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Abstract

Temperature modulated DSC (TMDSC) at low temperatures requires attention to the selection of
experimental parameters that are within the capability of the instrumentation as well as special care
in calibration of heat capacity measurement when high precision is required. Data are presented to
facilitate selection of appropriate modulation periods and amplitudes at low temperature when using
a mechanical cooling accessory. The standard error of the mean heat capacity measurement for a
sapphire standard increased with decreasing temperature, decreasing period, and increasing pan
mass. For ice in hermetically sealed pans, the standard error of the mean heat capacity measurement
was larger than for sapphire and did not follow a predictable trend with changes in temperature and
period of modulation. This was attributed to changes in sample geometry between successive mea-
surements due to melting and resolidification. A simple one-point temperature calibration by
TMDSC may be unsuitable for precise measurement of heat capacity because of the random error
caused by sample placement and the systematic error caused by cell asymmetry, temperature de-
pendence of the calibration constant, and different sample thermal conductivities. An alternative cal-
ibration procedure using standard DSC and either a linear or second order fit of the calibration con-
stant over the temperature range of interest is proposed.

Keywords: freeze-drying, glass transitions in frozen systems, heat capacity calibration, Lissajous
figures, sucrose

Introduction

TMDSC is a technique whereby a periodically varying temperature is overlaid on a
linear heating rate. With a Fourier transformation of the modulated heat flow output,
the heat flow signal can be deconvoluted into its periodic and underlying compo-
nents, the theoretical details of which have been provided by Wunderlich [1], Schawe
[2], and Reading [3]. Often, the temperature is varied with a sinusoidal modulation.
Regardless of the form of the temperature modulation, the data are treated with the
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assumptions that the heat flow responses of the sample and calorimeter are linear re-
sponses, with second and higher order harmonics of the Fourier transformation con-
sidered as negligible effects [4]. These assumptions are not entirely appropriate for
many types of thermal responses, but have been useful in the characterization of glass
transitions, crystallization and melting events in many materials.

Given the importance of these types of thermal events in the characterization of
pharmaceutical and food materials, TMDSC has the potential to contribute greatly to
these fields as the technique continues development. For example, the frequency de-
pendence of the glass transition may offer evidence for its identification using ther-
mal analysis and a means to measure material properties such as fragility that may be
difficult to measure in frozen systems. Additionally, direct measurements of crystalli-
zation rates may be possible either from phase data [5] or through isothermal heat ca-
pacity changes [6].

The advantage of TMDSC over conventional DSC lies in the direct measure-
ment of the frequency dependent heat capacity. Unfortunately, the calibration of heat
capacity by TMDSC is in general both frequency and temperature dependent. For ex-
ample, in a temperature range with no frequency dependent thermal events, the fre-
quency independent sample heat capacity, Cs, is given by:

AHF (1)

C.=K(@T)

Ts

where the calibration constant, K, will deviate from unity, and the modulated heat
flow amplitude, Ayr, will be a function of frequency, w, and temperature. A in the
above equation is the temperature amplitude.

Several researchers have verified the applicability of the theoretical model for the
measurement of heat capacity by TMDSC [6-8]. High precision (1%) of the standard er-
ror of the mean has been reported with the use of standards in encapsulated aluminum
pans, nitrogen purge gas, thin samples, and an auto-sampler which reproducibly places
sample pans in the TMDSC cell [7]. Of particular importance to the proper application of
TMDSC is the use of modulation conditions and an underlying heating rate that gives a
fast approach to steady state of the sinusoidal temperature variation and maintenance of
steady state throughout an experiment. This has been studied by Wunderlich for liquid
nitrogen cooling and air cooling by measuring the maximum available amplitudes and
assessing steady state by Lissajous figures [7]. The same data for cooling with a mechani-
cal cooling accessory have not been published.

