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Abstract

This paper describes a modulated scanning calorimeter for studying, both in the isothermal and in the temperature scanning

mode, liquids and solids that are chemically stable or undergoing structural transformations. The calorimeter concurrently

measures, at a temperature modulation frequency, the complex heat capacity C�p and the enthalpy change during chemical

reactions or phase transitions. The time and temperature variation of the real and the imaginary parts of C�p provide

information on the molecular relaxation processes and the mutual in¯uence between structure and dynamics in highly viscous

samples as well as the glass transition. The principles and main features of the instrument and a set of experimental tests

performed are described and accuracy, sensitivity, temporal stability and reproducibility of the data are given. # 1998 Elsevier

Science B.V.
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1. Introduction

The frequency-dependent heat capacity is being

measured for several decades, but a study by Birge

and Nagel [1] gave the technique a stimulus for further

development and wider application. These applica-

tions not only include the investigations of slow

molecular dynamics, mainly con®gurational, but also

the glass>liquid transition, owing to its dynamic

nature.

The quantity to be measured in these systems is

analogous to a complex susceptibility. It relates the

heat supplied to the temperature of the sample, in close

analogy with the dielectric susceptibility which relates

the electric ®eld to polarisation. In this sense, fre-

quency domain calorimetry (FDC) results are com-

plementary to dielectrometry [2], although the

relaxation processes probed in the two techniques

differ: the dipole rotational relaxation is observed

by dielectrometry, while all the hydrodynamic pro-

cesses active in the sample (the rotational one

included) are observed by FDC.

A variety of commercial devices have now become

available; their functions and applications have been

reviewed recently and bene®ts and problems related to

their use given [3±5]. Before the availability of such

equipment, a technique and an instrument was devel-

oped for measuring the average heat capacity of a

material during the course of its chemical reactions

and phase transformations. They were applied to the

study of polymerisation kinetics [6,7]. More recently,
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the technique was used to study the complex heat

capacity C�p and, through it, the nature of the changing

of molecular dynamics in an isothermal condition [8].

This was an advance over the Birge and Nagel method

[1], which is unsuitable for polymer studies.

As part of continuing attempts at measuring ther-

modynamic and molecular dynamic behaviours of

materials undergoing a chemical and physical trans-

formation, a simultaneous impedance and thermal

analyser (SITA) was developed, which was used for

correlating the thermodynamics of transformation

with dielectric relaxation and dc conductivity [9]. In

this paper, a further advance on the earlier instrumen-

tation is reported [8]. This allows the determination of

not only the complex C�p, in both isothermal and

temperature scanning mode, but also the enthalpy,

�H, of the chemical and physical transformations

occurring over time scales of several days as required

for studies on biopolymers.

The paper is organised as follows:

(i) the description of the calorimeter;

(ii) the operational principle, the theory and the

procedure for calculating real and imaginary parts

of C�p and �H;

(iii) the experiments performed to obtain the

accuracy, sensitivity and the time stability of the

instrument; and

(iv) results of several studies.

2. Experimental details

2.1. The calorimetric cell

Modulated scanning calorimeter, MSC, is a mod-

i®cation of an isothermally operating instrument

developed for the simultaneous measurements of C�p
and �H of materials undergoing chemico-physical

transformations [10]. The calorimetric head of that

instrument has been retained, while the calorimetric

cells and their operation have been modi®ed.

In Fig. 1, the vertical section of the sample cell and

the walls of the cylindrical hole, drilled in the calori-

metric head, in which the cell is located, are shown.

