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Abstract

We report on the first frequency-dependent measurements of thermal effusivity of glass-forming liquids using the
photopyroelectric (PPE) method. The advantage is higher modulation frequency capability than with previously reported
methods. On the basis of our present results (up to 30 kHz), we find in the dispersion temperature region of glycerol a clear
frequency-dependence of the real part and a non-zero, frequency-dependent imaginary part of the thermal effusivity, which is
consistent with literature data. The experimental data reveal that the full exploitation of the high-frequency experimental
results requires to take into account also the piezoelectric component of the signal caused by the thermoelastic response of the
sample. The high-frequency limit of this PPE experiment may be extended by a modified cell design and by using another
pyroelectric material instead of a lithium tantalate crystalline sensor. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

The existence of a frequency-dependent specific
heat near a glass transition is known since almost
two decades but it is still a subject of theoretical and
experimental investigations [1-3]. Studies reported
in the literature have used dynamic calorimetric
techniques [4] or the photoacoustic method [5-7] to
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determine almost exclusively the sample’s thermal
effusivity (a product of thermal conductivity and
volume specific heat capacity). The methods were
limited at high-frequency (some kHz) mainly by the
size of the heaters that had to be very small (i.e.
comparable to the thermal diffusion length at the
highest frequency [3,8—10]), or by the transducer itself
(microphone, etc. [5]).

The goal of this work is to investigate the tempera-
ture- and frequency-dependence of the thermophysi-
cal properties of a relatively thick sample in a wide
frequency range. Pyroelectric sensors are ideally sui-
ted for this application which consists of ac tempera-
ture measurements by contact with the sample. Since
the thermal excitation is provided by a laser beam, the
method is called photopyroelectric (PPE) method
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[11]. Most PPE configurations rely on the propagation
of heat waves across the sample (back-detection con-
figuration, BPPE), or across the sensor (front-detection
configuration with opaque electrodes, FPPE). Then
the modulation frequency must be kept relatively low
because thermal waves are strongly damped with
propagation distance [12]. For high-frequency opera-
tion, a better configuration is one in which the heat
source is located at (or very close to) the sensor—sample
interface. This can be achieved with a thermally thick
sensor and sample when at least one of them is trans-
parent to the incident light. Therefore, we have adopted
for our experimental cell a FPPE configuration with
transparent front-electrode of the sensor [13].

2. Theory

The basic one-dimensional FPPE used throughout
our experiments is represented schematically in Fig. 1.
It consists of three adjacent layers: a pyroelectric
sensor (p) in contact with infinitely thick sample
material (m) and backing air (b). It is supposed that
the backing and sensor materials are transparent, and
that the sensor has a transparent electrode at the (b—p)
interface and an opaque electrode at the (p—m) inter-
face. The exciting radiation is incident from the back-
ing-side and is absorbed at the (p—m) interface.

The FPPE configuration of Fig. 1 can be modeled
theoretically by considering the corresponding parti-
cular case of the one-dimensional PPE theory with
periodic excitation [14,15]. In general, the tempera-
ture (7) dependent PPE signal can be written as:

V(fv T) = VO(T)F(f> T) (D

backing (b) sensor (p)  sample
material (m)
Modulated laser beam
——>—> 4>
O ~ O
sy

Fig. 1. One-dimensional configuration of the front-detection
photopyroelectric (FPPE) cell with both, transparent backing
material (b) and sensor (p). Optical absorption takes place at the
(p—m) interface.

With a current preamplifier having a feed-back resis-
tance Ry, the instrumental factor has the form:

Vo(T) = p(T)HoSR¢

2Lyey(T)

It contains mainly parameters related to the sensor;
p and ¢, are its pyroelectric coefficient and volume
specific heat capacity, § and L, the sensor’s surface
and thickness, while H, the modulated radiation flux.
The factor I'(f,T) contains all sample-related para-
meters. In our experiments, the backing is air (negli-
gible thermal effusivity), resulting in the following
expression for I'(f, T):

1 (1 _ 672UPLp )

I'f,T)=
(fv ) 1 + bmp (1 _|_Rmp872o'pl,p)

2
The notations are: bm, = ey /e, with e = (ck)l/ ? the
thermal effusivity, ¢ the volume specific heat capacity
and k the thermal conductivity; Ryp = (bymp — 1)/
(bmp + 1) is the reflection coefficient of the thermal
waves at the (m—p) interface, ¢ = (1 4 i)/u the com-
plex thermal diffusion coefficient with u = (a/nf)"/?
the thermal diffusion length and o = k/c the thermal
diffusivity. In the low-frequency limit (Ly/u, < 1)
Eq. (2) can be approximated by I'(f,T) = (1+1)
(nf)l/chLp/em (signal phase = 45°), while in the
high-frequency limit (L,/up, > 1) it becomes:
I(f,T) = (1 +em/e,)”" (signal phase = 0°).

