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In this paper, the application of photoacoustic methods to study thermo-optical and spectroscopic
properties of polymers is described. The Photoacoustic Spectroscopy, the Two-Beam Phase-Lag and
also the so-called Open Photoacoustic Cell methods will be presented. The theoretical basis for
quantitative measurements is discussed together with the advantages and limitations of the methods

as compared with conventional measurements.

Applications for spectroscopic and depth profile

analysis and also for thermal properties measurements in several polymers samples are discussed.

I Introduction

The sound effect induced in a heated solid by an in-
termittent light beam was first observed by Bell in the
eighteenth century [1]. This effect was understood as
a photothermal (PT) phenomena and was the origin of
the so-called photoacoustic effect. Nowadays, there is a
wide range of PT techniques and most of them were
derived from the Photoacoustic Spectroscopy (PAS).
Basically, their differences are related to the employed
detection schemes. There are detection systems using:
photodiodes [2], pyroelectrics [3, 4], piezoelectrics [5, 6],
thermopiles [7], and microphones [8, 9].

Photoacoustic (PA) is a photothermal phenomena
that has been widely used to study the thermo-optical
properties of materials. In brief, PA effect consists in il-
luminating a given sample with a modulated light beam
and measuring the subsequent temperature fluctuation
induced in the sample resulting from the light absorp-
tion, due to nonradiative de-excitation processes within
the sample. Since the signal responds only to the ab-
sorbed light, the effects of scattered light play no sig-
nificant role in these measurements. In addition, this
method permit to solve the difficulties presented by the
conventional Optical Spectroscopy [10-13], which does
not generally allow studies of very weak absorbing ma-
terials and also opaque samples. Some PA studies in
the infrared are based on Fourier Transform method
(FTIR-PA), which allows the measurements to be per-
formed in the medium infrared up to about 400 cm™!.
PA is particularly useful in this region since it can de-
tect the hydrogen bonds (C-H, O-H and N-H) that may
present overtones and contribution from the combina-
tions of the stretching and vibrational modes of the

bonds. A review in the literature shows that a consid-
erable number of the FTIR-PA study is in analytical
sciences applied to polymer area [14-19].

In the polymer area, there are several kinds of non
homogeneous samples that present high level of scatter-
ing light and also samples that are opaque in a consider-
able part of the spectrum. Due to that, photothermal
method is recognized to be an important experimen-
tal procedure to access the thermo-optical properties of
polymeric materials.

In this paper a selection of PA methods for char-
acterization of polymers is presented. The UV-VIS
Photoacoustic Spectroscopy (PAS) and Phase Resolved
PAS, the Two-Beam Phase-Lag and also the so-called
Open Photoacoustic Cell (OPC) [13] will be described
The theoretical basis and experimental results together
with the perspectives of future studies in this area will
also be discussed.

IT Standard Rosencwaig-Gersho
model modified for two-beam
accessment

The PA effect can be produced by any kind of absorp-
tion that results in a periodical heating. Some schemes
of PA generation are depicted in Fig. 1. Although the
heat diffusion model (Thermal Piston) [8] is the most
common mechanism responsible for the generation of
the PA signal, effects like surface displacement (Ther-
mal Expansion) [20], thermoelastic bending (Drum Ef-
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fect) [21, 22] and the gas evolution (Photobaric Effect)
[23] may also contribute to produce a detectable acous-
tic signal. All these effects result in a pressure variation
inside the gas chamber of the photoacoustic cell.

PHOTOACOUSTIC GENERATION SCHEME

/;nicrophone /

BI. |

Thermoelastic bending
du+ fu, =>> Pac

4 /7

T

Photobaric effect
hy==>> &Pac

Modulated light

Thermal expansion
&L =>> Pac

Thermal Diffusion
&T =>> Pth

Figure 1. Possible PA generating mechanisms.

