
Introduction

Gobrecht et al. had the original idea to add a tempera-

ture oscillation to the usual temperature program of a

differential scanning calorimeter [1]. Later, Gill et al.

refund this principle now called the temperature mod-

ulated differential scanning calorimetry (TMDSC)

[2]. Now, this differential calorimetric method is used

as often as the classical differential scanning calorim-

etry (DSC). By means of a deconvolution, Gill has

proposed to separate the measured signal into a re-

versing and non-reversing component. After, as in the

well-known 3�-method of Birge and Nagel [3],

Schawe has proposed to separate the two components

of the TMDSC signal in a real and imaginary part for

the measured dynamic heat capacity [4]. This general-

ized calorimetric susceptibility is the consequence of

the slow decay close to equilibrium of internal de-

grees of freedom which cannot instantaneously fol-

low the oscillating temperature rate imposed by the

experimentalist [5]. As shown recently, when an ex-

perimental time constant intervenes in a calorimetric

modulated temperature experiment such as the ac-cal-

orimetry method, then the measured heat capacity be-

comes a dynamic quantity which is also represented

by a complex number [6]. In the present paper, we

call these complex quantities ‘experimental fre-

quency dependent complex heat capacities’ in order

to make a clear distinction between these dynamic

quantities and the usual frequency dependent com-

plex heat capacity that we mostly call generalized ca-

lorimetric susceptibility. The imaginary parts of these

experimental frequency dependent complex heat ca-

pacities are always connected to the net entropy pro-

duced during the experimental time scale like in the

case of the generalized calorimetric susceptibility.

This creation of entropy is always due to a particular

physical irreversible process for which the relaxation

time constant plays a major role.

In this paper, it is proposed to tackle only the

non-equilibrium process due to irreversible heat ex-

changes between the different parts of a usual

TMDSC calorimetric head. It is shown that an experi-

mental frequency dependent complex heat capacity

can be inferred from these heat exchanges. The diffu-

sion of heat within the different parts of the calorime-

ter, due to slow thermal diffusivity or bad thermal

contact as well as relaxation of the heat carriers

within each cell [6] are not considered here. In the

part two, the physical meaning of this experimental

frequency dependent complex heat capacity is dis-

cussed. In the part three, the entropy due to the inter-

nal heat exchanges produced during one period of a

temperature cycle is calculated.

Experimental frequency dependent complex

heat capacity in TMDSC

Notations and assumptions

Let us consider a schematic TMDSC calorimetric head

as depicted in Fig. 1. Two calorimetric cells of same

addenda heat capacity, one for the sample and the other

for the reference are thermally connected to a cell-

holder through two identical heat exchange coeffi-

cients K. The thermal link which connects the two cells

each others is supposed negligible and neglected as

compared to K. Hence, the two cells are thermally iso-
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lated each others. The cell-holder is connected to the

real thermal bath of constant temperature �T
0

via an-

other thermal link K0. This latter thermal link does not

play any role in our calculations because we consider

only the thermodynamic system constituted by the two

calorimetric cells and the cell-holder. The boundary of

the system is represented by an ellipsis in Fig. 1. The

cell-holder is a thermal bath for the temperature of

each cell. Its heat capacity is thus much higher than

that of each cell even when they contain the sample

and the reference. The differential temperature is rep-

resented in Fig. 1 by a thermocouple with two junc-

tions of different metals, but we have to bear in mind

that it could be any thermometric device settled in dif-

ferential way such as a thermopile constituted by many

thermocouples connected in series or by two different

thermometers mounted in opposition in a Wheatstone

bridge, depending on the TMDSC calorimeter. The

thermal power necessary to produce the ramp and the

harmonic oscillation is supplied directly to the cell-

holder. This is represented by an arrow in Fig. 1. If the

thermal power is supplied directly to the cells, then we

are in presence of differential ac-calorimetry experi-

ment. This is the principal difference between the two

methods. The thermal power is generally supplied by a

heater (Joule effect) and the temperature of the cell-

holder (thermal bath) is recorded by a thermometer.