The sensitivities S, , of Eq. (2) to relative variations
in Re(e,,) and in Im(e,,) can be defined as follows:

_AIFOI/IC ()
ARe(em)/|em|

___A¢
- Alm(ey,)/|em|

The phase sensitivity is expressed in radians. Values of
Sa,p = =1 would mean a relation of direct or inverse
proportionality between the respective quantities.
With the realistic condition that Im(ey) < Re(em),
the Egs. (3) and (4) applied to Eq. (2) yield the same
values. Numerical simulations with values of thermal
parameters taken at 248 K are shown in Fig. 2. At low-
frequency the sensitivities tend to —1, whereas at
high-frequency one obtains:

Sa(Re(en)) = Sp(Im(ey)) = —

Sa(Re(em)) ©)

So(Im(em)) ©)

€m

= —0.205

&)
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Fig. 2. Theoretical simulations of amplitude and phase sensitivities S4(Re(er)) and S,(Im(ey,)) to changes in the complex thermal effusivity
e, of the sample, performed with Egs. (2)—(4). The two curves are superposed. The experimental frequency range is indicated by the markers.

In practice this means that the influence of e,;, on the
high-frequency signal is reduced by a factor of
1/(—0.205) = —4.89, depending on the effusivity
ratio ey/ep. The high effusivity of lithium tantalate
sensor used in conjunction with glycerol sample turns
out to be rather unfavorable for the measurement of
thermal effusivity in this configuration.

The cross-sensitivities S4 (Im(ey,)) and S, (Re(em))
are defined in a similar way to Egs. (3) and (4). They
have lower values than the previous ones and in the
high-frequency limit they tend to zero. Therefore, at
high-frequency, the signal amplitude depends only on
Re(e,,) and the phase only on Im(e,,).

A variant of the FPPE configuration with opaque
electrodes can be used to obtain a reference signal,
Vier, independent of the sample’s properties. This is
realized by irradiating the PPE cell from the right-
hand side and by interchanging the (m) and (b) layers
in Fig. 1. The optical absorption takes place now at the
(p-b) interface. The signal response at high-frequency
is obtained from Eq. (2) by replacing the subscript
m by b:

1
1+bbp

Fref(fa T) = ~ 1 (6)

If (b) is air, b, = 1.7 x 107 < 1 and the signal is
saturated, as if the sensor would be suspended in

vacuum. Then from Egs. (1) and (6), Vit (f,T) =
Vo(T) and it can be used as normalization signal
for V(f,T) to yield I'(f,T).

3. Experimental

The schematic cross-section of the experimental
cell is shown in Fig. 3. The lateral wall consists of
a glass cylinder joined to the upper and lower metallic
lids by rubber O-rings. The cooling metal block is
thermally insulated from the ambient with glass fiber
foam. The air in the cell was kept dry during the
measurements by placing inside a small quantity of
silicagel crystals. For the pyroelectric sensor (a
I5mm x 15mm x 0.3 mm LiTaO; crystal slab) it is
essential to have a transparent ITO (indium tin oxide)
upper electrode. The lower side and a part of the upper
side were covered by vacuum deposited aluminum
electrodes, in order to achieve opaque (p—m) and (b—p)
interfaces necessary for the two measurement config-
urations. The frequency characteristics of the sensor
alone proved that in both cases the electrodes were
thermally thin beyond 30 kHz. The Pt temperature
sensor was calibrated to an accuracy better than 0.1 K.
The radiation source was a 20 mW HeNe laser, modu-
lated by an acousto-optical modulator. The PPE signal
was measured in current mode by a digital lock-in
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Fig. 3. Experimental FPPE cell and set up for measuring the
temperature- and frequency-dependence of the thermophysical
properties of glass-forming liquids. Two variants of the FPPE
configuration are shown: opaque electrode at the sensor—sample
interface, or at the air—sensor interface. The latter allows for the
measurement of the reference signal. The components of the set up
are: brass sample holder (1), liquid sample (2), temperature sensor
with Pt resistance (3), aluminum electrodes (4), LiTaO3; pyro-
electric sensor with transparent electrodes (5), connections for PPE
signal and for temperature sensor (6), silicagel crystals (7),
modulated laser beam (8), glass window (9), metallic lid (10),
glass wall (11), controlled heating stage (12), perspex plate (13),
metallic support (14), inlet for liquid nitrogen vapors (15).