Calibration constants for heat capacity measurement using standards have been
shown to vary with temperature as well as frequency [7]. In addition to the tempera-
ture and frequency effect, the sample mass and thermal conductivity have been
shown to influence the calibration constant when there are significant temperature
gradients within the sample [8, 9]. Cell imbalance due to the calorimeter itself or un-
equal sample and reference pan masses can apparently also have an effect [10]. A
simple and practical method of accounting for all of these effects has not been pub-
lished.
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Our interest has been in the use of TMDSC to characterize frozen aqueous solu-
tions intended for freeze-drying. The objective of this study was to assess the repro-
ducibility, calibration, and modulation parameter selection issues for TMDSC at low
temperature. The specific questions that have been considered are

1. What are the limits on amplitudes and frequency using a mechanical cooling
accessory at low temperature?

2. How reproducible are the measurements of heat capacity for sapphire and ice
standards?

3. Does the type of sample pan influence the reproducibility and, if so, why?

4. Are the calibration constants for the heat capacity similar for sapphire and ice
standards?

5. Does a linear or second order calibration of the heat capacity measurement by
TMDSC using a standard DSC calibration run improve the accuracy and reproduci-
bility of the TMDSC measurements compared to one-point methods?

The principle goal was to determine if a simple method of calibration of the heat
capacity measurement by TMDSC with a set of standard DSC experiments on the
sample of interest is useful and practical to minimize many of the uncertainties in
heat capacity calibration.

Materials and methods

These studies were done using a temperature modulated DSC (Model 2920, TA Instru-
ments, New Castle, DE) equipped with a mechanical cooling accessory (RCS”, TA In-
struments, New Castle, DE) and helium cooling gas. The temperature and cell constant
were calibrated with the appropriate type of aluminum pans at 1°C min"' using the melt-
ing temperature of mercury (—38.83°C) and either a helium or nitrogen cell purge at a
flow rate of 25 ml min . The value for the heat capacity calibration constant was set to
unity so that its value could be accurately calculated for the standards.

Evaluation of maximum modulation amplitude

The maximum amplitudes at temperatures of —60, —40, —20 and 50°C using empty
crimped aluminum pans were evaluated at periods of 40, 60 and 80 s by increasing
the amplitude and determining when the modulating temperature cannot follow the
temperature program.

Determination of maximum cooling rate

The maximum cooling rate of the mechanical cooling accessory was determined with
a nitrogen purge of 25 ml min' and helium cooling gas. The cooling rate was set to
100°C min ' and the actual cooling rate was measured at temperatures ranging from
the initial temperature of 55 to —=70°C.

These data were used to calculate the theoretical maximum amplitudes as a
function of temperature and period using the derivative of Eq. (2) with respect to tem-
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perature, the fact that the maximum occurs at wW/=Tv2, and the assumption that the
cooling rate is limiting.

T.-T. :qt—qfs +4,_sin(wr) )

This equation describes the steady state temperature at the sample position, T,
where T, is the initial temperature, ¢ is the underlying heating rate, C, the sample heat
capacity, At is the amplitude of the modulation, and w s the frequency of the modu-
lation. The heat transfer coefficient is denoted by £.

Preparation of standards and 80% (m/m) sucrose solution

A sapphire disk (0.145 cm diameter, 0.025 cm thickness and 22.2 mg) was used both
in encapsulated and hermetically sealed aluminum pans. An 810 mg sample of dou-
ble distilled water was used to prepare the ice standard by spreading the liquid evenly
in the bottom of the hermetically sealed pans.

Sucrose (analytical grade) was obtained from Mallinckrodt Baker (Paris, KY).
The 80% (m/m) solution was prepared by stirring a weighed amount of sucrose and
double distilled water until a clear solution was obtained with gentle heating over a
hot plate. Water lost by evaporation was added back after dissolution.

Standard DSC calibration of heat capacity

In order to assure the accurate measurement of the sample heat capacity by standard
DSC, the standard DSC experiments were calibrated for heat capacity with either the
sapphire standard or ice by baseline subtraction of empty pans. The measured heat ca-
pacity as a function of temperature at a scanning rate of 5°C min' was adjusted by
comparison to standard literature values for the heat capacity of the materials. A lin-
ear fit of the measured temperature dependence of the standard DSC calibration fac-
tor was used to correct the standard DSC measurement for both the sapphire standard
and the ice standard. The calibration function for the ice standard was used to correct
the heat capacity for an 80% (m/m) solution of sucrose in water measured at
5°C min"' since the properties of ice more closely resemble the sample properties
compared to the sapphire standard.