These two sensitive elements are not represented in

Fig. 1. The temperature of the bath can be decomposed

in a dc and an ac component:

T T T
b b

ac
� �

0
(1)

with T T i t
b

ac

b
�

~
exp( ).� The phases of the oscillating

temperatures of the two cells are referenced to the one

of the bath (taken by convention equal to zero). In a

real experiment, the dc or mean temperature T0 is in-

cluded in a servo-system in order to follow a perfect

ramp. In this paper, we consider only the stationary

condition for which T0 is maintained constant in the

course of time. In fact, if we take into account this

ramp the traditional DSC case is refund and it brings us

no new information for our demonstration. In other

words, we have supposed that a perfect ramp regime is

attained and that all our differential equations take into

account only the oscillating parts in reference to this

stationary ramp state. The temperature of the sample is:

T T T
s s

dc

s

ac
� � (2)

with T T i t
s

ac

s s
�

~
exp ( – ).� � The temperature of the

reference is:

T T T
r r

dc

r

ac
� � (3)

with T T i t
r

ac

r r
�

~
exp ( – ).� � As already mentioned in

the introduction, the temperature gradients inside

each component of the system are neglected. Also, the

temperature gradients due to bad thermal contacts be-

tween each element such as thermal interfaces be-

tween the heaters or the thermometers and the differ-

ent elements of the system are neglected. Only

thermal gradients due to the heat exchange coeffi-

cients K are considered. In other words, each cell and

the cell-holder are homogeneous in temperature. Fi-

nally, an important assumption is to consider that the

dc temperature difference or the ac amplitudes of tem-

perature modulations are negligible in relation to the

absolute temperature of each element:

�T T T T
i

dc

i

ac

i

dc
,

~
,��

0
with i=s, r (4)

This last hypothesis allows us to linearize the fu-

ture differential equations. On a non-equilibrium ther-

modynamics point of view, this is the hypothesis of

the linear regime.

TMDSC calorific equations

A thermal power is supplied to the cell-holder in such a

way that its temperature follows a linear ramp plus an

oscillation at a well determined frequency. The cell-

holder constitutes a thermal bath for the temperature of

the cells because its heat capacity is much greater than

those of the cells. In the following we will make no dis-

tinction between the cell-holder and the thermal bath.

The temperature of the two cells obeys to the two fol-

lowing first order differential equations:

C T K T T

C T K T T

s s s b

r r r b

� – ( – )

� – ( – )

�

�

	




�

�
�

(5)

where Cs and Cr are the total heat capacities (addenda

plus sample or reference) of the sample-cell and refer-

ence-cell, respectively. From the initial nota-

tions (1)–(3), these two equations can be both sepa-

rated into dc and ac equations:

586 J. Therm. Anal. Cal., 94, 2008

GARDEN et al.

Fig. 1 A schematic view of a TMDSC calorimetric head is rep-

resented. Two cells of same heat capacities are thermally

connected to a cell-holder by two identical heat ex-

change coefficients. The thermodynamic system that is

considered is only constituted by the two cells and the

cell-holder (thermal bath)



C T K T T

C T K T T

s s

dc

s

dc

0

r r

dc

r

dc

0

� – ( – )

� – ( – )

�

�

	




�

�
�

(6)
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System (6) is just the classical differential equa-

tions of the DSC and as already mentioned it is not con-

sidered in this paper. The authors are aware that it might

be interesting to treat the classical DSC case under the

point of view of non-equilibrium thermodynamics when

irreversible effects take place. For information on such a

treatment [5]. The resolution of (7) in the stationary re-

gime (thus compared to the ramp state) gives:

T

T

T

T

s

ac b

ac

s

r

ac b

ac

r

1 + i

1 + i

�

�

	




�

�

�

�

�

�


�


(8)

with 
s=Cs/K and 
r=Cr/K and the two relaxation time

constants of the temperatures of both cells. This sim-

ply indicates that at zero frequency, the temperatures

of the two cells and the temperature of the bath oscil-

late in phase, and at infinite frequency the tempera-

tures of the cells never oscillate anymore.

