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Abstract

The steady state of temperature modulated power compensation DSC has been theoretically
investigated for measurements of complex heat capacity, taking accounts of heat capacitics of heat
paths, heat loss to the environment, and mutual heat exchange between the sample and the refer-
cnce material, Thermal contact hetween the sample cell and the cell holder is also taken into ac-
counts. Rigorous and general solutions arc obtained. From these solutions application of the tech-
nique to heat capacity measurements is discussed.
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Introduction

Modulation technique was [lirst applied to differential scanning calorimetry
(DSC) by Reading and his co-workers in 1992 [l, 2]. Since then various approaches
have been made to explore possibilities in this new technique. The initial tempera-
ture modulated DSC (Im-DSC) was heat flux DSC (hf-DSC), and the temperature
modulation was applied to power compensation DSC (pc-DSC) later [3]. Morcover,
a new type of tm-DSC was proposed [4], in which lemperature modulation is given
by oscillating light irradiation to the sample cell {photo-modulated DSC; pm-DSC).
However, rigorous theoretical studies have not yet been made thoroughly for these
varicties of modulated DSC, and studics should be made especially on their applica-
bility and methods for analyzing obtained data (5, 6].

In previous papers, we reported results of theorctical investigation of the heat
source temperature controlled tm-hf-DSC |6] and the sample temperature controlled
tm-h{-DSC [7]. We took accounts of four lactors, which may have effect of changing
phasc angle and amplitude of cscillation; they are (1} heat capacities of heat paths,
(2) heat loss to the environment by the purge gas and through the thermocouple
leads, (3) mutual heat exchange between the sample and the reference malterial and
(4) thermal contact between the sample cell and the sample cell holder, while these
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factors were taken inlo accounts only partly in other theoretical papers [3, 8-101.
Though these factors complicate the model used in the approaches, general solutions
could he obtained for the latter type of tm-hf-DSC by our approach {7]. However, for
the former type of tm-hf-DSC only approximate analytical solutions were obtained
by neglecting the heat capacitics of heat paths and mutual heat exchange, and spe-
cific solutions were obtained taking accounts of the neglected factors by applying
matrix mcthod to obtain numerical solutions for specilic cases [6].

A quite similar approach has been appliced to the tm-pe-DSC, in which both the
sample temperature and the reference material temperature are controlled to be cqual
at a fixed frequency, amplitude and a constant underlying heating rate. Without ne-
glecting the above-mentioned factors, rigorous and general solutions have been ob-
tained for complex heat capacity of the sample, and they are quite different from
those in the previous papers [6, 7], These solutions for the complex heat capacity are
uscful to make heat capacity measurements by these techniques. These are described
and discussed in this paper.

Models

Besides the main heat flow {rom the micro-healers to the sample and the refer-
ence material, a few additional heat flows occur in a pe-DSC apparatus, as pointed
out above. In some pe-DSC an outside furnace was used to maintain uniform tem-
perature distribution beside the micro-heaters for the sample and the reference ma-
terial, so that there are the other heat flows, i.c., the heat flows from the furnace to
the sample and the reference material. These arc all taken into accounts. The heat
paths for these heat flows have heat capacities. These heat capacitics have influence
on the temperature oscillations, and they are distributed along the paths, so that they
arc laken into accounts and approximated to be concentrated at a few points. More-
over, oscillating energy input is given by the micro-heaters to the sample and the ref-
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Fig. 1 Equivalent clectrical circuits for main heat flows (upper) and mutual heat cxchange
{lower). PS is the heat source {power source), and MPS’s are the micro-heaters
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erence material with constant bias in tm-pe-DSC dealt with in this paper. This model
can be clearly expressed by an cquivalent electric circuil, as shown in Fig. 1. The mi-
cro-hecaters and the outside furnace arc shown as micro-powcer sources (MI'S) and a
power source (PS) in the figure, and these micro-power sources supply both alternat-
ing and direct current power. The reference material and its cell are not used, be-
causc they cause uncontrollable experimental factors, as pointcd out by Iatta and his
co-worker hefore [10].

