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Abstract 

The quality of  measurement of  heat capacity by differential scanning calorimetry (DSC) is 
based on strict symmetry of the twin calorimeter. This symmetry is of  particular importance for 
temperature-modulated DSC (TMDSC) since positive and negative deviations from symmetry 
cannot be distinguished in the most popular analysis methods. The heat capacities for sap- 
phire-filled and empty aluminum calorimeters (pans) under designed cell imbalance caused by 
different pan-masses were measured. In addition, the positive and negative signs of  asymmetry 
have been explored by analyzing the phase-shift between temperature and heat flow tbr sap- 
phire and empty runs. The phase shifts change by more than 180 ~ depending on the sign of the 
asymmetry. Once the sign of  asymmetry is determined, the asymmetry correction for tempera- 
ture-modulated DSC can be made. 

Keywords: asymmetry correction, calibration, heat capacity, heat flux calorimeter, 
phase angle, TMDSC 

Introduction 

Twin calorimetry has been used to reduce the basic problem of  any heat 
measurement, the heat loss or gain due to extraneous flux. The differential meas- 
urement between a reference and a sample should approach equal losses for both 
calorimeters and thus needs only a minor correction for residual asymmetry. In 
a previous paper [ 1 ], the basic problem arising from any remaining asymmetry 
of  the two calorimeters was measured for standard differential scanning calo- 
rimeters (DSCs) and the implications for temperature-modulated DSC (TMDSC) 
were discussed, such as for the Modulated DSC (MDSC TM) of  TA Instruments, 
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the Dynamic DSC (DDSC TM) of Perkin-Elmer, and the Alternating DSC 
(ADSC TM) of Mettler. Also, the simple recipe to introduce an asymmetry of 
known direction had been proposed to avoid potentially large errors. 

As is well known from heat capacity measurement by standard DSC, the heat 
flow of a run with identical, empty pans must always be subtracted from runs 
with sample and standard samples [2]. The positive or negative deviation from 
zero for this empty run is the asymmetry. The sign of the asymmetry is in the 
case of standard DSC of no concern since it has the same sign as the contribu- 
tions of the identical pans in the sample and standard runs. In TMDSC, in con- 
trast, the empty run registers a positive heat flow amplitude for both, positive 
and negative deviations from zero. Therefore, the determination of  the sign of 
the asymmetry is of importance for heat capacity measurement of higher preci- 
sion. 

In this work, heat capacities were determined for sapphire and pairs of empty 
calorimeters of varying aluminum content (asymmetry) using the quasi-isother- 
mal measuring condition of  TMDSC [3, 4]. Quasi-isothermal measurements i n -  
volve modulation at a fixed base temperature To, so that the sample temperature 
is Ts=To+A sin(cot-e) with ~ representing the phase lag between heater and sam- 
ple calorimeters. The results have been analyzed using the changes in phase lag. 
A recipe for determination of  the sign of the asymmetry correction based on the 
phase shift will be described. 

Mathematics of the measurement by TMDSC 

In standard DSC heat capacity can be determined when two conditions are 
fulfilled [2]: 1 .) steady state is reached throughout the instrument, i.e. the heat- 
ing rate q=dT/d t  is the same at any point in the DSC enclosed by the heater; and 
2.) the temperature gradient within the sample and reference calorimeters is neg- 
ligible. Using Newton's law of cooling, one can write under these conditions lbr 
either calorimeter (aluminum pan and its content): 

dQ = K[Tb(t) - T(t)] ( 1 ) 
dt 

where Tb is the block or heater temperature, Q is the heat exchanged, and K is the 
geometry and material-dependent constant describing the heat flow for the path 
from heater to sample or reference calorimeter. The respective heat flows 
change the temperature of  the sample or reference calorimeters proportionally to 
their corresponding heat capacities C~ and Cr, respectively, and one can derive 
for the temperature difference between the two calorimeters the following basic 
equation [2]: 

( C s -  Cr) dTs Cr d ( T r -  Ts) 
r r -  Ts -- - -  (2) 

K dt K dt 
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The heat capacity is then approximately ( AT=Tr -T~): 

AT 
m c p =  K - -  (3) 

q 

where m is the sample mass and Cp is the specific heat capacity of  the sample. A 
more precise equation that corrects for the difference in heating rate between 
reference and sample calorimeters due to changing heat capacities is available 
[2J and can easily be corrected for. Any asymmetry has an equal effect on 
empty, sample, and reference runs. 