Determination of the reproducibility of the TMDSC measurement of heat capacity

For the sapphire and ice standards, the heat capacity was measured in triplicate at
temperatures of —60, —40, —20, 20, and 50°C at periods of 40, 60, 80, and 100 s and an
amplitude of 0.2°C. The low amplitude was chosen to assure that the capabilities of
the instrument were not exceeded over the temperature range. In addition, data during
heating at 1°C min ' were recorded over the same temperature range from —60 to
50°C. Reproducibility is reported as the standard error of the mean for the sapphire
standard using no pan, an encapsulated pan, and a hermetically sealed pan, while the
reproducibility of the ice standard is reported only for the hermetically sealed pan. It
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was not possible to prepare an ice sample in crimped aluminum pans because the lig-
uid is not amenable to the crimping process. Sample and reference pans were
matched within 0.1 mg to avoid a cell asymmetry contribution to the standard error.

TMDSC calibration of heat capacity for standards

Heat capacity calibration constants were calculated using the known heat capacities
of sapphire [11] and ice [12] as a function of temperature. Theoretical calculations of
the calibration constants as a function of heat transfer coefficient and period [8] were
compared to experimental results.

Sample TMDSC measurement of an 80% (m/m) sucrose solution

For the sucrose solution, a 14.0 mg sample was cooled to —65°C at 0.5°C min ' and then
heated at the same rate after a 20 min isothermal hold time to allow for steady state. The
amplitude was held constant at 0.2°C and the period was varied from 40 to 100 s.

Results and discussion

An important consideration in TMDSC experiments is the selection of modulation
conditions. While it has been suggested that relatively large amplitudes and short pe-
riods give the highest precision in TMDSC experiments [7], the accuracy can be com-
promised if the sample temperature does not follow the temperature program. We re-
port results with the use of a mechanical cooling accessory to guide the selection of
modulation parameters with this instrumental set-up.

30
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Maximum cooling rate °C min”'
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Temperature/°C

Fig. 1 Maximum cooling rate as a function of temperature using the RCS mechanical
cooling accessory

Figure 1 illustrates the maximum cooling rate as a function of temperature using
the mechanical cooling accessory. It is apparent that the maximum cooling rate de-
creases with temperature down to the lowest temperature achievable with the instru-

J. Therm. Anal. Cal., 60, 2000



324 KNOPP, NAIL: HEAT CAPACITY CALIBRATION

ment of approximately —70°C. Since the maximum cooling rate required at any given
period during modulation is a function of the amplitude, the maximum amplitude as a
function of period and temperature can be calculated using Fig. 1 and the derivative
of Eq. (2), assuming that the cooling rate is the limiting factor. Other factors such as
heat transfer lags or temperature control issues were not considered. The calculations
are shown in Fig. 2 along with some experimental values. The experimental values lie
approximately parallel to the calculated curves, which verifies, as expected, that the
maximum amplitudes are correlated with the maximum cooling rate. The shift most
likely is due to the heat transfer lags that were mentioned above. Most important from
the Fig. is the recognition that at temperatures of —-60°C and below, the maximum am-
plitude is always less than approximately 0.5°C with empty pans. A sample decreases
the maximum amplitude even further, such that for most experiments down to —60°C
the maximum amplitude can typically be as small as 0.3°C. While such small ampli-
tudes are desirable in maintaining the assumptions of linearity during thermal transi-
tions, the precision of the measurements may be compromised.

Table 1 Reproducibility of heat capacity (expressed in %); measurement with sapphire standard

Temperature/°C Petiod/s
40 60 80 100 Average
No pan

50 0.2 0.1 0.1 0.1 0.1

20 0.3 0.2 0.3 0.1 0.2
=20 0.4 0.3 0.3 0.3 0.3
—40 0.0 0.0 0.1 0.0 0.0
—60 0.1 0.3 0.4 0.4 0.3
Average 0.2 0.2 0.2 0.2 0.2

Standard pan

50 0.7 0.7 0.4 0.8 0.6

20 1.4 1.2 1.0 1.1 1.2
—20 3.0 2.5 1.8 1.9 2.3
—40 3.0 2.3 1.9 1.7 22
—60 3.9 3.1 3.0 2.7 32
Average 2.4 2.0 1.6 1.6 1.9

