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In this article we discuss the use of the thermal lens technique for investigating the thermal
properties of polymers as a function of temperature. It is also discussed how the experimentally
determined thermal lens parameters can be used to locate the glass transition in polymers. The
methodology is tested using a solution casted films of (watyl chloride) as a testing sample. A
comparison with conventional differential scanning calorimetry data is made. It is proposed that the
current transient thermal lens methodology, with minor changes in its experimental configuration,
could be adapted to develop a new methodology called differential thermal lens scanning especially
designed for the investigation of the phase transitions in polymers. It is shown that this new
methodology could be equally used for the measurement of the thermal expansion coefficient, above
and below the glass transition. @001 American Institute of Physic$DOI: 10.1063/1.1333737

I. INTRODUCTION The use of an electret microphone is the main reason why
applications to polymers have been restricted to near room

In the last two decades we have witnessed the develogemperatures.
ment of a number of techniques for nondestructive charac- | this article we discuss the use of an alternative pho-

terizat_ion of the thermal, optical, and structural properties okgthermal technique for measurements of the thermal prop-
materials _lsaased upon the so-called photothermagties of polymers as a function of temperature. The pro-
techniques™ The photothermal techniques are essentlallyposed technique is based upon the use of the thermal lens
based upon sensing the temperature fluctuation of a giveﬁ-l_) technique®2° The thermal lens effect was first ob-
sample due to nonradiative deexcitation processes followinggeq by Gordoret al,'® and it consists basically on the
the absorption of modulated or pulsed light. Apart from hav-,p5eation of the changes induced in the refractive index of
'ng bgen extenS|\{er used in the optical gnd thermgl chara% sample as it is heated by an incident laser beam. The en-
terization of a wide spectrum of materials, ranging fromergy absorbed by the sample is converted, in part or in

; 8 ; ; ; 0
semiconductofsto glasse® and biological specimeris,” a whole, into heat by nonradiative deexcitation processes. The

growing number of applications of these photothermal tech- . .
. ) L : temperature disturbance thus creates a spatially dependent
niques have been used for investigating the different physi-

cochemical properties of polymers; 2 as well as how the change in the refractive indaxof the sample. This spatially

processing conditiod&Y7 of these materials affect their dependent refractive index turns the light beam propagation

physical properties. Despite this growing interest and the im: c9'on within the sample into a lens-like medium for the

portance of the applications of these techniques to the poI)J!ghF beam. In the cases whefe/dT is ne.gatlve,.as m most
mer research area, so far the photothermal measuremer|fduids and gases, Fhe th.e.rmal lens is a diverging -Iens,
have been carried out mostly at near room-temperature cof!Neréas whemn/JT is positive one has a beam focusing.
ditions. This apparent limitation is essentially dictated by thel NUS by measuring the resulting spreading or focusing of an
fact that most of the photothermal polymer measurementéicident laser beam one can evaluate the thermo-optical
reported so far were based upon the use of the photoacous@éoPerties of the sample. The room-temperature thermal lens
technique. In a conventional photoacoustic experimentalechnique has proven to be a valuable method for investigat-
setup, the sample is enclosed in an airtight cell and exposdfd hot only the complete thermal and spectroscopic proper-
to a chopped light beam. As a result of the periodic heatingies of transparent materidls;** such as glasses and poly-
of the sample due to light absorption, the air pressure insidgers, but also for the sensitive monitoring of the kinetics of
the cell oscillates at the chopping frequency and is detectetiist chemical reactiorfs, percolation in microemulsiort,
by a sensitive microphone coupled to one of the cell’s wallsand dynamics of water-surfactant interactfénSince the
thermal lens technique is an intrinsically remote technique
dAuthor to whom correspondence should be addressed. Electronic mair:he measurements on a sample placed inside a harsh environ-
mlbaesso@uem.br
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FIG. 1. Two-beam mode mismatched experimental configuration. fitiing to Eq. (1) leaving 6 and t, as adjustable parameters. The values
obtained weregg=(0.0791+0.0009 andt.= (5.50+0.06)ms.