Measuring with TMDSC is different. In this case one inserts complex expres- 
sions for temperature and temperature difference into Eq. (2) and finds the fol- 
lowing solutions for the imaginary and real parts [4, 5]: 

KAa 
cos(~ - 6) - (4) 

Am(Cs- C,.) 

AACr 
s i n ( e  - 8 )  - - ( 5 )  

A(Cs- Cr) 

where AA is the maximum modulation amplitude of AT, and A is the chosen am- 
plitude of  the modulation of  the sample temperature. The phase lag ~ refers to the 
lag of the sample temperature relative to the base modulation cot (co=modulation 
frequency 2rt/p,p=modulation period in seconds) and 8 refers to the phase lag of 
the temperature difference AT. Furthermore, since sin2(g-•)+cos2(g-8) 1, one 
can also derive the expression for heat capacity: 

( AaCr l 2 KAa 
1 =[A(GTCr)].. + Ao~(Cs-G.) (6) 

Aa~x/(KI 2 2 (7) 

Note that because of  the square root, C~-Cr may be positive or negative. For a 
typical measurement involving a filled sample pan and empty pan it is obvious 
that only the positive solution is valid since heat capacity can only be positive. 
For similar heat capacities of  sample and reference calorimeters, the solution is 
not obvious. 

For a given modulation frequency and identical masses of  reference and sam- 
ple pans, one might be tempted to use the same equation as applies for standard 
DSC to calculate the sample heat capacity, namely: 

m c p =  mAlzO3Cp(Al2O3) as - ab 
a c  - ab  ( 8 )  

J~ Thermal AnaL, 50, 19.97 
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where the symbols a represent the maximum heat flow amplitudes of  the tem- 
perature differences of  the sample run (s), the calibration run (c, with sapphire, 
A1203), and the baseline run (b, with two empty aluminum pans, identical in 
weight to the other two runs). Because of  the square root in Eq. (7) there is, now, 
a significant difference for TMDSC compared to DSC. In the case of  an empty 
pan on the reference position that is identical to the sample pan, the heat capacity 
is, according to Eq. (7): 

A A 4 ( K )  2 AHFKc (9) mCp = --~- I--~ ) + C'2 = Ao~ 

where C' is the heat capacity of  the empty reference calorimeter and Kc is the 
calibration constant for heat flow for a given empty reference pan as used in the 
standard analysis procedure. If  a, cell asymmetry, ACcen, and differences be- 
tween the aluminum pans exist, one writes Cs' and Cr' for the heat capacities of  
the pans, and finds that: 

ICs - Cr + ACcell[ = [mcp + Cs' - Cr" + ACcellI -- Kc AHF (10) 
Aco 

In the case of  standard and sample runs, the values within the absolute value 
bars must be positive because of  a positive heat capacity of  the A1203 standard 
and the sample. In the case of  the baseline run with two empty pans, mcp=O and 
G'=C/=O, so that ACcet~ is the only significant contribution. Its sign can not be 
obtained from Eq. (10). 

To resolve this difficulty we studied a series of  runs of  A1203 with different 
sample and reference aluminum pans to induce known asymmetries into the ex- 
periments. The following equations can then be written for the properly cor- 
rected A1203 heat capacity C-~s(A1203): 

C~s(A1203) = C s ( A 1 2 0 3 )  - C'(empty+), if(Cs' - C/) -> ACcell (1 1) 

and 

CsC(AI203) = Cs(A1203) + C'(empty+), if(Cs' - C/) < ACcen (12) 

where Cs(A1203) and C'(empty_+) are the heat capacities measured during a sap- 
phire run and an empty run, each with two aluminum pans of  the same difference 
in weight as in the A1203 run. 

