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Abstract

Calibration of temperature modulated calorimeters (TMC) is essential because it is often not possible to calculate heat

capacity and sample temperature directly from the quantities measured. The question arises whether temperature calibration

used in conventional calorimetry is also valid for TMC's. To prove this, a well de®ned transition is needed which does not

disturb the temperature pro®le within the sample during modulation. The response of the whole system (calorimeter, sample,

transition) must be linear. Some low energy liquid crystal transitions behave in this way, under certain conditions, and can be

used for temperature calibration in TMC's. The procedure is demonstrated for the nematic to smectic-A transition in a

cyanobiphenyl liquid crystal (8OCB). The applicability of 8OCB for temperature calibration is shown for temperature

modulated DSC, AC calorimeter, 3o method and photo-acoustic method. # 2000 Elsevier Science B.V. All rights reserved.

Keywords: Temperature calibration; Temperature modulated calorimetry; Complex heat capacity; Liquid crystal; Phase transition

1. Introduction

To measure complex heat capacity as a function of

temperature or time and frequency is one of the most

interesting application of modern calorimetric tech-

niques. With introduction of the so-called 3o method

by Birge and Nagel [1], it was shown that heat

capacity spectroscopy can be performed [2]. To

enlarge frequency range available, is one of the main

problems in the re®nement of heat capacity spectro-

scopy like in dielectric spectroscopy. The 3o-method

is mainly used because it covers several orders of

magnitude in frequency. The 3o-method can be used

up to frequencies in the order of 100 kHz, as recently

shown by Birge [3]. The method needs a large sample

thickness compared to the thermal wavelength. For

higher frequencies this is easily attained, but for

frequencies below 0.1 Hz care must be taken not to

violate the fundamental conditions of the method. In
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photo-acoustic techniques [4] which can be used also

up to kHz region to determine complex heat capacity

sample thickness compared to thermal wavelength can

vary form thin to thick limits. However, if the sample

under study has low thermal conductivity one usually

measure at thermally thick limit as in 3o-method.

If one wants to expand the frequency range to lower

frequencies, it is often better to use methods where the

sample should be thin compared to thermal wave-

length. This assumption is valid in AC calorimetry [5]

and temperature modulated DSC (TMDSC) [6]. The

combination of different calorimetric spectroscopy

methods gives complex heat capacity for more than

seven orders of magnitude in frequency [7]. But if one

wants to combine different techniques using different

apparatuses one has to calibrate the instruments care-

fully. In the present paper, we focus on temperature

calibration of the different calorimeters used in this

study. Calibration of complex heat capacity, especially

that of imaginary part, is important too but it is not the

aim of this paper.

2. Experimental

The nematic to smectic-A transition (N±SmA) of

4,40-n-octyloxycyanobiphenyl (8OCB)1 was investi-

gated for use as a potential calibration standard for AC

calorimetry, 3o-method, photo-acoustic and TMDSC.

A description of the different techniques can be found

in [1,4,5,8], respectively. Some overviews are given in

several papers in [9].

Temperature calibration in conventional calorime-

try, means the calibration of the thermometer by

taking the thermal lag between thermometer and

sample into account [10±12]. Compensation for ther-

mal lags is achieved when the calorimeter is calibrated

at zero heating rate and the indicated temperature is

extrapolated to zero heating rate. This procedure,

recommended by GEFTA [10], results in reproducible

calibration independent of the type of calorimeter.

Thus in everyday use, the heating rate dependence

of the measured temperature must be considered. In

the case of TMC's we must take into account, not only

the effect of the underlying heating rate q0 but also

possible in¯uences of the DC component due to AC

heating and other possible errors arising from the

extensive numerical calculations and averaging pro-

cedures used in the data treatment. It is essential to

calibrate, not only the thermometer but also the tem-

perature scale for the different quantities measured in

a TMC experiment.

It is well known that the calorimetric response is not

always linear [13]. This is especially true for sample

reactions with non-linear temperature responses, e.g.,

narrow phase transitions proceeding at isothermal

conditions. From a theoretical description of classical

scanning calorimeters we can derive rules to get

correct values, e.g., of melting temperatures [14,15].