. . . . . _30 .
ment presents, in principle, no extra difficuffy*°It is pre- detectorD1, as a function of the incident power, using the

cisely this a_spect we take advantage of to carry on thg theksame experimental configuration without the simultaneous
mal properties measurements of polymers as a function qfje_Ne |aser illumination.

temperature. The testing sample used in this work consisted of 200

pm thick 12 mm diameter disks of polginyl chloride)

(PVO) films. The PVC films were prepared using a 20 000
Il. EXPERIMENT molar weight PVC powdefAldrich). The films were cast

from a 6.5% (w/w) 1.2-di-chloroethane solution at room

There are several experimental configurations for thaeemperature over a flat clean glass substrate. For the thermal

thermal lens spectroscopy. Of these, the two-beam modens experiments the samples were removed from the sub-
mismatched experimental configuration has been sfbiwh  strate and placed inside a temperature-controlled minioven
to be the most sensitive one. Accordingly, we have resortediith a hole in its center allowing the access of the laser
to this configuration for our temperature dependent thermabeams. Finally, in order to validate and evaluate the sensitiv-
lens measurements. The mode-mismatched thermal lens ey of the proposed method we have also carried complemen-
perimental setup is schematically shown in Fig. 1. An"Ar tary measurements of the samples specific heat, using the
laser (Coherent Innova 90 Plusoperating at 514.5 nm is transient heat methof,and differential scanning calorim-

used as the excitation pumping beam and a He—Ne laser agry (DSC) for the evaluation of the glass transition tempera-
the probe beam. The sample is positioned at the waist of thgre.

excitation laser beam, where the power density is maximum.

The excitation beam was focused withfa=25 cm lens

(L1), and the sample was positioned at its focal plane. Thelz“' RESULTS AND DISCUSSION
sample exposure to the excitation beam is controlled by a In Fig. 2 we show a typical transient TL signal for the
shutter. The probe beam was focused using a convergingVC sample for a pumping beam power of 75 mW at room
lens (L2) with focal lengthf,=15 cm at an anglee<<1.5° temperature. The solid lines in Fig. 2 correspond to the data
with respect to the excitation beam and centered in order téitting to the theoretical curve. The mode-mismatched TL
maximize the thermal lens signal. The probe and excitatiortonfiguration theory is treated in details in Refs. 22, 32, and
beam radius at the sample were 153 and 5% respec- 33. In the derivation of the model, which considers the ab-
tively. The excitation beam was incident on a detecidlL]  errant nature of the thermal lens effect, the following as-
which was used for triggering. The adjustable mirrorssumptions have been made: the excitation and probe beams
M3, M4, andM5 were employed to produce a long optical are TEMy, and Gaussian: the sample should satisfy the
path (=2 m) from the sample to an iris mounted in front of Beer’s law; the detection of the intensity of the distribution
detector D2). The output signals from the triggering detec- of the probe beam in the detector is undertaken in the Fresnel
tor and the probe beam detector were fed into a digital osregion; and finally, in order to have the same temperature
cilloscope. All data acquisition was microcomputer con-rise distribution in the direction of the laser propagation, the
trolled. In all experiments the thermal lens signals weresample thickness should be shorter than the confocal dis-
recorded during approximately 30 ms. The sample opticatance of both the excitation and probe beams. This model
absorption coefficient at the pumping beam wavelength wamay be summarized as follows. As a result of the pumping
determined by measuring the Ataser transmitted power at beam absorption by the sample, a local temperature rise is
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produced within the sample. The change of the sample re- (s n—1
fractive index with the temperature produces a lens-like ele- G5~ _(G_n
ment within the heated region. A weak probe beam propa-

gating through this heated region will experience an optical —(n+1)(n?+2) ¢}, (6)
path length change, resulting, in turn, in a variation of its

intensity at the beam center. The resulting change of thghere ¢ is the polarizability temperature coefficient. We
center probe beam intensity(t), due to the TL effect canbe ie that in Egs(1) and(2) the parameters,, w,, andws,

expressed as are determined by spot size measurements, whereas the pa-
P rametersz, andz, are determined by the experimental ge-
[(t)=I (0){ 1- > ometry. We are thus left with only two unknown parameters,
namely, # and t. which can be determined from the time-
2mvV 2 resolved TL signal data fitting. Knowing andt., we can
1+2m+V2+[(1+2m)2+V2](tc/2t)“ , readily find bothds/dT and thg thermal diffusivit)D._The
values of the laser beam profiles and the geometric param-
() eters used in the current TL experiments werg=(5.35
where +0.02)x107° cm, w1,=(15.29-0.06)x10°° cm, z
=(2.78+0.02)cm,z,;=(4.94+0.02) cm,m=(8.17+0.07),
_(%y yo A w2 andv =(1.78+0.04).