Experimental 
A commercial modulated DSC of TA Instruments Inc. (MDSC 2910) with a 

liquid nitrogen cooling accessory was used for the asymmetry study. Dry nitro- 
gen with a flow rate of  20 mL rain -l was purged through the DSC cell. The stand- 
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ard run (sapphire) and the baseline run (with two empty aluminum pans) were 
carried out by using reference pans of  sizes ranging from 20-26 mg. The sap- 
phire mass was always 41.535 mg and for calibration its heat capacity was taken 
from the literature [5]. Measurements were conducted under quasi-isothermal 
conditions [6], using a modulatior, amplitude ofA=1.0 K, coupled with periods 
p of  60 s over the temperature range from 302 to 322 K with temperature To in- 
creasing in steps of  10 K. In this paper, only selected results at 320 and 322 K are 
presented. Data were recorded after 10 rain from the start of  the run to assure 
steady state. 

The heat flow was calibrated with the conventional DSC method using 
41.535 mg of sapphire. Temperature was calibrated from the onsets of  the tran- 
sition peaks for cyclohexane (186.09 K), octane (216.15 K), water (273.15 K), 
and indium (429.75 K). 

Results 

The measured heat capacities, Cs(AI203) and C'(empty+) and corresponding 
phase angles for the sapphire and empty baseline runs under quasi-isothermal 
conditions, are summarized in Tables 1 and 2 at the indicated temperatures. The 
heat capacities at 322 K are shown in Fig. 1 as a function of  the difference in alu- 
minum mass of  the sample - re fe rence  pans, Am, which corresponds to an artifi- 
cial cell asymmetry. Before correction, the measured heat capacity of  the sap- 
phire, Cs(A1203), increases linearly with increasing Am (filled circles). The heat 
capacities of  the empty runs, in contrast, have a break in C'(empty+) for Am=0 
(open circles). Below Am=0, the heat capacity of  the empty run, C'(empty+), de- 
creases linearly with Am, and above it increases. These results prove that to re- 
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Fig. 1 The  heat  capaci ty  for the sapphire  sample and the co r respond ing  base l ine  runs as a 
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Table 2 Phase angles 

Aml gl~mpty/ ql~pphir~/ jq)b/ 
Run no. 

mg deg 

R1 -9.93 304.3 152.2 -152.1 

R2 -3.22 326.2 142.0 184. l 

R3 -2.07 370.9 140.5 -230.5 

R4 -1.27 375.4 139.4 -236, 1 

R5 0.00 336.2 143.3 -192.8 

R6 1.27 102.4 140.7 38.3 

R7 1.98 95.0 140.8 45.9 

R8 3.06 103.7 136.0 32.3 

R9 10.08 112.7 133.1 20.3 

aThe phase angle q0 is defined as the phase difference between the modulated heat flow and tempera- 

move the asymmetry introduced by Am, Eq. (12) holds for the left half of  Fig. 1 
(Am<0) and Eq. (11) for the right half(Am>0). 

Magnifying the area about Am one finds an intrinsic imbalance of  about 
0.6 rag, as reported previously [1]. Accordingly, if the sample pan is 0.6 mg 
heavier than the reference pan, the correct sapphire heat capacity, ~(A1203), 
should be obtained by subtraction of the empty baseline heat capacities from the 
sapphire heat capacities, After correction for the intrinsic and introduced asym- 
metry, the specific heat capacity that had a systematic RMS error of  16.2% 
(filled circles) has an acceptable error of  0.8% over the full range of  measure- 
ments (open squares). 

Discussion 

Figure 1 proves the need to have an independent measure of  the sign of the 
cell imbalance. It was suggested earlier that a sufficiently heavier sample pan 
would be advantageous. This would assure that the correction suggested by 
Eq. (8) would have the proper sign and, by choosing a sufficiently large discrep- 
ancy of  the masses, would avoid the difficulty of  finding a precise match of  the 
intrinsic imbalance as a function of  temperature and environment. About 2 mg 
mass imbalance was suggested to be sufficient [ 1 ]. 