The walls are at the temperature TB of the calorimetric

head, which acts as the thermal bath for the heat ¯ow

from the cell. Two wires were uniformly wound on the

surface of the ®nal part (l�100 mm) of a stainless-

steel capillary tube (L�400 mm; o.d.�5 mm;

i.d.�4.6 mm) which constitutes the cell: one is a

heater made with manganin wire and the others are

two sensors made with type 99 nickel alloy wires

(o.d.�0.05 mm) of high temperature coef®cient, pro-

duced by Driver-Harris. A second sensor was wound

in such way as to exclude the top and the bottom of the

cell (see Fig. 1, part a), where most of the axial

temperature gradients are localised. The sample was

positioned in the corresponding region of the cell, so

the sensor gives the mean temperature value of the

sample. The sample container is a Pyrex precision

capillary tube (o.d.�2.2 mm; i.d.�1.6 mm;

l�130 mm), which, in a typical experiment, is

weighed, ®lled with the sample, sealed by ¯ame,

weighed again and then positioned on the axis of

the cell by a holder. The sample holder was made

with a stainless-steel capillary tube, suf®ciently long

to obtain both, a low thermal coupling and easy access

to the sample from outside. The reference cell is

identical to the sample cell, except for a second

Fig. 1. The schematic vertical section of the sample cell: 1, Pyrex

capillary tube; 2, sample; 3, mercury; 4, stainless-steel tube; 5,

massive aluminium walls; 6, Teflon plug (a second plug is on the

top of the cell); a, b, c , the absolute temperature sensor, the

differential temperature sensor and the heater, respectively.
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manganin wire heater, which was wound in the same

place as the outer sensor of the sample cell (see

Fig. 1). The cells were ®lled, up to the heater height,

with mercury to obtain a good thermal coupling

among heater and sensor wires and the sample. In

these conditions, the heat-diffusion characteristic time

inside the cell was only a few seconds, while the

characteristic time between the cell and the thermal

bath was ca. 200 s. Convection currents around the

cell walls were prevented owing to the small radial

distance from the thermal bath (<2 mm). Safety pro-

blems, relating to the use of mercury, have been solved

with the use of long cells of small diameter, sealed

with two Te¯on caps which also support the sample

holder on the axis of the cell: one near the free surface

of mercury, the other at the top of the cell. The sample

must be introduced when the cell is at room tempera-

ture, that is when the mercury vapour pressure is

ca. 10ÿ6 bar.

The use of anti-adhesive products prevents the

formation of small spheres of mercury on the surface

of the glass capillary tubes containing the sample,

hence reducing the risk of mercury dispersion in the

laboratory.

2.2. Experimental setup

Fig. 2 shows the block-diagram of the experimental

setup of the calorimeter, obtained by assembling

commercial instruments of general use in research

laboratories. To scan and modulate the sample tem-

perature, the software LabVIEW by National Instru-

ments was installed and a suitable program created. It

changes the temperature set point according to the

program, compares the real temperature of the sample

with the set point value and, through the proportional,

integral and derivative (PID) actions of a control

procedure, changes the power supplied to the cell

heater to track the programmed temperature pro®le.

The reference cell heater was electrically connected in

parallel to the sample cell heater to minimise the effect

of the programmable power supply (PPS1) instability,

and to obtain its temperature evolution such as the one

for the sample cell. The sample temperature, TS, is

calculated from the value of the outer sensor resis-

tance, which is measured with a programmable multi-

meter HP Model 34401A.

A cold source on the cells was not foreseen, so it is

impossible to scan the cell temperature below that of

Fig. 2. The block-diagram of the calorimeter: S, the sample cell; R, the reference cell; PC, IBM 486 personal computer; WB, Wheatstone

bridge; PPS1, PPS2, PPS3, programmable power suppliers; and Multimeter, HP 34401A or an equivalent one. The lock-in amplifier may be

the Stanford SR510 or SR830 or an equivalent one The cooling flow is maintained at 253�0.5 K.
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the bath, and to modulate it. The modulation facility

can be gained by setting TS a few degrees above the

bath temperature TB (typically TS�TB�10 K). If the

two twin-cells contain equal and empty glass capillary

tubes, during the temperature scanning the reference

cell temperature, TR, would remain equal to TS. When

one tube is ®lled with the sample material and if

exothermic or endothermic processes occur in it,

the enthalpy release rate, dH/dt, is a power which

adds to the power supplied to the sample cell to attain

the programmed temperature. Consequently, the PID

controller reduces the power by the same amount,

hence reducing the temperature of the reference cell.