Experimental frequency dependent complex heat

capacity

By analogy with the ac-calorimetry method where the

complex heat capacity is defined as the ratio of the os-

cillating thermal power supplied to the sample over

the oscillating temperature rate:

C

P

T

P

i T

*

�

� �
ac

ac

ac

ac
�

(9)

it is also possible to define a complex heat capacity in

TMDSC. We have however to bear in mind that in

TMDSC the oscillating power is supplied onto the ther-

mal bath. Thus, it is the oscillating temperature of the

thermal bath that we have take into account in the ratio.

Consequently, the complex heat capacity is defined as:

C

P

T

P

i T

s

* s

ac

b

ac

s

ac

b

ac
� �

�

�

(10)

for the sample-cell only, and where P
s

ac
is the oscillat-

ing thermal power at the level of the thermal bath

which can be expressed as follow:

P C T C T
s

ac

b b

ac

s s

ac
� �

� � (11)

For the reference cell we have identically:

C

P

T

P

i T

r

* r

ac

b

ac

r

ac

b

ac
� �

�

�

(12)

with:

P C T C T
r

ac

b b

ac

r r

ac
� �

� � (13)

In fact, our reasoning is based on two different ex-

periences, one where only the sample-cell is present

and the other where only the reference-cell is present

as depicted in Fig. 2. The exact result of the TMDSC is

the difference between these two ‘mono-experiments’.

From (8), (10) and (11) we obtain:

C C

C

i

s

*

b

s

s

� �

�1 �


(14)

With the same type of formula for the reference:

C C

C

i

r

*

b

r

r

� �

�1 �


(15)

We can discuss at this point the physical meaning

of (14) or (15). When the thermal frequency of the input

ac power is small as compared to 1/
s (�
s<<1) then the

real heat capacity Cb+Cs of the whole (heat bath plus

sample) is measured. On the opposite, when the inequal-

ity �
s>>1 holds then only the heat bath heat capacity is

measurable. Equation (14) or (15) can be compared by

analogy to the usual equation of the generalized calori-

metric susceptibility [5, 7] where at low frequency all

the internal degrees of freedom participate to the heat

capacity measurement, and at high frequency only the

fast degrees of freedom (phonon bath) are measured, the

other slow modes being frozen-in. By making the differ-

ence between (14) and (15) the differential temperature

measurement provides directly:
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Fig. 2 In order to consider the differential measurement under

a non-equilibrium thermodynamics point of view, the

TMDSC experiment is seen as a difference between

two single experiments, one with the sample-cell and

the cell-holder and the other with the reference cell and

the cell-holder



�C

C

i

C
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*
–�

� �

s

s

r

r
1 1�
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(16)

which is the expression of the experimental differential

frequency dependent complex heat capacity in TMDSC

where only internal oscillating irreversible exchanges of

heat have been considered. Obviously, we could have

considered other irreversible effects such as heat diffu-

sion within the different media and particularly relax-

ation of some slow internal degrees of freedom. This lat-

ter effect modifies directly the heat capacity Cs at the

numerator of (16) following the usual definition of the

generalized calorimetric susceptibility.