In this model, temperature difference among the sample and the celt is neglected,
and that among the micro-hcater, the temperature sensor and the sample cell holder
is assumed also to be negligibly small.

Fundamental equations

The fundamental equations for theoretical approach are given below and they are
corrcsponding to the equivalent circuit in Fig. 1,5

CydT/dr=2Ky(Tr-Tie)+ 2Kk (Ths=T) (1
deTps/dI=2KK( Tt's"Tps)"'Kc(Ts_Tps)+3Kh( Ths—Tps)+K()(Tu_Tps)

+ Pexp(ion + Py (2)

CdT /dt =K (T — T (3)

CrdTog d=3 Ky Ty~ Ty )+ 3K Ti=Ths) (4)

Crd Ty /dr=3 KT~ T+ 3Kp(Ths T (3

Cod Tpddt=2K(TiTor) 3 Kn( Toe= T+ Ko T To)
+ Prexp(ion) + Pyg {(6)
and

ATl d1=2 K T Te)+ 2 Koo (T Tee) €

where C, T, 1, K, P*, Py and o are the heat capacity, the temperature, the time, the
heat transfer coefficient, the complex amplitude of oscillating energy input, the con-
stant energy input and the angular {requency, respectively. The subscripts for the
Llemperatures and energy inputs, {, {5, ps, s, pr, {1, hs, hr and o denete respectively (1)
the outside [urnace, (2) the midpoint between the furnace and the sample, (3) the
sample cell holder, (4) the sample, (5) the reference material cell holder, (6) the mid-
point between the furnace and the reference material, (7) a point in the heat path for
mutual heat exchange, (8) another similar point near the reference material, and (9)
the environment respectively, while the subscripts for the heat capacitics and the heat
wransfer cocfficients, K, p, s, h, ¢ and o denote respectively (1) the heat paths between
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the outside furnace and the sample or the reference material cell holder, (2) the cell
holders, (3) the sample, (4) the heat path for the mutual heat exchange, (5) the ther-
mal contact and (6) the heat paths (o the environment. These sy mbols arc also shown
in Fig. 1 of the equivalent electrical circuits. For the apparatus without the outside
furnace, Ky equals o zero.

The asterisks mean that these quantities are complex numbers consisting of the
real and the imaginary parts. The complex numbers are introduced to express both
the amplitude and the phase angle of the modulation, while { is the unit of imaginary
numbers and exp(ix) is equal 1o cosx+isinx. The micro-heaters do not cool the sam-
ple or the relercnce material, so that the absolute value of P is not larger than Py
Because the sample heat capacity may shill the phase angle, it is also cxpressed as a
complex figure, as follows;

Cr=C-ic” (8}

where C*, C” and C” are the complex heat capacity, its real part and ils imaginary
part, respectively.

The temperature of the cell holder plate of the sample side controlled instcad of
the sample temperature itself [11, 12], so that

Ty =Ty + Bt + Apexp(io) )]

where Ty, and B are the initial temperature and the underlying heating rate, respec-
tively. Temperature is a real quantity, so that only the real parts have physical mean-
ings in Eq. (9) and in the other similar equations below. The temperature of the out-
side furnace is also controlled at the same constant healing ratc;

Te=T, + Bt (i0)

Derivation and solutions

In the steady state the other temperatures can be assumed to change similarly
with different amplitudes and phases, so (hat the amplitudes become complex ampli-
tudes, A*, and it was found that the underlying hcating rates are also different from
each other due to the heat loss to the environment [ 13]. Therefore, the other tempera-
tures, T}, can change as follows with definite temperature lag, B;,

T, =T, + Alexp(ior) + Br — Bt — Byt (n

where 7 expresses the differcnce in the underlying heating rate due to the heat loss
to the environment [13].

Because the sample temperature changes as described in Eq. (11) in the steady
state, the equation for the sample temperature is introduced into Eq. (3) together
with Eq. (9). Thus we obtain the following relations;

B:=0 (12)
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BC! = K.(B, - B,) (13)
und
Al= Ayl + 01 —iot)) /[ + ot ) + 0’1 (14)
where
1 =C /K, (15)
1 =CF /K, (16)

Thus the thermal contact causes phase shift and amplitude decrement.