The most common procedure gives a construction for

the `peak onset temperature'. This construction is the

basis of temperature calibration in conventional DSC

where materials with well-de®ned ®rst order phase

transitions are used [10,11].

Because of the Fourier analysis used in the TMC

data evaluation technique it is not so easy to correct for

a possible non-linear response of the calorimeter. The

`peak onset temperature' becomes meaningless, as the

prerequisites for the construction procedure are not

ful®lled in TMC's. Here is no linearly increasing heat

transfer into the sample established. In a TMC we have

to choose a phase transition for temperature calibra-

tion which gives a linear response all over the transi-

tion range.

Therefore, we need a phase transition which follows

the modulation and leads to linear behaviour for the

whole system. This should be achieved by a second-

order transition. It was shown by AC calorimetry

[16,17] and volumetric measurements [18] that the

nematic to smectic-A transition of 8OCB is of second

order. Because there is no latent heat, we expect linear

behaviour which also was con®rmed by TMDSC [19].

3. Results

First, the phase behaviour of 8OCB, used as

received from Merck (see Footnote 1), was investi-

gated on heating and cooling by using a Perkin±Elmer

DSC-7 and a Setaram Micro DSC-II and a DSC-121.

The calorimeters were used in the conventional (DSC)

mode. From these measurements, the reproducibility

of the peak maximum temperature and the stability of

the sample were tested. The nematic to smectic-A1 Available as M24 from: Merck KgaA, Darmstadt, Germany.
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transition of 8OCB is of second order. Therefore, to

determine the temperature of the phase transition the

peak maximum has to be used instead of the peak

onset temperature which has to be used for ®rst-order

transitions. Because the observed peak in a DSC

experiment is very small, i.e., �0.3 kJ kgÿ1, the addi-

tional deviation between sample temperature and oven

temperature is negligible due to the small increase of

heat ¯ow. It was shown that peak temperature is

reproducible within 0.2 K over several heating and

cooling cycles. Thus, the accuracy is high enough to

perform temperature calibration of different equip-

ments. A DSC scan at low scanning rate is shown in

Fig. 1. Experimental details about the Setaram Micro

DSC-II can be found in [20]. The observed tempera-

ture difference, of about 0.1 K between peak max-

imum, from heating and cooling is due to thermal lag.

Extrapolation to zero heating and cooling rate results

in equal peak temperatures of 339.8 K, see also

[19,21].

Unfortunately, 8OCB cannot be recommended for

absolute temperature calibration because transition

temperature depends on purity.

Next, we studied the nematic to smectic-A transi-

tion in 8OCB by using different temperature modu-

lated calorimeters. The different calorimeters were a

3o-spectrometer designed by Jonsson [22], an AC

calorimeter designed by Minakov [23], a photo-acous-

tic apparatus constructed by Vassiliev [24,25] and ®ve

different TMDSC (Perkin±Elmer DSC-7 and Pyris 1

DSC, TA Instruments DSC 2920, Mettler DSC 821,

Setaram DSC 121).

3.1. 3o method

In 1985 Birge and Nagel [1] introduced heat capa-

city spectroscopy in which the sample was probed by

using a sinusoidally varying temperature. In this case,

one obtains the product of the thermal conductivity k,

and the complex speci®c-heat capacity per unit

volume c�p of a sample. In order to measure complex

speci®c-heat capacity, Birge and Nagel [2] used a

method which is generally referred to as the 3o-

method.

The 3o-method for measuring complex heat capa-

city is based on the principle of using a thin (ca.

0.1 mm) metallic strip as both heater and thermometer.

A sinusoidally varying current of frequency o is

supplied to the heater, which is located on the surface

of the sample. For a liquid sample, the heater is placed

on a substrate which is submerged in the liquid. The

electrical power input to the heater consists of dc- and

ac-components, where the latter dissipates into the

sample through thermal waves of frequency 2o. A

measured ac-voltage over the heater gives an ampli-

tude modulated signal, with components at frequency

o and 3o. The amplitude of the signal at 3o yields the

temperature oscillation of the heater, which depends

on the thermal properties of the sample.

