in the pressure range 1–100 Pa. In all measure-

ments the nitrogen gas pressure was ca. 10–100 Pa and

G was varied in the range 1.6–3.6 mW/K, when the

temperature was changed from 150 to 350 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 ther-

mal conductivity. The sample’s parameters, Cs and ls,

can be determined from the measured, C1 and C2,

according to Eqs. (1) and (2). Actually, the amplitudes

T0i ¼ P0=ðoCiÞ and the phase shifts ci ¼ arg(1/Ci)

between the temperature oscillations in the heater and

in the ith sensor are measured by a lock-in amplifier.

Of course, for simultaneous measurements of both T01

and T02, as well as of c1 and c2, two lock-in amplifiers

are required. This requirement is essential, when

irreproducible thermal-history and time dependent

melting-crystallization process are investigated. On

the other hand, when reproducible processes, like

glass transition, are studied, only one lock-in amplifier

can be used for successive measurements of the

temperature oscillations in both sensors.

To focus on complex heat capacity and thermal

conductivity, we consider the frequency domain 0.02–

Table 1

Thermal parameters of two cells, A and B, at temperatures 150 and 300 Ka

Cell Temperature (K) Heat capacity (mJ K�1) a/Hf (s1/2) G (mW K�1)

Two substrates Holder Total Two substrates Holder

A 150 19.5 3.3 22.8 0.082 2.48 1.61

300 52.9 4.4 57.3 0.276 2.40 3.29

B 150 21.0 5.4 26.4 0.078 3.39 1.70

300 55.0 9.0 64.0 0.243 2.87 3.42

a a ¼ kd: the dimensionless parameter characterizing thermal thickness of a layer of thickness d, where k ¼ (oc/l)1/2; G: parameter

characterizing thermal link between the system and thermostat.
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10 Hz appropriate for these measurements with sam-

ple of thickness ca. 0.3 mm.

Finally, the temperature gradient across the sample

can be estimated from the following relation, DTs/

ds ¼ P0/2Sls. The measurements were performed at

the amplitude of the heat-flow rate P0 ¼ 25 mW, ds ca.

0.3 mm, Ss ca. 40 mm2, and ls ca. 0.3 W/K m. Thus,

the temperature difference across the sample, DTs ca.

0.03 K, was not essential.

4. Experimental results and discussion

Next we apply the method to studying glass transi-

tion in glycerol, C3H8O3, which is a liquid with

density ca. 1.26 g/cm3 and molecular weight

M ¼ 92:1 Da. Glycerol is a hydroscopic material

and the samples always contain some amount of

water. The glass transition studies in glycerol samples

with 0.1 and 1% of H2O yielded identical results [23].

Moreover, the study of glass transition in 75% (v/v)

glycerol-water mixture showed that the qualitative

behavior of this transition was the same in the

mixture as in the pure glycerol [27]. As we were

interested in the qualitative features of the glass

transition in glycerol, we were not interested in the

water impurity contamination in the sample studied.

The sample was received from commercial medical

shop and was stored in the closed vessel before

measurements.

A glycerol drop of calibrated volume, ca.

12:0 � 0:5 mm3, was placed between sapphire sub-

strates. The distance between the substrates was fixed

by two fiberglass cylinders of 0:33 � 0:01 mm dia-

meter. Thus, the thickness and the face area of the

sample were equal to 0:33 � 0:01 and 36 � 2 mm2,

respectively. The sample was supercooled below glass

transition with the cooling rate ca. 10 K/min. Then, the

ambient gas was pumped down to 100 Pa. Next, the

heating-cooling cycling of 1 K/min rate were pro-

ceeded at the same pressure in the temperature range

160–220 K.

After the first heating-cooling cycle the results of

C1(T ) and C2(T ) measurements were reproducible and

were the same at cooling and heating, i.e. no hysteresis

was observed. The temperature dependences of the

absolute values C1 and C2, as well as of the phase

shifts c1 ¼ arg(1/C1) and c2 ¼ arg(1/C2), measured

by the sensor 1 and the sensor 2 are shown in Fig. 2(a)

and (b). The experiment was performed at the mod-

ulation frequency f ¼ 0:5 Hz, the heat-flow rate

P0 ¼ 25 mW and the temperature modulation ampli-

tudes ca. 0.3 K in the sensor 1 and ca. 0.1 K in the

sensor 2. To prevent crystallization between measure-

ments the sample was kept below glass transition at

150 K. Well defined glass transition was observed,

when temperature oscillations were measured in both

sensors. The amplitude T01 of the thermal modulation

Fig. 2. Temperature dependences of (a) the effective heat capacity

C1 and the phase shift c1 ¼ arg(1/C1) measured by the sensor 1, as

well as of (b) the effective heat capacity C2 and the phase shift

c2 ¼ arg(1/C2) measured by the sensor 2, for glycerol sample of

0.33 mm thickness and 12 mm3 volume. The experiment was

performed at underlying heating-cooling rate ca. 1 K/min, the

modulation frequency f ¼ 0:5 Hz and the heat-flow rate amplitude

P0 ¼ 25 mW. The amplitude of the temperature oscillations was

ca. 0.3 K in the sensor 1 and ca. 0.1 K in the sensor 2.
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in the first sensor, close to the heater, was ca. three