){[(n+1)(n2+ 2)—2n(1+v)]3ay

1

Xtan

e

= z’ 7)1y, tﬁﬁ- ) The solid curve in Fig. 2 corresponds to the data fitting

e to Eq. (1) leaving 6 andt, as adjustable parameters. For the
Heret, is the characteristic thermal lens time constantjs ~ room-temperature PVC sample data shown in Fig. 2, the
the excitation laser beam radius at the sample, defined as tlvalues we got from the data fitting weée=(0.0791+0.0009
radius for which field amplitude in the Gaussian beam hasand t.=(5.50+0.06)ms. The corresponding value of the
fallen toe™! of its axial value,D=k/pc is the sample ther- thermal diffusivity, obtained from the characteristic time

mal diffusivity, p its mass density; the sample specific heat, was D=(1.29+0.03)x 10 3cn¥/s. In particular, we note
andk its thermal conductivity. The parametey is the con-  that the value we have found for the PVC thermal diffusivity
focal distance of the probe beam, is the distance between at room temperature agrees quite well with those reported in
the probe beam waist and the sampgjs the distance be- the literature®® namely, 1.4 102 cn?/s. The same proce-
tween the sample and the detecter,, is the probe beam dure was carried out at the different temperatures of interest
radius at the sample, ah@0) is the value of the probe beam up to 70 °C. For each temperature adjusted in the oven, the
intensity att=0. The TL transient signal amplitude param- experiments were done at seven different excitation laser

eter 6 in Eq. (1) is given by? powers. We remind the reader that in the thermal lens ex-
periment a change in the refractive index from the beam

:_ﬂ‘f with L<Z.. 3) center to the beam edge necessary to obtain a detectable

khp dT ¢ signal requires a very small temperature change of the order

of 1072 to 10 2°C,*® which can be considered insignificant

. - : as compared to the minimal scanning step ued °Q in
difference of the probe beam &0 andr = w2 induced this study. Finally, comparing Eg§3) and(6), we note that

by the thermal lens? is the excitation beam poweh s the the fact that the value we have found fdrs positive means

sample absorption coefficient at the excitation beam wave; : )
length, N, is the probe beam wavelength, add/dT is the that the thermal expansion componentasfdT in Eq. (6)

oy . ; dominates over the polarizability contribution.
temperature coefficient of the optical path length given by In Figs. 3 and 4 we show the resulting temperature de-

ds 1 ( dL) (dn) pendence we got for the thermal diffusivity and the normal-
To To’

The parameterd is approximately equal to the phase

d_T:(n_l)E arl_ tlaT (4)  ized thermal lens signal parametérof our PVC samples,

respectively. Now the TL measurements give us only the

wheren andL are the sample refractive index and thickness,values ofD and § so that additional measurements of the

respectively, at the initial temperatufg. The above expres- fﬁefg'ir:e?t a:g mti/s;ts dWSIﬁygremrLeerciﬁgtlin ?r?etr ;otobtam
sion fords/d T involves both sample dilatation and refractive e thermal conductivitk. We remembe s related to

index changes with temperature. According to Refs. 22 an(lj-) by k:gCDi The ﬁpecmc Zeat ?f our FV% sargplesﬂ\]/ve[e
35 it can be rewritten as measured using a homemade calorimeter based on the tran-

sient heat methotf' As to the temperature dependence of the
s dn PVC mass density we have used the literature valtieks-
g (DA +v)art g7, (5 ing the measured values ofand D together with the tabu-
lated values op, we have calculated the thermal conductiv-
wherea is the sample linear thermal expansion coefficientjity k. In Fig. 5 we show the resulting temperature
v its Poisson ratio, andn/dT is the temperature coefficient dependence of botb andk. At room temperature, the value
of its refractive index. Equatiofb) can be further simplified we got fork was (1.87+0.03 mW/cm K, which is close to
if one uses the Clausius—Mossotti relation to calculatehe value reported in the literatut®namely, 1.6 mW/cm K.
dn/dT. One gets? The solid line in the plot o€ represents the smoothing of the
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FIG. 3. Thermal diffusivity of the 20@m thick PVC films as a function of

temperature. The solid line represents the result of the experimental daf|G. 5. Temperature dependence of the specific heat and thermal conduc-

fitting to two Lorentzians. tivity of our PVC films. The solid lines represent the smoothed experimental
data.