The ideal planar heater model [26] assumes an

in®nitely thin heater with a constant amplitude of

the temperature oscillation throughout its whole area.

However, in a practical situation, the alternating elec-

tric current in the heater leads to a dc-heating that

causes a temperature rise DTh, of the heater above the

ambient temperature Tamb. For a high heater power, a

temperature gradient DTgrad arises in the heater. As a

consequence, a peak in the heat capacity associated

with a transition will be broadened. Furthermore, this

dc-heating creates a temperature gradient in the sam-

ple as well. This makes it dif®cult to determine the

sample temperature and, therefore, transition tempera-

tures. To understand how the design of the heater and

the construction of the sample cell in¯uences the

temperature scale and the width of a transition peak,

the nematic to smectic-A transition in the liquid

crystal 8OCB has been studied. In Fig. 2, kcp as a

function of temperature for 8OCB is shown. Here cp is

Fig. 1. The N±SmA transition of 80CB on 0.05 K minÿ1 cooling/

heating rate done by Setaram Micro DSC-II. Sample mass:

77.3 mg.
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the modulus of complex speci®c heat capacity per unit

volume and k the thermal conductivity. For details of

the measurement and the equipment used, see [22].

3.2. AC calorimetry

The liquid crystal 8OCB was extensively studied by

AC calorimetry [16,17]. Results for the sample used in

this study are shown in Figs. 3 and 4. Details about the

calorimeter and the data treatment algorithm can be

found in [23,27].

The calorimeter-cell, i.e., the system for creation

and registration of temperature modulation in a disk-

shaped sample, consists of a heater, a sensor, and a

holder. Thus, the system consists of four layers,

including the sample. As it was shown in [27], the

sample heat capacity Cp and the thermal conductivity

k, can be calculated from the measured temperature

amplitude and phase. Before measuring, the empty

cell has to be calibrated.

The sample was placed between two polished sap-

phire substrates Ð the sensor and the heater, respec-

tively Ð without any cuvette. The sample was melted

to obtain good thermal contact to the substrates. Small

glass posts at three points ®xed the distance between

the substrates. Pressure was then applied to this sand-

wich with a thin silk thread. The shape of the melted

sample was stable due to the surface tension force. The

sample thickness d was equal to 0.3 mm, the area

Fig. 2. The N±SmA transition in 8OCB plotted for two different

values of heat ¯ow. The temperature scale is corrected for the effect

of temperature gradients. The Fhi � 1090 W mÿ2 curve is

broadened and has a lower peak relative to the Flo�287 W mÿ2

curve due to a larger temperature gradient in the heater.

Fig. 3. Temperature dependencies of the effective heat capacity

Ceff and the phase shift d (a) as well as of the Re{Cp(T)} and

Im{Cp(T)}parts (b) of the 8OCB sample of thickness 0.3 mm. The

measurements were performed at the underlying heating±cooling

rate 3 K minÿ1, the modulation frequency f�1 Hz, the heat-¯ow

amplitude P0�9.2 mW and the temperature modulation amplitude

TA ca. 0.035 K.

Fig. 4. Temperature dependencies of the real (Re) and the

imaginary (Im) parts of heat capacity for the same sample as in

Fig. 3. The measurements were performed at f�1 Hz, P0�5.1 mW

and TA ca. 0.02 K. The same curves at relatively large modulating

amplitudes P0�20.3 mW and TA ca. 0.1 K are shown in the insert.
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S�7 mm2 and the sample volume was about

2�10ÿ3 cm3. Though the liquid crystal 8OCB has

relatively low thermal conductivity, k�0.3 W mÿ1

Kÿ1, the heat ¯ux through the sample can produce

a noticeable temperature difference between the two

sample faces. This temperature difference DTh should

be taken into account. It can be estimated as

DTh�(P0d)/(2Sk), DTh/P0�0.1 K mÿ1 Wÿ1. Thus,

the average sample temperature equals T�TS�DTh/2,

where TS is the temperature measured by the sensor.