times larger than T02. Thus, the effective heat capacity

C1 was ca. three times smaller than C2. The steps

in C1(T) and C2(T) were related to the step in Cs(T)

at glass transition. The phase shift c1 in the first

sensor, close to the heater, was positive (because,

c1 ¼ j1 þ p/2). The well defined peak at the glass

transition in c1(T) is related to the peak of Im(Cs(T)).

On the other hand, the phase shift c2 was negative

due to the phase lag of the thermal wave transmi-

tted through the sample. This phase lag was related

to the thermal-thickness parameter of the sample

as, which is proportional to the square root of the

ratio Cs/ls. Thus, the phase shift c2 was more and

more negative with increasing the sample’s heat

capacity and with decreasing the thermal conducti-

vity at heating. The step in the dependence c2(T)

was related to the step in Cs(T). Nevertheless,

this step was shifted with respect to the step in

Cs(T) due to the peak in the temperature dependence

of Im(Cs).

The frequency dependences of the thermal para-

meters, Cs and ls, were measured at different tem-

peratures in the range 160–220 K. Consider these

dependences below glass transition. As shown in

Fig. 3 the experimental data C1(f) and C2(f), as well

as c1(f) and c2(f), at 160K are well described by

Eqs. (1) and (2) with real valued Cs ¼ 14:7 J/K and

ls ¼ 0:32 W/K m in the frequency range 0.04–10 Hz.

These values, Cs(160 K) and ls(160 K), were fre-

quency independent within 7% accuracy. It is note-

worthy, that the error of the cell calibration could lead

to the inaccuracy ca. 7% in the measured frequency

dependences of Cs and ls. Thus, the measured para-

meters were frequency independent within the error of

the experiment at 160 K in the range 0.04–10 Hz.

Analogous results were obtained at the relatively high

temperature 220 K.

In the temperature range 180–205 K and frequency

domain 0.04–10 Hz the heat capacity Cs was complex

and frequency dependent as shown in Fig. 4. These are

the curves, Re(Cs(f)) and Im(Cs(f)), typical for the

relaxation process at a glass transition. The frequency

dependences of Re(Cs) and Im(Cs) were in agreement

with results from heat capacity spectroscopy [8–11]

and dielectric spectroscopy [27–31] of glycerol. The

observed glass transition temperatures, Tg(f) shown in

Fig. 5, were about 5 K below the values reported in

[8–11,28–30]. The glass transition at temperature

Tg(0.5 HzÞ � 195 K measured in [31], for 99.5% pure

glycerol, was close to the results of our experiments

Tg(0.4 HzÞ � 194 K.

Fig. 3. Frequency dependences of measured (crosses) and calculated (line) effective heat capacity C1 and phase shift c1 (dot line), as well as

of C2 and c2 (solid line) for glycerol sample the same as in Fig. 2. The experiment was performed at 160 K and at heat-flow rate amplitude

P0 ¼ 25 mW. The temperature modulation amplitude was ca. 1.5–0.01 K in the sensor 1 and ca. 1.5–0.001 K in the sensor 2, when the

frequency was changed in the range 0.04–10 Hz.
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The strong, ca. 30%, frequency dependence of the

complex heat capacity is shown in Fig. 4. On the other

hand, no considerable Im part of the thermal con-

ductivity was observed. The temperature dependences

of the arguments f and W of the complex heat capacity

Cs exp(�if) and the complex thermal conductivity ls

exp(�iW) at 0.2 Hz are shown in Fig. 6. One can see a

well-defined peak of f(T). On the contrary, no con-

siderable anomaly in W(T) dependence was observed.

The argument of the complex thermal conductivity is

considerably small with respect to that of the complex

heat capacity. The frequency dependence of the ther-

mal conductivity was also below the error of the

experiment. This is the error of the cell calibration,

ca. 7%, which can lead to the same error in the

frequency dependences of Cs and ls. It is noteworthy,

that the error in the sample’s geometrical parameters

can lead only to a shift of the values cs and ls

calculated from the measured parameters Cs and as

without changing the frequency dependences. Thus,

the thermal conductivity of glycerol can be considered

as a real valued and frequency independent parameter

at least within the error of this experiment.

Fig. 4. Frequency dependences of Re(Cs) and Im(Cs) at different

temperatures in the glass transition region measured for the same

glycerol sample as in Fig. 2. The experiments were performed at

the same conditions as in Fig. 3.