Entropy production in TMDSC

In Fig. 1, the total variation of entropy involved in the

entire differential system delimited by the ellipsis is:

d
tot

s

s

r

r

b

b

S

Q

T

Q

T

Q

T

� � �

� � �

(17)

The �Q
i

(i=s,r,b) are the heat exchanges (to or

from) the three different bodies of the differential calo-

rimetric head. In this system, d d
s

i

s
Q Q� and

d d
r

i

r
Q Q� meaning that heat exchanges at the level of

the sample or the reference are only internal ex-

changes. We have also the evident two following equa-

tions: d d
i

s

i

b / s
Q Q� � 0 and d d

i

r

i

b / r
Q Q� � 0 which

means that heat exchanges at the level of the sample

and the reference compulsorily come from the heat

bath (which is as mentioned in the forgoing one of the

principal feature of the TMDSC). At the level of the

bath, we have: dQ
b
=d d d

i

b/ s

i

b / r

e

b
Q Q Q� � where there

is an external contribution coming from the surround-

ings. This external contribution is the quantity of heat

supplied at the level of the bath via a heater in order to

produce a linear ramp and an oscillating temperature at

the level of the sample-cell and the reference-cell.

With these different equations and notations the total

entropy variation of the system is written:

d
d d d d d

tot

i

s

s

i

r

r

i

b / s

b

i

b / r

b

e

b

b

S

Q

T

Q

T

Q

T

Q

T

Q

T

� � � � � (18)

which can be separated into an internal and an exter-

nal contributions. The internal contribution is explic-

itly written:

d d d
i i

s

s b

i

r

r b

S Q

T T

Q

T T

�

�

�

�

�

�

�
�

�

�

�

�

�

�

1 1 1 1
– – (19)

where we recognize the internal production of en-

tropy written as a product of a thermodynamic force

(difference of the inverse of the temperatures) with a

thermodynamic flux (heat flux if we take the time de-

rivative) as it is well-known in non-equilibrium

thermodynamics. We might notice at this level the

following remark: since in TMDSC the measurement

is differential (the temperature difference between the

sample-cell and the reference-cell is directly mea-

sured) then the differential heat capacity (Eq. (16)) is

directly obtained. Thus, in order to establish a possi-

ble comparison between the imaginary part of the dif-

ferential complex heat capacity and the entropy pro-

duction in TMDSC, it is necessary to consider the

differential entropy production. Consequently, the

amount of heat exchanged between the sample-cell

and the bath should be considered with an opposite

sign as compared to the amount of heat exchanged be-

tween the reference-cell and the bath (or vice-versa).

The differential internal entropy production in

TMDSC is thus written:

d d d
i i

s

s b

i

r

r b

S Q

T T

Q

T T

�

�

�

�

�

�

�

�

�

�

�

�

�

1 1 1 1
– – – (20)

Thanks to the assumption made in ‘Introduction’

where it has been considered that the temperature dif-

ferences are not too high as compared to the absolute

temperatures, this last expression can be linearized.

For example, we have:

1 1

2
T T

T T T

T
s b

s

dc

s

ac

b

ac

0

– –
–

( )

�

��

�

�

�

�

�

�

(21)

where we have written �T T T
s

dc

s

dc
� – .

0
A similar ex-

pression is obtained for the reference. We can easily

separate the dc and the ac contributions, but as already

mentioned only the ac contributions are considered.

Consequently, the ac contribution of the instantaneous

differential entropy production is written as follows:

�
i

ac i

i
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ac

b
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i
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ac
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�
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�

�

�
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(22)

The expressions of the ac heat flux induced by

the difference of the inverse of the temperatures in

TMDSC are simply given by (7) which is rewritten

here for the sake of clarity:

d

d

d

d

i

s

s

ac

b

ac

i

r

r

ac

b

ac

Q

t

K T T

Q

t

K T T

�

�

	




�
�

�

�

�

– ( – )

– ( – )

(23)

They are simply the ac heat fluxes passing across

the two identical heat exchange coefficient K. Ac-

cordingly, the instantaneous differential ac entropy

production is:
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ac
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2
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2

2
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(24)