The Rosencwaig-Gersho(RG) theoretical treatment
for the photoacoustic effect (known as thermal piston
model) considers that the pressure inside the photoa-
coustic cell is proportional to heat generated by the
absorbed light and depends on both the geometry of
the cell and the thermo-optical properties of the inves-
tigated sample. The two-beam modified RG model [21]
can be established using the diagram shown in Fig. 2.
The one-dimensional coupled differential equations that
describe the heat diffusion are given as follow [24]
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MODIFIED ROSENCWAIG&GERSHO THERMAL DIFFUSION MODEL
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Figure 2. RG based PA geometry for dual beam.
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i = “D(backing)=> —l,/2 < z < (=13/2 + ly);
i = “s”(sample)=> [5/2 < z < (—ls/2); the term

Fi(z,t) = (fi(z,t)/k;) represents the heat source, be-
ing f4(2,t) = fu(2,1) = 0 and fs(z,1) # 0; a; is the
thermal diffusivity, defined as a; = k;/(pCp);; ks is the
thermal conductivity, pC), is the volumetric heat ca-
pacity, and [; is a length. Boundary conditions for the
continuity of temperature and heat flow are specified
for adjacent mediums at the interface ij as

0 0

Gi = Hj, kl j@@j . (2)

The solution of coupled equations is

—1)eoHE) (b4 1)eo=(+F)

~1 [
0= [, [(g Db De (g )+ Derrs | TH0E ©

in which
kpay kgay N B g
b= = == =(1 = — . 4
Toa. oo | ( +])2as - (4)

The complex parameter o; = (1 + j)a; is frequency
dependent, in which a; = (w/2a;)"/? and p; = 1/a;
named as the thermal diffusion length; § and i3 =1/
are the absorption coefficient and optical absorption
length, respectively.

Front illumination

Using the illumination I(t) = I,(1 + ¢/*?), the den-
sity of absorbed power can be expressed as f(z,t) =
—BI,e PUs/2=2) (1 4 e/*!). Solving the integral in Eq.
(3) we have the thermal fluctuation on sample surface
as:
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a kso2(r? — 1)

this is the RG derived equation. This temperature is
damped in the gas length 27, and the acoustic signal

(g + Db+ Derl — (g — 1)(b— D)e—ols

cific heat ratio; Py and Ty are the ambient pressure and
temperature. The Eq. (6) gives a complex number that

is given by has a module || Sp || and a phase ®,.
P 2] . Rear illumination
SF = 7’}/ 00(13/ ) 6]<I>F . (6)
lyoyT, In this geometry, we assume I(z) = I,(1 +
The gas filling the PA cell is assumed to be an ideal e As/2+2)) and the heat source in the form f(z) =
gas with PV7 =cte, with v = C,,/C, as the gas spe- BI,e=P:/2+2) thus Eq. (3) gives
|
I b+1)(r+1)e%t — (b—1)(r — 1)e %ble Pl —2(b+r
it )2 — —Pla [0 D0+ Ve = (b= 1)(r = et (b+r) -

ksos(r?2 — 1)

By taking the relation of us with [, and Iz, the ex-
pressions (5) and (7) can be simplified since one con-
siders some limiting cases in the PA model. They take
into account the thermal thickness (thermally thick
(ns << 15) or thermally thin (us >> 1,)) and the opac-
ity (transparent (Ig >> l;) and opaque (Ig <<l;)). In
the case of spectroscopic study, highly absorbing sam-
ple may present a saturated PA spectrum (8l; >> 1),
which constitutes in a serious trouble for resolving the
optical absorption bands. Fortunately, as opacity de-
pends on thickness, usually one can drive the PA spec-
trum to a resolved case (Bus < 1 and Bls < 1), by
adjusting sample thickness or selecting a suitable mod-
ulation frequency range.

As mentioned before, for polymer samples, PAS
is particularly useful in the near infrared (NIR) and
medium infrared (MIR), where Hydrogen bonds (C-H,
O-H and N-H) may present overtones and contribution
from the combinations of the stretching and vibrational
modes.

IIT Open Photoacoustic Cell

The Open PA Cell consists in a commercial electret
microphone that receives directly on top a flat slab of
a solid sample [25, 26]. The microphone is located in
the backing position if we consider the geometry of Fig.
2. A metallized Teflon foil 12 pum thick with a coating
film of 500-1000 A transduces the pressure inside a

(g + Db+ Dev-ls — (g — 1)(b— 1)e—o-l-

minimum volume chamber with an air gap ~ 45 um.
Pressure variation induces a voltage in the electret and
for an opaque sample it follows that

p-dfbblaga )t 78
2nlyToksf  sinh(osly)

The limiting cases are given for two situations:
thermally thin [;as < 1, where pressure is depen-
dent on f~3/2, and for thermally thick lya, > 1,
with signal decaying exponentially with frequency as
S o (1/f). e VT Fitting data to have b, thermal dif-
fusivity is obtained from as; = (w12/b?). Even though
this method is designed for opaque sample, it is ac-
cepted that a thermally thin evaporated coating on a
transparent sample or a very thin metal foil fixed on it
can also be studied with this procedure[27].