Hermetic pan

20 2.6 1.7 1.4 1.3 1.7
=20 34 2.5 2.2 1.7 2.4
—40 4.8 3.7 32 0.2 3.0
—60 5.1 3.8 32 29 3.8
Average 4.0 2.9 2.5 1.5 2.7
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Maximum amplitude/°C

Period/s

Fig. 2 Maximum amplitude as a function of period at four temperatures. Solid lines are
calculated values, symbols refer to data at the indicated temperatures

Another important factor in determining the precision of TMDSC measurements
is the pan type. Wunderlich ef al. have observed that the use of hermetically sealed
aluminum pans results in less precision compared to crimped aluminum pans [13].
This is important considering that only hermetically sealed pans can be used to pre-
pare liquid samples. Data for the standard error of the mean heat capacity measure-
ment for a sapphire standard using an amplitude of 0.2°C are reported in Table 1.
Since the sample pans were placed manually in the DSC cell, the random error is
most likely the result of small changes in sample placement in the calorimeter be-
tween experiments. Even with the use of such a small amplitude as 0.2°C, the preci-
sion of the data using no pans is excellent down to temperatures as low as —60°C.
With encapsulated pans, the precision is comparable to previous observations at am-
bient and higher temperatures using a sapphire standard and an automatic sample
loader that gives good reproducibility of the sample pan position between experi-
ments [7]. At lower temperatures, the error increases such that the average error with
the use of encapsulated pans with sapphire is approximately 2%.

Table 2 Reproducibility of heat capacity (expressed in %); measurement with ice standard

Temperature/°C Period’s
40 60 80 100 Average
Hermetic pan

20 3.0 43 42 4.5 4.0

-20 0.3 4.1 6.0 7.0 4.3

40 32 1.6 4.1 5.6 3.6

—60 4.6 1.1 4.2 5.7 3.9
Average 2.8 2.8 4.6 5.7 4.0

The second observed trend is an increase of the standard error as the period of
the modulation is decreased. These same trends are also observed in hermetically
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sealed pans. The standard error is always higher in this case such that the average
standard error is approximately 3%. For ice samples, the standard error increases to
4% as shown in Table 2. The trend with temperature and period is not as clear with
ice. This could be because of changes in liquid geometry between experiments due to
melting and resolidification.

A dramatic effect of pan type is observed in the calibration constants for the heat ca-
pacity as a function of temperature and period in Figs 3a-c for sapphire. With no pan, the
calibration constants are close to unity for the four chosen periods and hence show only a
modest frequency and temperature dependence. For crimped aluminum pans the depend-
ence of the calibration constants on temperature and period are comparable to previous
observations [7]. For both of these cases, the calibration constant measured at a heating
rate of 1°C min™' is within the limits of precision of the technique measured under
quasi-isothermal conditions. This implies that at heating rates of 1°C min' and less,
cross-over effects [14] are not important for sapphire samples under these conditions.
Cross-over effects are violations of the assumptions used in the mathematical treatment
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Fig. 3 Calibration constant as a function of temperature for the sapphire standard as a
function of temperature at periods of 40 s (circles), 60 s (squares), 80 s (trian-
gles) and 100 s (diamonds). Symbols are connected by smooth trendlines for
clarity. Heating data at 1°C min™" at each period are also included.
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Fig. 4 Calibration constant as a function of temperature for the ice standard as a func-
tion of temperature at periods of 40 s (circles), 60 s (diamonds), 80 s (triangles)
and 100 s (squares). Symbols are connected by smooth trendlines for clarity
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of TMDSC data that the heat capacity does not change over one period. This idea is the
basis for the recommendation by instrument manufacturer to include at least six modula-
tion cycles throughout a thermal transition. For hermetically sealed pans, the frequency
effect and temperature dependence of the heat capacity calibration are more pronounced.
In addition, for a period of 40 s the data at a heating rate of 1°C min " are outside the lim-
its of precision of the measurement under quasi-isothermal conditions. In this case, it ap-
pears that cross-over effects may be more important, although the shape of the calibration
curves with temperature are similar to the quasi-isothermal measurements. For ice in her-
metically sealed pans (Fig. 4), the shape of the curves are similar to sapphire, but the ac-
tual values of the calibration constant as a function of temperature and period are signifi-
cantly different at the p=0.05 level.
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Fig. 5 Lissajous figures for a sapphire sample with a period ofa—40s;b— 80s
and an ice sample at c — 40 s and d — 80 s at a temperature of —60°C