It may be pointed out that this equation repre-

sents the difference of two entropies but taken at a

second order with respect to the relative temperature

difference. The entropy production is always a second

order property in relation with the force or the flux

and consequently in the linear regime close to equilib-

rium it represents always a small quantity. It can be

also noticed that if there is no thermal event in the

sample-cell, thus inevitably T T
s

ac

r

ac
� and the differ-

ential entropy production due to the oscillating parts

of the temperature is equal to zero. At contrary, if

there is a thermal event in the sample-cell during the

process inducing a heat capacity change, the instanta-

neous differential entropy production becomes differ-

ent from zero. In this case, if we take the integral of

this last expression over one period of the temperature

cycle, the following expression is finally obtained:

� �
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 �
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ac b
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�
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T
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2

2 2

1

1

1

1
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where the two relaxation time constants appear. Now,

knowing that the expression (16) obtained for the dif-

ferential frequency dependent complex heat capacity

can be also written as follows:

� � �C

K

i i i

C i C
*

– – –�

� �

�

�

�
�
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�

 
 
� � ��

� �
 �


1

1

1

1
s r

(26)

with

� �� �

� �
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�
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then, the well-known following relationship is obtained:

� �
i

ac b
�

�

�
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�
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T

C

0

2
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Thus, when considering only the irreversible effect

due to heat exchanges inside the different parts of the

calorimetric head, a comparison is possible between the

TMDSC and the ac-calorimetry [6]. The principal dif-

ference is that in the ac-calorimetry case, it is the ampli-

tude of the temperature oscillation of the sample which

appears directly in the relationship although in the

TMDSC case it is the amplitude of the oscillation of the

bath. This difference obviously comes from the fact that

the perturbing thermal power is supplied to different

levels in the two calorimetric methods.

Conclusions

In this paper, considering only the non-equilibrium

effect due to irreversible internal heat exchanges in-

side a TMDSC calorimetric head, it is possible to ob-

tain the following features:

• Considering only the oscillating part of the differ-

ential temperature, an experimental frequency de-

pendent complex heat capacity can be defined.

This dynamic heat capacity has in fact the same ex-

pression than the usual one where the slow internal

modes within a sample are taken into account. Ob-

viously, in the two cases the physical meaning of

these complex quantities is different. In the present

case, the fact that the measured heat capacity is

complex signifies that depending on the value of

the thermal frequency, the heat capacity of the sam-

ple must be recorded or not. At sufficient low fre-

quency the differential heat capacity between the

sample and the reference can be recorded. This fact

is well-known by all specialists of TMDSC. At

high frequency, the differential signal gives a dif-

ferential heat capacity equal to zero.

• The net entropy created during one period of the

temperature cycle can be calculated in a differential

mode (difference of the entropy produced by heat

exchanges between the sample-cell and the

cell-holder and the reference-cell and the cell-

holder, respectively).

• A clear relationship between this entropy variation

and the imaginary part of the experimental fre-

quency dependent differential complex heat capac-

ity has been established. This relationship means

that the imaginary part of �C* is linked to an

amount of heat which is not involved in the

TMDSC differential heat capacity measurement.

The higher the frequency, the greater the quantity

of heat irreversibly lost for the measurement during

one cycle. Let bear in mind that it is exactly the op-

posite case in ac-calorimetry for which the lower

the frequency, the greater this quantity of heat lost

via the heat leak (non-adiabaticity).

Knowing exactly the expression of this experi-

mental frequency dependent complex heat capacity, it

is now possible to take into account this unwanted

complex effect in order to extract the real and imagi-

nary parts of the dynamic heat capacity as required by

Schawe when the kinetic of some internal degree of

freedom plays a role [4]. Hence, under this point of

view, it is possible to enlarge the thermal frequency

range in TMDSC up to higher frequencies. However,

we must remember that there exists an other irrevers-

ible effect which might perturb in a similar way the

TMDSC measurement at high frequency. Indeed, bad

thermal contact between the sample or reference and
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the cells or bad thermal contact between sensitive ele-

ments (thermometers and heaters) and each cell, or low

intrinsic thermal diffusivity of the studied samples, can

be limiting factors for the extraction of the physical

property of the generalized calorimetric susceptibility.
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