Intreducing Eq, (11) for the other temperatures into the fundamental Eqgs (1), 2)
and (4-7) together with Egs (9), (10), (12-14), and comparing the cocfficients in
these equations, as was done belore [6, 7}, we can get the following relations;

BC, = (K + 2K, + K)AB, + AP, (17

and

AAR S TRy + 3Ky + K )+ i0C, = Ky /(1 + intg) — Ky / (1 + ion,)] =
—0C A (1 + 01 — iot) )/ [(1 + 0t ) + o1 |+ AP (18)
where

AB,=B, - B, (19)
APy =Poo— Pua (20
AA=Ap— A 20
AP= Pl - P, (22)
T = Cx /4Ky (23)

and
1, = G, /9K, (24)

The temperature difference between the sample side and the reference material side
is controlled to be zerc in pc-DSC, so that

AB,=0 (25)
and

AA;=0 (26)
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Therefore,
BC! = APy 27)
which is the base for heat capacity measurements by conventional pc-DSC, and
IOCA (1 + 0t - iot)) /(1 +ot”) + e’ | = AP (28)
When the thermal contact is good encugh and its effect can be neglected, 17 and

1, arc approximated to be zero. By separating the real parts and the imaginary parts,
we gel

WAy = APT (29)
and

WCJAps = — AP” (30
where

AP= AP - iAP" (an

When the reference material is used and both 1he thermal contacts of the sample
cell and the reference cell are good enough, Egs (29) and (30) can be applicd by re-
placing C; and C;” by the real part and the imaginary part of the heat capacity dilfer-
ence between Lhe sample and the reference material.

Discussion

It is quite clear that the relation of the real and imaginary parts of the output sig-
nal, AP", with those ol the complex heat capacity 1s very simple. This is caused by
the power compensation, and tt is a large advanwage of im-pe-DDSC over tim-hf-DSC.
However, in tm-hf-DSC we can get another signal, i.e., the phase difference between
the controlled temperature, such as the sample temperature, and the output signal of
the temperature difference. We have possibility that the effect of the thermal contact
can be eliminated by using this phase difference, as pointed out {irst by Hatta and his
co-worker [10] and confirmed later by the present authors for a more realistic model
[ 71. Thus, the power compensation gives us the above advantage but brings us 4 dis-
advantage.

Tt should be pointed out that the temperature distribution among the sample, the
cell holder, the temperature sensor and the micro-heater is neglected in the model in
this paper. The temperature distribution seems very small, but it may cause phase
difference among those temperatures and amplitude decrement similarly to the ef-
fect of the thermal contact, because thermal resistances among them [11, 12] and
heat capacities also cause phase lag and amplitude decrement. This may be a cause
of crrors in tm-pc-DSC.
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It should be noted that the conventional heat capacity measurement by pe-DSC is
not influenced by the thermal contact, as is clearly seen in Eq. (27).

Concluding remarks

The steady state of tn-pe-DSC is dealt with in this paper, and the lollowing
points are made clear.

(1) The phase of the output signal (the compensation power difference) is di-
rectly related with the real and imaginary parts of the complex sample heat capacity,
so that the imaginary part of the sample heat capacity can clearly be detected by tm-
pe-DSC, when the thermal contact between the sample cell and its cell holder is
good enough.

(2) While the thermal contact has no effect on the conventional heat capacity
measurcment, it causes the phase shift and amplitude decrement of the output signal,
and thus it may cause error of the measurement in tm-pe-DSC. In contrast with tm-
hf-DSC, we do not have any mean to estimate this effect, because there is no phase
difference between the output signal and the controlled sample temperature modula-
tion.

(3) The heat capacitics and the thermal resistances accompanied with the samplc
cell, the cell holder, the temperature sensor and the micro-heater may cause the
phase shift and amplitude decrement of the output signal, and hence they may cause
CITOL.
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