The geometry, thickness, and thermal conductivity of sapphire and ice samples
are quite different. While it is expected that these differences along with the pan type
may effect the calibration constant [8, 9], it is not immediately apparent how they can
affect the precision of the measurement. Some variation may be attributed to inade-
quate experimental design if enough time is not allowed to reach the steady state [15].
Since steady state was assured for these data, another explanation may be attributed
to the deviation from a ‘symmetrical’ steady state where the heat flow response re-
traces itself with respect to the instantaneous heating rate. Lissajous plots that illus-
trate this relationship have been shown to be valuable in assessing steady state be-
cause of the formation of a retraceable ellipse in the fully controlled case. Since the
heat capacity is determined from the slope of the positive axis of the ellipse, any devi-
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ation from a symmetrical steady state can create a bias in the calibration constant.
This occurs at low temperature and short periods in the sapphire and ice sample. The
fact that it is more prevalent in the ice sample (Fig. 5) is evidence of greater heat
transfer effects for that sample. Variation of the Lissajous figures between consecu-
tive experiments (caused by changes in heat transfer conditions) can cause variability
in the measurement. A large observed change with ice samples is further evidence for
a change in sample configuration between experiments and may explain why the
trends of precision with ice are not as clear as with sapphire.

Additional insight into the variation of the precision of the heat capacity mea-
surement with respect to period, sample, and pan type can be gained from the mathe-
matical model developed by Schawe [8]. Schawe has developed a simple theory for
the prediction of the dependence of the heat capacity calibration constant on the heat
transfer coefficient, &k, which includes effects from the instrument, pan, sample, and
geometry [8].

The measured heat flow signal, ®(#), has been shown to be of the form:

D(1)=A,; (Acosex+Bsinar) =K Ay, cos( 6~ ) ) 3)
where,
g
gt
a=" (©)

and the phase calibration function, ¢,, is the difference between the measured, ¢,
and instrumental baseline, ¢y, phase lags. The heat transfer coefficient, &, along with
the modulation frequency w determines the constants 4 and B.

The heat capacity calibration constants, K, defined as the inverse of the value de-
fined by Schawe to be consistent with the definition used in (1), is then determined
through the relationship:

IA 2 +B 2

Using Schawe’s model for the heat capacity calibration, the heat transfer coeffi-
cients for a sapphire standard at 20°C were calculated for experiments at four periods
with the sapphire disk alone, in an encapsulated pan, and in a hermetically sealed pan.
These data are shown in Fig. 6. With no pans, the heat transfer coefficient was small
and was found to vary only slightly with period. In the case of encapsulated pans and
hermetically sealed pans, the heat transfer coefficient varies more dramatically with
period compared to the experiments using no pans. Unfortunately, this observation
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means that Schawe’s model can not in general be used to calibrate the heat capacity
as a function of period, since a constant heat transfer coefficient is required by the
model.

The calculations can, however, provide some insight into the variability of the
heat capacity measurement. Figure 7 shows the theoretical variation of the calibration
constant as a function of heat transfer coefficient using Schawe’s model for four se-
lected periods. The figure illustrates that the calibration constant increases faster with
heat transfer coefficient as the period decreases. The practical implication is that a
small percentage change in the heat transfer coefficient, potentially caused by ran-
dom sample placement, can result in relatively large standard error in the heat capac-
ity measurement by affecting the calibration constant more significantly in heavier
pans than in lighter pans. This is due to the fact that small percentage changes in the
heat-transfer coefficient are more significant as the heat-transfer coefficient increases