experimental data, whereas in the plotkofhe solid line is

the product of the smoothed data farc, andD. From the decrease. This behavior &fnearT, has been explained by

values of #/P and k together with the knowt room- Eierman®9 His reasoning is based on Debye’s model for
temperature values afi=1.546,dn/dT=—1.14.10 4K}, : Soning 1S based ¢ y
tpe thermal conductivity in whick is given by

and »=0.38, one can estimate the room-temperature therma o
expansion coefficientr; from Eqgs.(3) and (5). We gotat k=3pcug, @

— —5 1 —1 ik ic i ; _

_n6.9rx 1Ort clj<in ,tr\:vhllfthrlstlr%évery good agreement with the wherewvg is the average sound velocity ahds the phonon

0 eTﬁsobeehavior gf tf?ea}[rlljerr.nal conductivity of amor housmean free path. Eierman assumed that the mean free path in
y P a{’norphous substances coincides, in a first approximation,

solids presents cqn3|derable difficulties due to the absen_ce Qhith the mean distance between two neighboring atoms, and
long-range order in these systems. For example, the available . .
. o . wrote the average sound velocity a&/M where K is the
experimental data indicate that in contrast to the thermal con-, . . .
- . . o elastic constant characterizing the bonding force between
ductivity of crystalline bodies, the thermal conductivity of : : , i
; . two neighboring atoms with masses; Mind M,, with m
amorphous solids has no low-temperature maximum, and, as . _— :
L . S qual to (M+M,)/2. Making these substitutions into the
a rule it increases with a rise in temperature. In the case

amorphous polymers, the typical feafifrés that up to the ebye’s expression it follows that the thermal conductivity

glass transition temperature the thermal conductivity in_essennally scales witjK/M. Accordingly, one should then

. . : : expect that abovdy the thermal conductivity should de-
creases with a rise in temperature and abbyét begins to .
crease due to the decrease of the elastic constant caused by

the intermolecular interaction. In our case the decrease of the

4.0 —— thermal conductivity observed in Fig. 5 occurs at roughly
55 °C. Furthermore, above 65 °C, the thermal conductivity
35t data shown in Fig. 5 exhibited an increase with increasing
temperature. This behavior in the fluid phase is in agreement
30k with the general feature of the temperature dependence of the
. thermal conductivity of an amorphous material, for which K
*; o5l increases with a rise in temperature, as mentioned above.
Z Finally, we note that the data shown in Fig. 3 for the thermal
i~ ool diffusivity is also in close agreement with the predictions of
® = Debye’s model. According to this model the thermal diffu-
sivity is related to the average sound velocity Dy=v /3.
1.5 Thus the features of thB as a function of temperature are
005 Ogs essentially reflecting the corresponding changes in the sound

velocity. The results of numerous experimental investi-

gation4® carried out at low and high frequencies have shown
0 . . .

Temperature ( °C) that the sound velocity in polymers depends linearly on tem-

FIG. 4. Thermal lens normalized signal amplitude paramétef 200 um perature and that only at those points where the mode of

thick PVC films as a function of temperature. The solid line represents the.n_mlecu'ar motion is changed does_ the t?mperature coeffi-
fitting of the experimental data. cient of the sound velocity change discontinuously. Thus the

1.0k I 1 I 1 1 1 1
25 30 35 40 45 50 55 60 65 70
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FIG. 7. Temperature dependence of the temperature derivative of the ther-
mal lens signal amplitude parametmormalized to the pumping powex
[1/(6/P)]d(6/P)/dT, showing the onset of the glass transition.