The slopes of the heat capacities vs. Am in Fig. 1 can also be used for an esti- 
mate of  the specific heat capacity of the aluminum of the empty pans. They yield 
about 1.0 J g-~ K -~, close to the specific heat capacity of  A1 (0.905 J g-1K-~) at 
322 K [7]. For more precise measurements larger sample masses should be used. 
Deviations in calorimetric response are common for small sample masses. 

J. Thermal Anal., 50, 1997 
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Fig. 2 The effect of  positive and negative cell asymmetry for standard and modulated DSC 

To develop an independent method to establish the sign o f  the asymmetry we 
analyzed the phase shifts in the experiments. The shift of  the heat flow on chang- 
ing the asymmetry is given schematically in Fig. 2. In the case of a positive 
asymmetry in standard DSC, the initial heat flow of  the baseline run with empty 
pans in endothermic (on the same side as the sapphire run on heating), and on 
cooling it is exothermic (dashed lines). The case of  negative asymmetry is 
shown in schematic (b). For TMDSC, the same argument is valid. With positive 
asymmetry, both, the modulated heat flows of  baseline and sapphire runs would 
start endothermically; whereas with negative asymmetry the modulated heat 

Sapphire 
heal flow" 32 o ~ ,m = 3 1 mg 

32 / 

g,  
~o 

4 5 6 7 8 
Time (min) 

2 

ok 

I--- 

-2 

Fig. 3 The relationship between modulated temperature and heat flow for sapphire and 
baseline runs in the case of  ~n=3.  l mg 
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f low o f  the baseline run is on the exothermic side. This implies that a phase shift 
o f  180 ~ should take place at the point o f  symmetry  which could answer the ques- 
tion o f  the sign o f  the correction. 

Figures 3 and 4 depict  the modula ted  heat flows and temperatures and for 
320 K and mass differences o f  Am=+3.1 and -3 .2  rag, respectively (compare to 

31-" o 12 
[ Sao~,++ I - 2 - ~  ~m =-3.2 mg I 

f A /51 + 2 + gl 1 

F-- 

g 

-2 Tern t l ~J~ 

~ - 2  -3 
4 5 6 7 8 

Time (min) 

Fig. 4 The relationship between modulated temperature and heat flow for sapphire and base- 
line runs in the case of Am=-3.2 mg 
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Fig. 5 Phase-shift difference between sapphire and empty runs as a function of Am. The DSC 
cell has a cell imbalance that corresponds to -0.6 nag in terms of aluminum weight [ I ] 
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runs R2 and R8 at 322 K in Tables 1 and 2). The phase shifts of  both, the sap- 
phire and the baseline runs are shown. The time scale of  the modulated tempera- 
ture curves for both runs were shifted to coincide. Figures 3 and 4 can be com- 
pared with Figs 2(a) and (b), respectively. In the case of  positive asymmetry 
(Am=3.1 mg>Amceu), the phase difference of  the heat flow between the sample 
and baseline runs is 32 ~ , i.e., the heat flows of  sapphire and empty runs have 
similar phase angles: However, in the case of negative asymmetry (Am=-3.2 mg 
<Amceli), the phase difference is -184 ~ i.e., the heat flows of  sample and refer- 
ence are almost out of  phase. Therefore, the expectation in Fig. 2 as to the phase 
shift is supported by experiment. The phase differences are summarized in Ta- 
ble 2 and Fig. 5. The phase angle of the baseline jumps as expected as Amcell goes 
through zero. The phase shift can thus be used to establish the point of  asymme- 
try and the sign of  the asymmetry. For a more accurate calculations of  the phase 
shift, a least squares method was applied to analyze the data. Both, the instanta- 
neously observed modulated temperature, T, and heat flow, HF, were fitted to 
ideal sinusoidal curves. 

In conclusion, this analysis has shown that there are three methods to handle 
cell asymmetry in TMDSC: 1) By evaluation of  the phase difference between 
sample and baseline run as described in Figs 2 -5 .2 )  By measurement of the ac- 
tual cell asymmetry as a function of temperature using standard DSC (or from 
the total heat flow). 3) By using the imbalance recipe that guaranties a positive 
asymmetry as given in [ 1 ]. 
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