amplifier type Stanford SR 830. The set up was
computer-controlled.

The temperature scans consisted in cooling the PPE
cell down to 185 K during about 2 h. The data points
were recorded every 0.1 K upon heating the cell back
to room temperature with a heating rate of about
0.005 K/s. For the final results the data were averaged
over 1 K. All measurements were repeated several
times. Some measurements were performed also dur-
ing cooling of the system, and no hysteresis phenom-
ena were observed. This proves that no appreciable

crystallization occurred during the thermal cycling of
the sample.

The thermal parameters of LiTaO3 are e, = 3575
Ws"?/m* K and o, = 1.367 x 10~° m*/s at room tem-
perature, and e, = 3425 Ws"?/m* K and o, = 1.577x
107°m?/s at 248 K, by extrapolation of literature
data [16]. Their temperature-dependence influences
the results in several ways. First, the temperature-
dependence of Vy(T) (10% increase between 185 and
300 K, measured at 34 Hz) is eliminated by the nor-
malization procedure, described earlier. Second, the
factor I'(f,T) depends on o,(7) and e, (7). We have
taken into account these variations by the following
fit polynomials:

ep(T) —4 /0
———— =1.02432 Vi 1 T 7
er(—25°C) 02432 +9.730 x 107°*T(°C) @)

o, (T) S Yy
PV _0.92 - 2. 10~°T
2(~25°C) 0.92605 9568 x 107°T(°C) )

We have studied glycerol samples produced by
Research Chemicals Ltd. with purity >99%. We used
the following data for glycerol: e;, = 933 Ws'?/m? K
and o, = 9.45 x 1078 m?/s at room temperature, and
em = 883 Ws"?/m? K and o, = 9.92 x 108 m?%/s at
248 K, by extrapolation of product catalogue data
from Kogyo Co., Japan.

For the inversion procedure we used an algorithm
for minimization of complex quantities based on
Eq. (2). Prior to this, the level of the normalized
curves V(f,T)/Viet(f, T) was matched to the theore-
tical level of I'(f,T) at T =248 K. This reference
temperature is situated outside the dispersion region of
glycerol, yet close enough to it in order to prevent
errors due to systematic temperature drifts of experi-
mental origin. In the determination of the complex
quantity efn we have used the definition efn =
Re(cmkm) — ilm(cmky) with a negative imaginary
part according to the tradition in dielectric spectro-
scopy studies.

4. Results and discussion

The pyroelectric sensor used in this study has the
thermally thin/thick limit (L,/p, =1) at 4.8 Hz.
Below this frequency the signal amplitude is expected
to decrease and the phase to increase, according to
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Fig. 4. Normalized amplitude (a) and phase (b) of PPE signal I'(f,T) at room temperature, as a function of frequency (circles). The theoretical
curve based on Eq. (2) is also shown (solid line). The limit for the thermally thin/thick sensor at 4.8 Hz is indicated by the markers.

Eq. (2). The result of a frequency scan at room
temperature (open circles) and the theoretical predic-
tion (solid curves) are shown in Fig. 4. The small
difference at very low-frequency is due to heat loss to
the ambient air, not taken into account in the model.
The agreement is however satisfactory, validating the
theoretical approach.

Fig. 5 shows the temperature scans at the lowest
and at the highest investigated frequencies, 0.2 Hz
and 30 kHz. One can observe the temperature- and

frequency-dependent features of glycerol, which are
shifted from 194 K at 0.2 Hz to 229 K at 30 kHz. The
theoretical sensitivities of Fig. 2 can explain the large
difference between the relative variations at the
two frequencies. At 0.2 Hz one has S4(Re(en)) =
Sp(Im(ep)) = —0.47. Contrary to that, lower sensi-
tivities (—0.205 from Eq. (8)) are expected at 30 kHz.