The experiments were performed with P0 in the range

of 2±20 mW and DTh/2 was varied between 0.1 and

1 K.

The time lag of the heat transfer through the sample

can be estimated as t�(Cpd)/(Sk)�1 s. The apparatus

time lag ta, in our experiments, was dependent of the

selected output ®lter time constant of the lock-in

ampli®er. The value of ta was selected to be 5 s at

f�0.2±0.4 Hz and 2 s at higher frequencies, where

f�o/2p is the frequency of the temperature modula-

tion. Thus, the apparatus dominated the time lag in our

measurements. The time lag due to the heat transfer

through the sample can be neglected.

The measurements were performed in the regions of

nematic to smectic-A, isotropic to nematic and melt-

ing transitions at a heating and cooling rate of about

3 K minÿ1. The heating and the cooling curves were

reproducible after one heating±cooling cycle. Tem-

perature dependencies of the effective heat capacity

Ceff and the phase shift j at frequency f�1 Hz are

shown in Fig. 3a. In this case, the phase shift j is far

from zero which indicates that the sample temperature

modulations are not quasi-static. First, using the algo-

rithm described in [27], we determined the thermal

conductivity of the sample at temperatures not

affected by the phase transitions. We then extrapolated

a function, k(T), to these values to cover the whole

temperature range. The function k(T) was in good

agreement with values of j measured by a steady-state

method. Then, by using the same algorithm [27] the

temperature dependencies of the real, Re{Cp(T)}, and

imaginary, Im{Cp(T)}, part of the sample heat capa-

city were determined. Plots of Re{Cp(T)} and

Im{Cp(T)} versus temperature are shown in Fig. 3b.

The transitions at nematic to smectic-A, TN±SmA, and

isotropic to nematic, TI±N, temperatures are well

de®ned and at the same positions (with an accuracy

of about 1 K) as it was observed by Hensel et al. [19].

The difference of about 1 K may be attributed to the

error of the AC calorimeter calibration. A very large

peak in Im{Cp(T)} is observed in the melting region.

In this region the sample heat capacity is complex due

to the excess heat capacity related to the latent heat. As

shown in Fig. 3b, Im{Cp(T)} is of the same magnitude

as Re{Cp(T)} at the end of the melting process, when

the melting is mainly non-reversing. The excess heat

capacity appeared only while heating, when the melt-

ing process could be modulated. When cooling, this

contribution fully disappeared due to the super cooling

effect. The fast crystallisation with the latent heat

release and the fast spontaneous sample heating was

observed at about 310 K.

Well de®ned steps and peaks in Cp(T) at TNÿSmA

and TIÿN were observed. These results were indepen-

dent of temperature modulation amplitudes TA below

0.1 K and no frequency dependence was observed for

frequencies in the region 0.2±4 Hz. The observed

value of TIÿN depends on the underlying scanning

rate as shown in Fig. 3. This dependence can be

attributed to the apparatus time lag ta (characterised

by the low pass ®lter in the lock-in ampli®er). The

transitions becomes smeared at P0�20.3 mWand with

TA�0.1 K, as shown in the inset of Fig. 4. In this case,

the temperature difference DTh�2 K across the sam-

ple is relatively large. A peak in Im{Cp(T)} is

observed at the nematic-isotropic but not at the smec-

tic-A to nematic transition, as shown in Fig. 4 for

TA�0.02 K. This peak cannot be observed at higher

amplitudes TA�0.1 K, as shown in the inset of Fig. 4.

In conclusion, it is shown that the position of the

weak nematic to smectic-A transition is independent

of the frequency in the range 0.2±4 Hz and the tem-

perature modulation amplitude in the range 0.01±

0.1 K. Thus, the nematic to smectic-A transition

can be used for the temperature calibration of the

AC calorimeter if the time (thermal) lag is considered

for scan measurements.