In this way, thermal events occurring in the sample cell

are re¯ected on the reference cell temperature.

To maintain TR equal to TS, a second PID control

procedure, included in the software, drives the PPS2

which feeds with a power, PR(t), the second heater of

the reference cell to nullify the output of the Wheat-

stone bridge, WB, as seen in Fig. 2. The sensor of the

sample cell (see in Fig. 1) and the corresponding one

of the reference cell are connected to WB, which also

includes two equal low-temperature coef®cient resis-

tors. It is fed with the output signal of the internal

oscillator of the lock-in ampli®er, which operates in

the internal mode and at the frequency of 87 Hz to

measure, with high sensitivity, the WB voltage output.

The power PR(t) contains all information necessary

to characterise the sample thermodynamically.

Indeed, PR(t), for ®xed values of the modulation

amplitude and frequency, depends on: the complex

heat capacity of the sample, the enthalpy release and

the temperature scan rate. The sensitivity of the

calorimeter is related to the sensitivity of the lock-

in ampli®er, and can be increased by increasing the

temperature modulation amplitude. The PC software

also stores the data of interest: the sample temperature,

the TRÿTS value, i.e. the lock-in ampli®er output, and

PR(t). The analysis program uses these data to calcu-

late the absolute values of the change in enthalpy and

the real and imaginary parts of the complex heat

capacity of the sample.

3. Theory and measurement principle

3.1. The heat flow equations

The heat ¯ow from the calorimetric cell in Fig. 1

can be analytically described by a set of differential

equations [11], under the assumption of a cylindrical

symmetry and of negligible axial heat exchange from

the cell for which the length-to-diameter ratio is �20.

As the heat diffusion inside the cell occurs over a very

small time compared with the modulation period, the

temperature TS of the cell is, to a good approximation,

equal to the temperature of the sample. In these

experimental conditions and until the above assump-

tions are veri®ed, the heat balance equation of the cell

is,
dHx�t; TS�=dt � CSdTS=dt � KS�TS; TB�
� PS�t; TS� (1)

where the ®rst term of the left-hand side is the

enthalpy-change rate, also containing the contribu-

tions coming from the physico-chemical processes

occurring in the sample, CS the heat capacity of the

empty cell, the power ¯ow, KS , from the cell being an

instrumental function depending on the geometry and

the materials of the calorimetric head, and PS(t) the

power supplied to the cell heater.

The corresponding equation for the empty reference

cell is,

CRdTR=dt � KR�TR; TB� � PR�t; TR�
� PB�t; TR� (2)

PB(t, TS) is the power supplied to the reference cell

throughout the second independent heater.

The measuring procedure is based on the attainment

of the following conditions:

CS � CR; KS � KR (3a)

PS�t� � PR�t� (3b)

TR�t� ÿ TS�t� � � (3c)

TS�t� � T1 � �t � Tm cos!t (3d)

where � is a constant, T1 the initial temperature, � the

temperature scanning rate, and Tm the temperature

modulation amplitude.

The ®rst condition is achieved by building two twin-

cells, positioned on the axis of two identical cylind-

rical holes, drilled in the massive calorimeter head.

When operating in the differential operation mode, the

twin-cells condition allows us to subtract from the

calorimeter signal all the spurious contributions,

affecting both the sample and the reference cell. In

this way, the signal-to-noise ratio is highly increased.