Fig. 6 shows the temperature-dependence of
Re(cmkm) and Im(cp k) of glycerol obtained from
the curves I'(f,T) measured at different frequencies.
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Fig. 5. Normalized amplitude (a) and phase (b) of PPE signals I'(f,T) at 0.2 Hz (O) and at 30 kHz (A) as a function of temperature. The
dispersion regions (S-shaped amplitudes and peaked phases) are centered at 194 and 229 K, respectively.

First, the amplitudes and phases of (cphkn,) were
determined. For each curve, the amplitude was nor-
malized to unity at a temperature situated just above
the respective dispersion region, and where the phase
of (c,ukm) becomes 0. As a consequence, this condition
normalizes both the real and imaginary parts of (¢, k)
shown in Fig. 6. In reality, the upper envelope of
Re(cmkm) curves is not horizontal, due to a small
decrease of the zero-frequency effusivity of glycerol

with decreasing temperature. This would partially
compensate for the increase at low temperature of
the lower envelope of the Re(cy,ky,) curves. Another
explanation of this increase might be the proximity of
the glass transition.

In Fig. 6a, Re(c k) increases across the dispersion
region by a factor 1.92 (factor 1.93 in [8]). The
positions of the curves on the temperature axes in
Fig. 6a and b are shifted by an average of 2 K towards
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Fig. 6. The normalized quantities Re(c, k) (2) and Im(cky,) (b) as a function of temperature, at the following frequencies: 0.2 Hz (O), 2 Hz
(0O), 8Hz (A), 120 Hz (@), 3.5 kHz (+) and 30 kHz (). For comparison, in (b) are also shown the positions of the top of the peaks (stars)
from [8] (at 0.62, 34 and 1100 Hz, long dashes), from [7] (at 5 and 120 Hz, short dashes) and from [17] (2.4-35 mHz, dotted line).

lower temperatures in comparison to [8]. The peak
heights of Im(cyk,,) (Fig. 6b) decrease at high-
frequency, a feature that has been observed before
[3,5,8], but not to such an extent. The symbols (stars)
mark the positions of the top of the peaks as obtained
in previous determinations [7,8,17]. At this stage we
believe that the difference is due to the contribution of
a thermoelastic component in our measured signal.
The periodic thermal expansion of the sample in the
region reached by the thermal wave is transformed

into a piezoelectric signal by the lithium tantalate
sensor, which is also piezoelectric. This contribution
starts to become significant at high-frequency and
affects in the first place the signal phase.

Another adverse effect we encountered was the
amplitude instability with increasing frequency. The
cause was probably the non-negligible contact thermal
resistance between sample and sensor. In order to
minimize this effect, one should decrease the sample
quantity (and also the cell dimensions) thus reducing
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the mechanical stress due to thermal expansion and
contraction of the sample during the thermal cycles.

5. Conclusions

This work presents for the first time the application
of the PPE method to the measurement of frequency-
dependent thermophysical properties of glass-forming
liquids. We demonstrate theoretically and experimen-
tally that the PPE calorimetric method has the cap-
ability of high-frequency operation (up to 30 kHz in
the present work), beyond the range of other existing
techniques. Our present results confirm the known
frequency-dependence of Re(cky,) and Im(cky,) in
the dispersion region of glycerol.

The upper frequency limit found for the FPPE cell
described in this work, is due to several causes: low
sensitivity due to a substantial sample—sensor effusiv-
ity mismatch, the thermoelastic effect with the asso-
ciated piezoelectric signal, and the sample—sensor
thermal contact. All these drawbacks may be over-
come by a modified design of the PPE cell and by the
choice of another pyroelectric sensor material. They
do not constitute intrinsic limitations for the applica-
tion of the PPE method to the study of thermophysical
properties of glass-forming liquids at high-frequency.
Just recently, we have obtained good results for both
the real and imaginary parts of the effusivity of
glycerol up to 80 kHz, using a PVDF pyroelectric
sensor [18]. Future work will be devoted to the use of
different PPE configurations in order to determine
directly other temperature- and frequency-dependent
thermophysical properties.
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