IV Photoacoustic methods

IV.1 Depth profiling: frequency scanning

If the light is absorbed in a length g, the only de-
tectable heat is that inside the thermal diffusion length
1= (/7 f)'/?, which gives the “thermal skin depth”
of the sample. Varying frequency f, one can perform
the depth profiling of a layered sample, Fig. 3. The pa-
rameter p classifies sample in two category is thermally
thick (us << ls) or thermally thin (us >> I5) and for
ps = Iy we define the critical frequency f. = (a/wl?).
This method is applied for both spectroscopic analysis
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(varying wavelength) and thermal properties measure-
ments (fixed wavelength and varying frequency).

H(©3)]
Layer 1
(®2)

Vw@l)  Layer2
nl <2 <m3

Figure 3. Depth penetration u(w) for a layered sample.

IV.2 Phase Resolved method

Phase Resolved is a numerical method used in PAS
[28] to separate a spectrum, when it is composed by
more than one absorbing component. For example, PA
signals S4(A1) and Sp(\2) with bands superimposed
and being centered at two near wavelengths (A\; ~ \y).
In principle, if PA signals present a phase difference
A¢ # 0 at a chosen wavelength we may be able to re-
solve the spectra for each component. The instrumental
accuracy requires A¢ greater than 5°. In this method,
PA signal is represented in a phasorial picture, where it
should be separated in two components: in phase and
in quadrature as shown in Fig. 4. For a particular pro-
jecting angle ®p we have separated contribution from
absorbing center B and its PA signal is maximum at
©p £90°.

PHASE RESOLVED PHOTOACOUSTIC METHOD

Sgo S0 4

SF

W

S

phasorial representation of SF

two ahsorhing center diagram

Sg(1)=S(») cos(e) + Sgolx) sen(s)
w=dp-0,
projecting SF at 6, separates Sg and Sgmax is at (6 +90)

projecting SF at fa separates Sa and Samax is at (8a T90)

Figure 4. Phasorial diagram for Phase Resolved PAS.
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IV.3 Thermal expansion

For a uniform heating, there is no temperature gra-
dient on sample (see Fig. 1), thus thermal expansion
may be present. Solving the coupled differential equa-
tions by considering sample poor thermal conducting
(b > r), transparent (I3 > l5) and in the thermally
thick (us < l,), the surface displacement Az = [ ar,

is evaluated. If no heat is transferred to the gas

(ks 30550) = 0, sample-gas interface), then the pressure
is 0P = (yP,ls/1,)arfsei“t [29] and the temperature
—B1Iy 1

Oy ~ - . 9
o2ky(£ 1) (L + jwr) )

By taking the module and the phase of Eq. (9) both
the thermal diffusion time 7 and the non-radiative re-
laxation time 75 = (1/a,3?%) are calculated.

IV.4 Thermoelastic bending

When a flat sample is under a non-uniform heating,
expansion and contraction may undergo to a thermal
gradient (see Fig. 1), thus a thermoelastic bending is
likely to rise as displacement w.(r,ls/2) [21, 22]. This
effect takes into account the sample’s displacement in
both direction w, radial and wu, longitudinal or z (nor-
mal to sample plane). The temperature 6, is calculated
from Eq. (3) by considering strong surface absorption
and using f(z0) = —Bs1o0(20). It follows that

0,(1/2) = BsI, coshlos(z + %)]7 (10)

ksos  senh(ogls)

P, [*THs
T.l,

6L/~ dz, (1)

0
05 is the thermal contribution and S, is a dimensionless
absorption coefficient and the signal “+” means front
(fr) and “—” is for rear (fg).