The differential condition is obtained by connecting
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the thermal resistors (the sensors) of the two cells in a

Wheatstone bridge. The off-balance �Vof the bridge is

related to the temperature difference between the two

cells, �T, by the equation

�V=V � S�TS��T (4)

where V is voltage signal applied to the bridge, and

S(TS) a function including the thermal coef®cient of

the sensors, which is either known or calculated after a

suitable calibration procedure. When no power is

supplied to the cell heaters, TS�TR�TB, that is

�T�0. If �V 6�0, it can be set at zero by activating a

small variable resistor, connected in one of the arms in

order to balance the bridge. One would expect �V�0,

also when the same power was supplied to the two

cells. In practice, the �V signal is very small, owing to

small unavoidable differences between the cells and

the heat exchange coef®cients.

To achieve condition (3c) it is suf®cient to induce an

offset, �V0, by activating the balance resistor, so that

�V0 � VS�TS�� (5)

and to turn on the PID control procedure, which

regulates the power, PB, supplied to the second inde-

pendent heater of the reference cell. If the PID setting

point is �V�0, the controller increases the power until

the balance of the WB is again attained.

The last condition is achieved by the PID controller

acting on the power supplied to the cells electrically in

parallel to accomplish condition (3b). If the PID set

point is changed following the function in (3d), the

sample cell temperature, measured by the outer sensor

(see Fig. 1), tracks the desired temperature pro®le,

while the reference cell temperature changes at the

same rate, maintaining itself at � above the sample

temperature.

In an ideal instrument, when the sample cell is

empty and the quantities in (3a) are temperature

independent, PB(t,TS) would be equal to the constant

value, P0, necessary to maintain the � difference. In

practice P0(t,TS) is stored as a function of time and

temperature, which represents the operative baseline

of the calorimeter.

In summary, the calorimeter measures the power,

PB(t,TS), necessary to maintain the reference cell at �
degrees above the sample cell, while it follows the

programmed temperature pro®le TS(t). A preliminary

run, with the empty sample cell, gives P0(t,TS). These

two functions contain all the information necessary to

characterise the sample, as can be easily seen by

subtracting Eq. (2) from Eq. (1), which yields,

PB�t; TS� ÿ P0�t; TS� � ÿdH�t; TS�=dt (6)

Data analysis gives the in-phase and the out-of-

phase components of the signal, at the modulation

frequency, !, during the experimental run. These

components assume different meanings, according

to the processes occurring in the sample. The typical

cases are:

(i) A glass transition occurs in the sample. The

enthalpy change rate reflects the structural relaxa-

tion processes and the two components give the

real and the imaginary parts of the complex heat

capacity, related by the Kronig±Kramers equations

[12];

(ii) The sample structure changes in time and/or

owing to the temperature change, but the thermo-

dynamic equilibrium at the modulation frequency

is maintained. The out-of-phase component is

always equal to zero and the in-phase component

gives the heat capacity as a function of the sample

structure; and

(iii) The sample undergoes a first-order phase

transition; it is at a thermodynamic equilibrium and

the temperature modulation affects the transition

kinetics. The result is the appearance of an out-of-

phase component, while the in-phase component

maintains the usual meaning. The modulated

calorimetry data contains also information on the

kinetics of the process occurring in the sample if a

theory of the process is available [13±15].

3.2. Signal processing

Recently, with the increasing interest in modulated

calorimetry, many theoretical models for analysing the

experimental curves have been developed and pub-

lished [16,17]. The mathematical model of the calori-

metry described in this paper is based on the

possibility of describing, to a very good approxima-

tion, the heat ¯ow from the cell owing to its cylindrical

symmetry and the features reported here, which were

previously patented [18,19].