3.3. Combined photoacoustic±differential scanning

calorimeter cell (PA±DSC)

The 8OCB liquid crystal was successfully used for

temperature calibration on heating and cooling of a

combined PA±DSC cell [28] as well as of a variable

temperature PA cell [25,29]. In Fig. 5, the PA ampli-

tude and phase shift is shown with a 5 K minÿ1
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heating and cooling rate of the 8OCB sample. The

measurements were carried out with variable tempera-

ture PA cell with a modulation frequency f�63 Hz and

laser beam power of 34 mW. The regions of the three

phase transitions are readily seen. Multiple melting

that depend on the thermal prehistory around 320 K is

associated with a maximum in the PA amplitude and a

step down in amplitude is followed by a peak mini-

mum in the PA phase shift. The N±SmA transition, at

341 K, is characterised by a step up both in the PA

amplitude and phase shift, while the I±N transition at

354 K shows a peak minimum and peak maximum in

the PA amplitude and PA phase shift, respectively. The

differences in the N±SmA and I±N transition tem-

peratures when heating compared to cooling is due to

thermal lag.

The in¯uence of different experimental conditions

on the PA signal was tested. Measurements were

performed with different scanning rates, samples of

different thickness, different laser beam powers and

modulation frequencies. It was found that the sample

thickness and modulation frequency have major in¯u-

ence on the PA amplitude and phase shift. The beha-

viour of the PA amplitude and phase shift changes

dramatically at phase transition regions. However, the

N±SmA transition temperature remains unaffected

and depends signi®cantly only on scanning rate

because of the thermal lag. So calibration with zero

scanning rate is necessary. In Fig. 6, the PA amplitude

and phase shift of two laser beam powers of 5 and

34 mW are shown in the region of N±SmA transition.

The measurement was carried out with a heating and

cooling rate of 5 K minÿ1 and with a frequency

f�63 Hz. Only heating curves are presented for the

sake of clarity. It was found that the change of laser

beam power by a factor of 7 actually did not change

the N±SmA transition temperature. The measured N±

SmA transition temperature at 341 K is close to the

literature value, the magnitude of the step in the PA

amplitude decreased approximately by a factor of 2.

Furthermore, it seems that I±N transition moves to

higher temperatures with a decrease of the laser beam

power, but it is dif®cult to estimate this effect exactly

due to the noise in the signal at low beam powers.

The results show that the N±SmA transition of the

liquid crystal 8OCB is suitable for temperature cali-

bration on heating and cooling when applied to vari-

able temperature PA measurements. But it is still an

open question why a step in PA amplitude is observed

and not a peak.

Fig. 5. PA amplitude and PA phase shift measured on heating

(solid circles) and cooling (open circles) with 5 K minÿ1, chopped

frequency 63 Hz, laser beam power 34 mW.

Fig. 6. PA amplitude and PA phase shift in the region of N±SmA

transition measured on heating with 5 K minÿ1 and chopped

frequency 63 Hz, laser beam power 5 mW (solid circles), 34 mW

(open circles). Note that right and left axes for PA amplitude are

different.
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3.4. TMDSC

In TMDSC [6] parameters such as temperature

amplitude, modulation period, underlying heating

rate, sample mass and purge gas can be chosen over

a rather wide range. In this work, the N±SmA transi-

tion of the liquid crystal 8OCB was studied to demon-

strate how the temperature calibration of the TMDSC

is in¯uenced by the ®rst three of these parameters [19].

The temperature amplitude was varied between

0.07 and 3.4 K keeping all the other parameters ®xed

as given in the legend of Fig. 7. As a result, the peak

temperature was not affected for temperature ampli-

tudes lower than 2 K. For temperature amplitudes

higher than 0.2 K there was a considerable peak

broadening, which can be seen from the decreasing

peak height. An amplitude of TA�0.2 K equals a peak

to peak temperature difference of about 0.4 K, which

is of the same order of magnitude as the peak width of

about 0.5 K. Thus, the peak becomes signi®cantly

wider if the temperature modulation passes most of

the transition during one heating or cooling cycle. As a

Fig. 7. & peak temperature TNÿSmA and * peak height of the nematic±smectic-A transition of 8OCB as a function of modulation amplitude

TA (PE DSC-7; 0.07 K�TA�3.4 K; tp�50 s; q0�0.4 K minÿ1; mp�12 mg).

Fig. 8. & peak temperature TNÿSmA and * peak height of the nematic±smectic-A transition of 8OCB as a function of modulation period tp
(PE DSC-7; 12 s�tp�300 s; TA�0.2 K; q0�0.4 K minÿ1; mp�12 mg).
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consequence, the in¯uence of the non-linear response

cannot be neglected [30].