Integrating the displacement produced by the front
illumination the acoustic pressure is obtained [22] P,. =

VP, [V, fDR 2mpguy(r,ls/2)dr. According to McDon-
ald and Wetzel [30], the total pressure is then P =
Py, + P,.. If thermoelastic bending is present, one can
retrieve thermal properties from the phase of the pho-
toacoustic signal. In the thermally thick case (high f
with lsas > 1), the phase of the signal as a function of
the modulation frequency has the form:

(12)

™
o = 3F§ + arctan {

71

where “— 7 refers to ¢p and “4+ 7 to ¢gr, yet
7 = ls,as = by/f is a parameter to be fitted that
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allows one to calculate thermal diffusivity a; using
b= (/).

IV.5 Two-Beam phase lag method

The Two-Beam Geometry uses the signals S (front
beam) and Sg (rear beam), which are obtained from
the modified RG model (see Fig. 2) [31]. It requires an
air backing (9 = b = 0), opaque condition (5l; > 1)
and sample must have surface absorption (8 > as).
The typical two beam PA signals ratio and the phase
lag are given by (Sr/Sk) = (Irfr/Irfr)[cosh®(Z) —
sin?(Z)]'/? and tan(A¢) = tanh(Z).tan(Z), with Z =
ls.as and A¢ = (pr—¢pr). One can evaluate the param-
eter Z from tan(Ag) at a single frequency. Thus, ther-
mal diffusivity s is obtained using oy = 7f(ls/Z)>.
This model was adapted for transparent samples by
forcing optical absorption coefficient at the sample sur-
face, e.g., using a metallic coating or a thin Al foil [27].
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IV.6 Photoacoustic typical arrangements

Figure 5 shows the experimental setup for PAS, a
homemade PA spectrometer. In this setup, white light
(Halogen or Xe arc lamp, 150 W to 1000 W) passes
throughout a monochromator (180 nm to 3800 nm). A
mechanical chopper modulates the light and the beam
goes to the PA cell. PA conventional cell must have
an optical window to allow radiation to reach the test-
ing sample placed inside. A chopper driver (1 Hz to 3
kHz) gives the pulse reference that synchronizes the PA
signal (1 uV to 2 mV) collected by the microphone (20
mV/Pa to 50 mV /Pa), which is monitored by a Lock-in
amplifier. The PA experiment runs varying two main
variables: wavelength or frequency. Alternatively, OPC
uses the same principle but, for the thermal property
evaluation, sample is placed on top of a commercial
electret’s microphone. The sample consists itself in a
sealing for the PA cell. For the OPC, usually it is used
a fixed wavelength (UV, VIS or IR), a laser beam or a
white light.

EXPERIMENTAL SETUP FOR PHOTOACOUSTIC SPECTROSCOPY

Sample
. PA Cell
microphone
|
Pré Driver
Ampl. o

reference o

PA signal

Lock-in amplifier

monochromator
Xe-Arc
h
Lamp
/‘ fens | 4o00w
Chopper
Driver {11

h SOUrce

Erpectrode Abrorgin

Micro

PC data acquisition

Figure 5. Conventional PAS setup.
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V Photoacoustic spectroscopy
applied to polymers

V.1 Infrared PA depth profiling

Many papers are found in literature about polymer’s
study using FTIR with PA detection. Few of them are
about polymerization of lactones under Hydroxyapatite
presence and in Hydroxyalkyl Methacrylate, water sol-
uble Acryllamide copolymer, structural transformation
of PE phase in blends of oriented PE-Polypropylene
(PEPP), interfacial ties in thermoplastics olefins dur-
ing stratification [14, 16, 17, 32, 33], whilst many others
treat the depth profiling analysis in analytical science
[18]. Studies on compositional gradients in urethanes
and latexes, chain scission in UV exposed epoxy and
urethane films, individual distribution of thermoplastic
through stratification near surface in PP and Ethylene-
Propylene rubber, photo oxidation in Styrene-Isoprene
copolymer are also reported. [19, 34, 35, 36, 37].