Let us now consider Eq. (6) and the temperature

pro®le in Eq. (3d) in order to relate the measured
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PB(t,TS) to the thermodynamic quantities. If a sinu-

soidal modulation, �T�Tm cos !t, is imposed on the

sample and a linear response behaviour is assumed,

the sample enthalpy change oscillates at the same

frequency !, but with a phase difference � relative

to the temperature, that is

�H � Hmcos �!t � �� (7)

�H can be split in two oscillating terms: one in-phase

and the other out-of-phase with the temperature

�H � C0xTmcos!t � C00x Tmsin!t (8)

where C0x � Hmcos�=Tm and, C00x � Hmsin�=Tm

The rate of enthalpy variation due to the modulation

of temperature can be derived from Eq. (8).

dH=dt � ÿ!C0xTmsin!t � !C00x Tmcos!t (9)

The contribution from the slow linear change of the

temperature is given by the well-known relation

applied in scanning calorimetry

dH=dt � Cx� (10)

where Cx is the equilibrium heat capacity of the

sample; it is equal to C0x when the sample is in

thermodynamic equilibrium at the modulation fre-

quency.

When the temperature variation (see Eq. (3d)) is

suf®ciently slow, the endo/exothermic contributions to

the rate of enthalpy change, due to chemical or

physical processes occurring in the sample, are, to a

good approximation, only time-dependent, that is

dH=dt � @H=@t (11)

Summing all the contributions in Eqs. (9)±(11), one

obtains the total enthalpy variation rate, and Eq. (6)

becomes

PB�t; TS� ÿ P0�t; TS� � ÿ@H=@t ÿ Cx�

� !C0xTmsin �!t� ÿ !C00x Tmcos �!t� (12)

From the analysis of the power difference supplied

in the time interval n�<t<(n�1)� in terms of the

discrete Fourier transform at the frequency !, with

the following assumptions: (i) the enthalpy release

rate @H/@t is, according to a Taylor expansion, limited

to the ®rst-order term; and (ii) the heat capacity

components are time-invariant during � , one obtains

Px�t; TS� ÿ P0�t; TS� � Pn � P0cos �!t�
� P00sin �!t� (13)

where Pn is the average power value, P0 and P00 are the

in-phase and out-of-phase components, respectively.

From Eqs. (12) and (13), the following relations for

the measured thermodynamic quantities of interest are

deduced:

�@H=@t � Cx��t�n� � ÿPn (14a)

C0x�!; t � n�� � 1

!Tm

�P00n ÿ �Pn�1 ÿ Pn�=��
(14b)

C00x �!; t � n�� � ÿ P0n
!Tm

(14c)

In principle, these relations should give the absolute

values of C0x, C00x and @H/@t. In practice, a few instru-

mental spurious effects must be taken into account.

The more important ones are:

(i) the time delay introduced by the PID con-

trollers;

(ii) the time delay due to the diffusion of heat from

the heaters to the sample; and

(iii) the temperature gradients along the sample

cell.

It has been verified that, in order to remove these

effects, it is sufficient to introduce a scaling factor and

a phase shift in the measured PB(t,TS). Alternatively,

one can utilise a reference material, whose heat capa-

city is known in the temperature interval of interest, to

determine the instrumental function.

In conclusion, to obtain the absolute value of the

heat capacity in an easy and reliable way, two pre-

liminary runs are necessary: the ®rst without the

sample, the second with a reference material.

4. Chemicals

The experimental samples were prepared with com-

mercial products utilised without further puri®cation.

The nominal purity and the producer of each substance

were: diglycidyl ether of bisphenol-A (DGEBA) ±

purity unknown, obtained as EPON 828EL from Shell

Company; dodecane ± 99%, from Fluka; cyclohexy-

lamine ± 99%, from Aldrich; ethylene glycol ± 99%,

from Baker; glycerol ± anhydrous 99.5%, from Fluka;

mercury ± 99.5%, from Carlo Erba; and water ±

bidistilled, from Angelini.
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5. Instrument tests

The differential operation mode and the adopted

measuring procedure allow the absolute value of

C0p�!�, C00p�!� and @H/@t of a sample to be calculated,

from Eqs. (14a),(14b) and (14c). To put the calori-

meter to test, the following were measured:

(i) the calorimeter base-line stability, with the two

cells containing empty capillaries;

(ii) C0p�!� and C00p�!� of few materials at 298.1 K;

and

(iii) the C0p�!� and C00p�!� against the temperature

of mercury and dodecane between 298 and 383 K,

using ethylene glycol as the reference material.