FIG. 6. Differential scanning calorimetry of our PVC sample.

unfreezing of one or another type of molecular motion can
be accessed from the kink in the temperature dependence of A A
the sound velocity. The temperature dependence of the ther- y=Aa.+ g
y 2 v
mal diffusivity shown in Fig. 3 is clearly exhibiting this fea- 1+ a(x/xo)
ture. The temperature at which one observes the shafpr the data set corresponding to temperatures above 60 °C.
change in the slope dd occurs at roughly 55 °C in reason- The solid curve in Figs. 3 and 4 represent the results of these
able agreement with th&; value found from the thermal piecewise data fittings.
conductivity data. In Fig. 6 we present a typical differential The somewhat complex temperature dependence of both
scanning calorimetryDSC) curve for our PVC samples. D and /P may be better understood by looking at the tem-
This result indicates that the glass transition region of ouperature derivative of the adjusted data. In Fig. 7 we show
PVC samples extends from 58 °C to roughly 67 °C with athe result we got fof 1/(6/P)]d(6/P)dT, as a function of
peak afTy=62.5 °C, in agreement with the marked changestemperature. It tells us that on increasing the temperature
of both D and 6/P in this temperature range as shown in[1/(9/P)]d(6/P)/dT increases, goes through a peak around
Figs. 3 and 4. 56 °C, then decreases very sharply to a minimum at roughly
To get further insights into the observed temperature deg1 °C, to finally reach a maximum at 64 °C. This plot, which
pendences, as well as to understand how the thermal lensin close resemblance with that of the DSC shown in Fig. 6,
measurements may be used for analyzing glass transition i@flects quite well the PVC glass transition. This result is
polymers, we have next carried out a best fitting of our datandeed not as surprising as it may look at first glance. In a
to some sigmoidal type of functions so that the data could b®SC experiment one has a reference material, the sample to
represented by a continuous differentiate curve. In doing sthe probed, and a predetermined heatiog cooling rate is
we first note that the experimental data of b&hand 6/P imposed to the system for undergoing a given temperature
exhibit a marked change of their temperature dependence ixcursion. A servosystem makes the sample to follow the
the vicinity of 60 °C. This is clearly seen, for instance, in temperature of the reference and the heating power differ-
Fig. 4 in which around this temperature the curve seems tence between the sample and reference is recorded. That is,
go through a small saturation followed by a sudden jump orsince dT/dt is fixed, one senses essentiathQ/dT. The
further increasing the temperature. A similar change in the&imilarity between the behavior 1/(6/P)]d(6/P)/d T and
temperature dependence around 60 °C is also noted in the DSC curve, as seen from Figs. 6 and 7, suggests that the
thermal diffusivity. Accordingly, we have divided the ther- TL technique can indeed be used to perform an equivalent
mal diffusivity and theg/P data into two sets, corresponding differential scanning technique, namely, a differential ther-
to temperatures below and above 60 °C, and carried out th@al lens scanning, in which we set a given heating rate and
data fittings on each temperature region separately. For th@easure the rate of change of the thermal lens signal. The
thermal diffusivity,D, each set was best fitted to a Lorentz- resulting signal of this scanning technique would d#dt

9

ian function of the form =(de/dT)(dT/dt), that is, proportional tal¢/d T, and can,
A w/2 according to the above discussion, provide us information
y=Yo+ p (X—xg) 2+ (WI2)?" (8) regarding the onset of the glass transition. To explore the

potentialities of this scanning technique we look at the be-
For the normalized TL signal amplitude/P, the data fitting havior ofd6/dT on temperature.

was done using the same type of Lorentzian function for = The temperature derivative of, as given by Eq.(3),
temperatures below 60 °C, and a logistic function of the formmay be written as

Downloaded 13 May 2013 to 150.163.34.35. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jap.aip.org/about/rights_and_permissions



J. Appl. Phys., Vol. 89, No. 4, 15 February 2001 Rohling et al. 2225

do 1/dk 1 (d(ds/dT) lens technique is an intrinsically remote local probe. This
aT_ :aT_ K d_T) + ds/dT( aT )] (10 aspect suggests the possibility of performing thermal proper-
ties homogeneity investigations in a given sample. We be-
Equation(10) indicates that, knowing the temperature depen4jeve that the simplicity and the remote character of the ther-
dence off, k, anddn/dT, one cannot only identify the glass ma| lens methodology may render this technique and the
transition but also determine the sample’s thermal expansioproposed thermal scanning as valuable alternative tools for
coefficient as a function of temperature. the thermal characterization of a wide range of polymers.
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