(Fig. 7).
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Common sources of systematic error in TMDSC such as cell asymmetry and de-
pendence of the calibration constant on temperature have been identified and can be
corrected. These observations of random error and the dependence of the calibration
on sample properties, however, make it uncertain to use a calibration method that is
based on TMDSC. It may be better to accept the TMDSC measurement of the heat ca-
pacity as a relative measurement at low temperature and to calibrate the heat capacity
measurement with standard DSC. A linear or second order temperature dependent
calibration for the sample of interest based on the heat capacity by standard DSC at
temperatures where there are only frequency independent effects is an alternative
procedure that can eliminate the random error associated with sample placement. The
systematic error caused by cell asymmetry and heat transfer can also be minimized if
these errors can be approximated by the calibration function over the temperature
range of the experiment. The procedure is to first measure the heat capacity of the
sample by standard DSC at a sufficiently high heating rate (i.e. 5°C min™') to give ad-
equate precision (<1%). Next, a TMDSC measurement is made at the desired fre-
quency using an appropriate underlying temperature ramp rate and modulation pa-
rameters. Since the heat capacity is frequency independent at the low and high tem-
perature extremes, calibration of the heat capacity measurement can be made using
these temperature ranges. The calibration constant can be calculated within these
ranges as the ratio of the standard DSC measurement and the TMDSC measurement
of the heat capacity. From this combined range of the calibration constant at the ex-
treme low and high temperature end of the data, a linear or second order polynomial
fit can be constructed from the data. TMDSC heat capacity data at intermediate val-
ues between the two ranges can be corrected by the calibration function that is now
specific for the material analyzed.

0.8 5 0.8 5

a L 4 b L 4
r 3 -3 R
0.7 i A
= L2 o 0.7 L2 5
o F1 9 -1 o
2 )] Pt
> 0.6 Fr o S 06 A + 0 ¢
3 -1 r F-102
O O [0}
L2 F-2 o

0.5 ol 5 0.5 L 3

R - -4

0.4 L T T T -5 0.4 T T T T T -5

-60 -50 -40 -30 -20 -10 0 -60 -50 -40 -30 -20 -10 O
Temperature/°C Temperature/°C

Fig. 8 Comparison of a one-point temperature calibration (8a) with a linear calibration
(8b) of the heat capacity of a sapphire standard at periods of 40—100 s. Circles
refer to the percent error associated with the experiment at a period of 100 s

A comparison of a linear calibration method with the standard one-point calibra-
tion recommended by the instrument manufacturer for a sapphire standard is shown
in Fig. 8. The error in the one point calibration at the temperature extremes is four
times the error that is observed when using the linear calibration method. This error
does not include the random error that would be associated with the measurement if
the heat capacity were calibrated by TMDSC.
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The heat capacity change of the sapphire standard over the temperature range of
interest was small compared to the change observed in an 80% sucrose glass. A linear
calibration with temperature was inadequate for the sucrose solution, but a second or-
der fit of the heat capacity was adequate at four frequencies (Fig. 9). A significant
benefit in calibrating by standard DSC is that it is possible to compare the frequency
dependence of transitions using material specific calibration functions. This is illus-
trated with Fig. 10, representing the frequency dependence of the storage heat capac-
ity of'an 80% (m/m) solution of sucrose in water. The shift of the heat capacity step to
a higher temperature with an increase of the period identifies the thermal transition as
the glass transition of the freeze-concentrated solution.
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Fig. 10 Frequency dependent storage heat capacity of the 80% (m/m) sucrose sample
as a function of temperature at periods of (from left to right) 100, 80, 60 and
40 s respectively
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Conclusions

It is clear that using TMDSC at low temperature involves many special consider-
ations, especially when using frozen aqueous samples. Care must be taken when
choosing modulation conditions and heating rate to insure that the instrument is capa-
ble of controlling the sample according to the chosen program. Often this means
small amplitudes (<0.3°C) and small heating or cooling rates (<1°C min'). At low
temperature, heat transfer effects dominate such that the heat capacity calibration
constant can be a strong function of temperature, sample mass, sample configuration,
and sample placement. It is questionable to rely on a single temperature calibration of
the heat capacity with a standard when so many other systematic and random errors
can affect the measurement. From a practical standpoint, it may be better to accept the
TMDSC measurement of the heat capacity as a relative measurement at low tempera-
ture. Calibrating each sample ‘internally’ with itself using a simple comparison with
a set of standard DSC measurements of the heat capacity in regions where there are
no frequency dependent events may be a more meaningful way to compare TMDSC
experiments at different modulation periods.
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