The results of the tests (i) and (iii) are shown in Fig. 3

and 4, respectively.

The base-line stability for C0p�!; T� and C00p�!; T�
was high, while for @H/@t the stability was limited by

the slow oscillations of the room temperature, which

affect the lock-in ampli®er and the WB.

For validation, the measured C0p�!; T� values must

be in good agreement with the data from standard

calorimetric methods, while C00p�!; T� must be zero,

these materials being in thermodynamic equilibrium

at the temperatures and frequency of the experiments.

These features, particularly C00p�!; T� � 0, were dif®-

cult to attain, until recently, with commercial calori-

meters and this quantity is generally not reported in

published papers [21]. The measured molar heat

capacity of water, dodecane, mercury and glycerol

at 298.1 K agreed within 1% with the values reported

in literature [22±25]; the same agreement was

obtained for the molar heat capacity of mercury

against temperature, while the comparison was not

possible for dodecane since the corresponding data

was not found in literature. So the heat capacity values

of dodecane between 298 and 383 K reported here,

represent the ®rst experimental determination rather

than a test. The values of C00p�!; T� are affected by a

systematic error due to the ®nite thermal conductivity

of the sample, which introduces a time delay in the

measured power. Anyway, the effect is small and

within �0.008 J/K.

To evaluate the sensitivity and the accuracy of the

calorimeter, the statistical nature of the data set,

collected at a rate of !/2� points per second, must

be considered. The true value of the measured quantity

is the mean, and the standard deviation of the mean is

seen as the precision of the measurement. Precision is

generally an upper limit to accuracy owing to possible

systematic errors. Sensitivity, as the capability of the

calorimeter to observe the minimum change of the

measured quantity, as well as time stability are impor-

tant in applications concerning slow processes such as

the physical ageing of the amorphous solids.

In this instrument, the sensitivities of C0p and C00p
measurements were limited by the temporal stability,

i.e. by the residual slow oscillations of the data

smoothing curve, as for example around the ideal

horizontal straight line, expected when the sample

Fig. 3. Plots of C0p, C00p and @H/@t vs. time, to test the stability and

sensitivity: the sample cell was empty and the fluctuation of the

room temperature over 24 h was within �2 K.

Fig. 4. Plots of C0p and C00p vs. temperature of mercury and

dodecane: the reference material was ethylene glycol [20]; mercury

data from Ref. [24] have been fitted to the straight line drawn on

our experimental points. The measured C0p values of dodecane from

293 to 370 K have been fitted to the equation: C0p�T� � 394:74ÿ
0:62134T � 0:001854T2.
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is chemically stable and the measurement is per-

formed at constant temperature (see Fig. 3). This

accuracy is related to the accuracy of the measured

PB(t,TS). The accuracy of @H/@t values was strongly

limited by the long-period instability of the lock-in

ampli®er and of the WB, due to the day- and-night

oscillation of room temperature. Consequently, the

accuracy and sensitivity depend on the measurement

duration.

To test the data reproducibility, four independent

measurements were performed with different samples

of mercury during a time period of four months, while

changing the modulation frequency and/or the mod-

ulation amplitude. The scattering of the data around

the mean value was within �0.003 J/K.

The main features of the calorimeter are the follow-

ing:

(a) base-line stability (per day and per K of

room temperature variation) vs. time and at

constant sample temperature: @H/@t�50 mW;
C0p�!� � 0:002 J/K; C00p�!� � 0:002 J/K;
(b) accuracy: @H/@t�50 mW; C0p�!� � 0:001 J/K;
C00p�!� � 0:001 J/K; TS�0.1 K;
(c) sensitivity: @H/@t�1 mW; C0p�!� � 0:0002 J/K;
C00x �!� � 0:0002 J/K; TS�0.0003 K; these values
are the average of 100 data points stored in one
modulation period.
(d) temperature gradients in the sample (with

TSÿTB�100 K): 0.1 K.