The ability of the FTIR-PAS for depth profiling
analysis in layered materials has been demonstrated by
Dittmar and coworkers [38], that use the thermal dif-
fusion length p = (a/7w)'/? as a key parameter. They
discussed about the dependence of the PA signal and
thermal diffusion length in homogeneous and inhomoge-
neous laminar samples. This technique was applied on
a Vinyl resin (Ethylene Vinyl Acetate-EVA, DuPont El-
vax) that was cast onto a PP substrate, and to study a
Polyamide film (DuPont Kapton) that was sandwiched
between two layers of Fluorethylene (Teflon). From
phase resolved analysis they separated the surface and
bulk contribution for the spectra of Polyamide. The
study of the integrated intensities of the EVA-on-PP
showed to be useful in locating the layers where the
band contributions come from. They located the car-
bonyl stretch at 1730 cm™'(surface layer), the C-H
bends at 1370 cm™! and at 1450 cm™! (surface and
bulk), C-C lattice vibration at 1160 cm ! (bulk layer),
the C-H stretching peaks at 2918 cm~! and at 2850
em™L,

A similar depth analysis in near infrared (NIR) in
the range between 1.0 pym up to 3.0 pm is presented
by Oliveira et al. [39]. Scanning a PE slab of 1 mm
thick using frequency in the range of 10 Hz to 240 Hz
they probed depth in the range between about 56 pm
and 11 pgm. The aim was to study the location of
—CH;, = CH> and —OH groups. They studied the
Low-Density PE (LDPE) through PA peak intensities
ratios of —CHs, = CHs and —OH groups related to
that of methylene group. They observed that these ra-
tios increased, showing that the layers of PE closer to
surface are richer in —C'Hs, = C'Hy and —OH groups
as compared to the bulk.

V.2 Visible optical absorption of polyethylene
A useful method have been presented by Vargas et

A.C. Bento et al.

al. [40] for optical absorption measurements in a new
composite material based on PE coated. It combines
PA and transmission techniques. The method states
that a solid sample of thickness [, reflectivity R(\) and
absorption coefficient S()), will present a transmitted
beam intensity T'(A\) and the PA signal S(X). It fol-
lows that 7" and S can be represented explicitly by
terms dependent of A, i.e., T(X) = (a/b)exp(—F(A).l)
and S(A\) = a[l — exp(—p5(A).l)]. Parameters a and
b depend on A through R(A). Four testing samples
were used and the layer of MnO, presented thick-
nesses in the range of 17 nm to 200 nm. The PA
spectra and transmission data were obtained from 450
nm up to 650 nm , being Mn peaking at 450 nm.
The authors have shown that for calculating 3(\) one
have to invert the T'(\) and S(X) equation and ob-
tain specifically an expression to give # independently
as fr(A) = (1/1) In{a(N)/[T(A).b(N)]} and Bs(A) =
(1/0)1In{1 = S(N\)/a(A)}~!. They derived a(\) and b(\)
by fitting the plots of S(A\) versus T'(A) which is lin-
ear. The values found showed an exponentially decay-
ing curve of Baverage(A) that ranges from 1.0 cm~! to
3.2 105 ecm™! when X\ goes from 450 nm to 650 nm.
The work also pointed out that such a high optical ab-
sorption coefficient could be useful in the lining solar
collectors.

V.3 Thermal diffusion and non-radiative relax-
ation time

Another PA application is the investigation of the
kinetics of the iodine doping process [41]. Iodine Doped
Polystyrene (PST:I,) was prepared using an atactic
PST film that were cast from 5%(w/w) chloroform so-
lution over a flat clean glass plate, exposing PST films
to vapor phase iodine. PAS spectrum of the PST : I»
showed two main peaks at 310 nm and 495 nm. The RG
model is modified for a thermally thick sample, by in-
cluding the effects of a finite non-radiative de-excitation
time. The dependence of the phase in thermally thick
regime is rewritten similarly to that presented for ther-
mal expansion and suitable for transparent materials.
The phase is given by

3 1
(0] =" _tan! tan™! | ——— 1
(w) 1 an”" (wT) +tan [\/MWL N (13)

showing that phase depends on both 7 and 73. Re-
sults showed 7319 greater than 7495 but both presenting
a minimum 7 ~ 20 ms for ¢ = 120 min and 180 min.
In contrast, it was observed 73310 smaller than 73495
but peaking to 73 ~ 100 ms in the same interval of
time. This behavior for 7 and 73 was explained as a
second-order phase transition.