To study the effect of the in¯uence of the modula-

tion period, the modulation period was varied over the

range 12±300 s keeping the other parameters ®xed as

shown in Fig. 8. As a result, the peak temperature is

not signi®cantly in¯uenced for periods shorter than

200 s but for periods longer than approximately 60 s

the peak becomes broader and suppressed. Due to the

underlying heating rate of q0�0.4 K minÿ1 almost the

whole peak is passed within one modulation period for

periods longer than 60 s. For these periods, the well

known prerequisite for accurate TMDSC measure-

ments Ð to perform at least some modulations during

the effect under investigation to ful®ll condition of

stationarity [30] Ð is not satis®ed which results in a

loss of information.

The in¯uence of the underlying heating rate can be

studied for both conventional DSC and TMDSC and

measurements were made in both these modes [19].

Thermal lag must be taken into account in both cases.

To summarise the results from TMDSC in Fig. 9,

curves obtained under very different measuring con-

ditions are shown. Peak position and peak shape are

only slightly affected by the different parameters as

long as condition of linearity and stationarity are

ful®lled [30]. In TMDSC underlying heating rate

(thermal lag) is important for temperature calibration

just as it is in the DSC case. If a thermal lag com-

pensation is included in the DSC software care must

be taken when operated in TMDSC mode, for details

see [19].

4. Conclusions

Temperature calibration of different types of tem-

perature modulated calorimeters can be performed

with weak second-order phase transitions. As Fourier

analysis is used when calculating different quantities

in TMC it is essential to show that linear behaviour

holds for the whole measuring system, including the

transition itself. Proof of linearity can be obtained

from a study of the effects of temperature amplitude

on heat capacity. The nematic to smectic-A transition

of 8OCB yields linear response for small temperature

amplitudes (TA�0.2 K) because of the relatively small

width (0.5 K) of this transition. Generally, such a

transition can be used for temperature calibration in

TMC.

In all cases when temperature scan measurements

are performed, lag effects must be considered. As well

known from DSC measurements, thermal lag results

in a shift of the temperature scale. In TMC, as shown

in the example of the AC calorimeter, time lag due to

data treatment (e.g. the time constant of the lock-in

ampli®er) yields an analogues shift. Therefore, in

TMC calibration of the thermometer and considera-

tion of thermal lag (temperature gradient) is not

enough for precise temperature calibration.

For temperature calibration of temperature modu-

lated calorimeters using the liquid crystal 8OCB we

recommend:

1. Determine the nematic to smectic-A transition

temperature of the sample batch by an indepen-

dent method, e.g., DSC or adiabatic calorimeter. If

an underlying heating or cooling rate is applied,

thermal lag effects must be taken into account.

The transition temperature has to be extrapolated

to zero heating rate [10].

Fig. 9. Speci®c heat capacity cp from conventional DSC and

TMDSC measurements on 8OCB in the nematic smectic-A

transition region. (1) DSC measurements (PE DSC-7) at

q�10 K minÿ1 and different sample masses; mp�4 and 12 mg.

(2) TMDSC measurements (PE DSC-7) with TA�0.2 K; tp�60 s;

q0�0.4 K minÿ1; and different sample masses; mp�4 and 12 mg.

(3) TMDSC measurements (PE DSC-7) with tp�60 s;

q0�0.4 K minÿ1 mp�4 mg and different modulation amplitudes;

TA�0.1 and 0.2 K. (4) Quasi-isothermal TMDSC measurements

(Setaram DSC 121) with TA�0.1 K; tp�600 s; q0�0; mp�21 mg.

(5) Phase angle from a TMDSC measurement (PE DSC-7) with

TA�0.2 K; tp�60 s; q0�0.4 K minÿ1; mp�12 mg.
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2. Perform measurements with the calorimeter to be

calibrated. Again, if an underlying heating or

cooling rate is applied, extrapolation to zero

heating rate is necessary. The possible difference

between transition temperatures of 8OCB from

both measurements can be used for a single point

temperature calibration of the calorimeter. The

procedure should be repeated with another

suitable sample with a weak second-order phase

transition so that the temperature range of interest

is covered.
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