The gradients are localised at the ends of the sample;

their values decrease about linearly with TSÿTB value.

6. Calorimetric performance

To outline the performance of the calorimeter, we

studied the curing process of a thermosetting polymer

DGEBA�cyclohexylammine (1 : 1 in moles) at

298.1 K, up to the sample vitri®cation. After vitri®ca-

tion, the chemical reaction rate in the sample practi-

cally reduces to zero under diffusion control;

increasing the sample temperature increases the sam-

ple dynamics and glass-softening occurs. In these

conditions, the chemical reaction starts again and

new bonds are created, producing an effect on the

sample dynamics, which is competitive with the tem-

perature increase. Anyway, if the upper temperature

attained during the scanning run is suf®ciently high,

the sample remains in the supercooled liquid state

(relative to the measuring frequency). During a suf®-

ciently long storage at that temperature, the chemical

reactions stop under mass control. When the tempera-

ture is scanned downwards, the sample dynamics is

increasingly slowed, until the characteristic relaxation

times of the internal modes again become comparable

to the modulation period. The sample undergoes the

temperature-induced glass transition as displayed by

the sigmoidal shape of C0p curve and the corresponding

peak in the C00p curve. At the end of the run, the sample

attains the initial curing temperature, but it is now

chemically stable and the occurrence of physical

ageing changes its structure in the time scale of the

sample dynamics at the storage temperature.

The vitri®cation at constant temperature, glass-soft-

ening, increase in the structure complexity until a new

glass transition occurs, owing to the increase of the

number of bonds on heating, and the glass transition

Fig. 5. The C0p, C00p and @H/@t of DGBA�cyclohexylamine (1 : 1 in

moles) at 298.1 K: t* marks mixture vitrification at the modulation

frequency of 5 mHz.
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on cooling, as re¯ected on C0p, C00p and @H/@t curves,

are shown in Fig. 5 and 6. Subtle effects associated

with the enthalpy recovery have also been detected by

this calorimetry, but excluded from this paper in the

interest of its limited scope. An application of modu-

lated scanning calorimetry to the study of the cure,

vitri®cation and devitri®cation of thermosetting sys-

tems has been recently published [26]. The reported

results are qualitatively comparable with those in

Fig. 6, even if the imaginary part of the heat capacity

was not measured. It is necessary to stress that the

identi®cation of the vitri®cation and the glass transi-

tion is reliable only in presence of the simultaneous

occurrence of the peak in C00p curve and the sigmoidal

shape of the C0p curve. Moreover, C00p vs. C0p data can be

analysed to obtain quantitative information about the

relaxation process [1,7]. The relevance of a simulta-

neous measurement of C0p, C00p and @H/@t has also been

proved in the characterisation of diepoxide-diamine

compositions which show a two-stage-network

growth [27].

7. Conclusions

The aim of this paper was to report the detailed

description of a modulated scanning calorimeter,

based on an original design of the calorimetric cell,

and its performances. The tests performed on liquid

samples have shown high sensitivity, good accuracy

and the ease of the procedure for the absolute mea-

surement, both in isothermal mode and in the tem-

perature scanning mode. This calorimeter is a further

instrumental solution for modulated calorimetry,

allowing the simultaneous measurement of

C0p�!; T�, C00p�!; T� and @H/@t with high sensitivity

and accuracy. An important feature is its adaptability

to match the requirements of an experiment, it being

possible to change widely the cell dimensions (only

the length/diameter ratio must be maintained) and the

sample conditions in the cell (pressure, humidity,

possibility of photo-activation, etc.). To show the

quality of the calorimetric data, the characterisation

of a sample undergoing structural transformations,

due to polymerisation and dynamic processes as vitri-

®cation and glass transition, is also reported.
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