Fig. 5. The plot of Im(Cs) vs. T and f for the same conditions as in

Fig. 4. The projections of the maxima of Im(Cs(T)) dependences on

T � f plane show the frequency dependence of the glass transition

temperature Tg(f).

Fig. 6. Temperature dependences of the arguments f and W of the

complex heat capacity Cs exp(�if) and the complex thermal

conductivity ls exp(�iW) of glycerol sample the same as in Fig. 2.

The experiment was performed at the frequency 0.2 Hz, the heat-

flow rate amplitude P0 ¼ 25 mW and the temperature modulation

amplitudes ca. 0.45 K in the sensor 1 and ca. 0.25 K in the sensor 2.
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Next, we consider the temperature dependence

of the thermal conductivity absolute value ls. The

temperature dependences ls(T), as well as Re(cs(T))

and Im(cs(T)), are shown in Fig. 7. Well defined steps

and maxima in Re(cs(T)) and Im(cs(T)), respectively,

were observed at glass transition. These dependences

were in agreement with the results of the heat capacity

measurements presented in [32,33]. The values of the

specific heat capacity below glass transition, ca.

1:25 � 0:1 J/K cm3, and above glass transition, ca.

2:5 � 0:15 J/K cm3, were in agreement within the

experimental error with the values 0.85 J/K g, i.e.

1.1 J/K cm3, and 1.9 J/K g, i.e. 2.4 J/K cm3, presented

in [32], provided the glycerol density was equal to

1.26 g/cm3. The specific heat capacity step at glass

transition, ca. 1:25 � 0:15 J/K cm3, is in agreement

with the results presented in [33] for DCS measure-

ments, 1.02 J/K g, i.e. 1.29 J/K cm3, and for TMDSC

measurements, 0.97 J/K g, i.e. 1.18 J/K cm3.

An artificial peak in ls(T) dependence can be

observed at Tg due to the frequency dependence of

Cs. Such peak was observed for glycerol in [22,23]. As

it was shown in [9,12] the apparent peak in ls(T) was

due to nonzero Im part of Cs which was neglected in

the analysis of the experimental data in [22,23]. This

anomaly disappears, when one takes into account

nonzero Im part of heat capacity. On the other hand,

an artificial anomaly in ls(T) dependence can be

observed due to the cell calibration inaccuracy.

Because, the sample’s heat capacity is extracted

from the measured effective heat capacity by subtract-

ing of the cell heat capacity. Then, the thermal

conductivity is calculated from the extracted Cs and

as according to Eq. (4). As shown in Fig. 7 we did

not find any anomaly and frequency dependence of

the thermal conductivity in glycerol at glass transit-

ion within the error of the experiment. Thermal

conductivity was decreased from 0:32 � 0:02 W/

K m to 0:27 � 0:02 W/K m in the temperature range

160–220 K. These results were in agreement with

ls(T) ca. 0.31–0.30 and 0.37–0.31 W/K m measu-

red in the same temperature range in [23] and [9],

respectively.

Thus, we can conclude that at least within the error

of the experiment the thermal conductivity at glass

transition in glycerol is a real valued parameter in spite

of the strong, ca. 30%, frequency dependence of the

complex heat capacity.

5. Conclusions

The advanced two-channel AC calorimetry, when

working at frequencies above the quasi-static limit,

can be applied for simultaneous measurements of

complex heat capacity and complex thermal conduc-

tivity. Therefore, the complete set of the complex

thermal parameters can be measured in the same

experiment. The mathematical algorithm for such

measurements is developed. This algorithm can be

applied for different materials, when the complex

amplitudes of the temperature modulations are mea-

sured on both sides of the sample. It is noteworthy, that

this method of simultaneous measurements of the

complex heat capacity and the complex thermal con-

ductivity can provide important information not only

at glass transition but also in the melting range of

polymers. The method provides a possibility to answer

the fundamental question about the value of Im part

of the thermal conductivity. It was found, that the

argument of the complex thermal conductivity is

considerably small with respect to that of the complex

heat capacity at glass transition in glycerol. At least

within the error of the experiment the simultaneous

and direct measurements show that the thermal con-

ductivity can be considered as real valued parameter.

Fig. 7. Temperature dependences of Re and Im parts of the specific

heat capacity Cs, as well as of the thermal conductivity absolute

value ls, of the same glycerol sample as in Fig. 2 at 0.04 and 1 Hz.

The temperature modulation amplitudes were ca. 1.5 K in both

sensors at 0.04 Hz, and ca. 0.2 K in the sensor 1 and ca. 0.025 K in

the sensor 2 at 1 Hz.
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In spite of the strong, ca. 30%, frequency dependence

of the complex heat capacity, no frequency depen-

dency of the thermal conductivity was observed.
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