V.4 Dyeing monitoring in PET films

Generally, PE-Terephthalate (PET) fiber that is ap-
plied mainly with cotton in textile industries should
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be adequately dyed in order to present a better ap-
pearance [42]. The PAS technique is applied to
N,N-Dimethylacrylamide (DMMA) modified and non-
modified PET films that have been dyed with Samaron
Blue HGS dye and with Dianix FB-E Red dye. Mainly,
visible optical absorption bands of Blue Dye at 632 nm
and bands of Red Dye at 442 nm were monitored using
the PAS spectra as a function of processing parameter.
It was found that the best condition for dyeing is a 2 %
bath concentration, 15 min for films treatment at 85 °C
with the modifier DMMA and after that, dyeing over
30 min at 85 °C. No difference in processing method
was found when both disperse dyes are compared.

V.5 Cross-linking process

Here it is shown the possibility of using the PAS to
evaluate the cross-linking of the copolymer from EV-
Trimethoxysilane (EVS), named Cop, and the grafted
Vinyl Trimethoxysilane (VTS) on LDPE, named PEg.
PAS is used for monitoring the overtone bands and
stretching frequencies combinations of the groupings
—-Si — OH, = CH,, —CH3 and —CH,; — CH3, in
the near and medium infrared range. Throughout PAS
spectra, using the assigned absorption bands [39], the
comparison between a reference and a cross-linked sam-
ple is possible. PAS is used to study peaks evolution in
both, copolymer EVS and grafted LDPE. The samples
were typically prepared with 3%, 5% and 7% of cata-
lyst and cross-linked at 70, 80 and 90 °C, respectively,
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which resulted in nine samples. The typical infrared PA
spectrum is shown in Fig. 6 and the best combinations
of the peak ratios are depicted in Fig. 7 for NIR. Table
I presents the tabulated bands assignments for PE.

Taking the analysis of the overtone bands of —OH
groups, the better cross-linked sample was found to be
that prepared with 80 °C' and in the range of 5% to 7%
of catalyst, typically, as one can observe by looking at
the central frames of Fig. 7 [43].

Phase Resolved PA method may be used in spec-
troscopy for separating spectra in sample with more
than one absorbing center at a wavelength in both range
NIR and MIR [38]. In principle, if there is phase dif-
ference at a sorted PAS peak we may be able to resolve
the spectra for each component, regarding instrumen-
tal accuracy ~ 5°. The PA spectra for Cop and PEg
and their phases showed a phase difference ~ 7° for
Cop and ~ 10° for the superimposed peaks 2 and 3, in
the NIR region. The phase separation for PEg770 and
Cop770 has shown that peak 2 is separated at a phase
of 50°, which means that its maximum is at 140°. On
the other hand, peak 3 is separated at a phase 35° with
maximum at 125° In the same way the peak 2 and
peak 3 of Cop770 is also separated.

Table I - Tabulated infrared bands assigned to PE in NIR and MIR range.[39]

Wavelength Observed Assignment

nm {cm~!} Peaks  [observation]

1250 {8000} 1 2nd overtone [characteristic of -CHy- and CHs- groups]

1340 {7460} - Probably a combination [characteristic of terminal olefin methylene
group]

1400 {7142} 2 Free OH, 1st overtone

1420 {7042} 3 Combination vog* +[-CHy— , CHs— groups]

1450 —1490 {6896 — - Bound OH, 1st overtone[superimposed to vco, 3rd overtone]

6711}

1760 {5681} 4 1st overtone [characteristic of—C Ha— groups]

1800—1920 {5555— 5 Free OH, combination

5208}

2020 {4950} 6 Probably a combination [characteristic of terminal olefin methylene
group]

2080 —2140 {4807 — 6 Combination veg* +[characteristic of terminal olefin methylene group

4672} O — CH = CH,. Region of voy combination band of alcohols]

2150—2200 {4651 — 6 Combination vep + [characteristic of (cis) internal instauration |

4545}

2240 {4464} 7 Combination vcg + [characteristic of C Hs— groups]

2300—2480 {4347— T7and 8 Combination vcpg + [characteristic of —C Hs— groups|

4032}

*vopg stands for all possible combination modes of CH bonds, including symmetric and asymmetric vibration,

stretching, rotation, torsion.
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Wavelength (cm™)

10000 8000 6000 4000
4 , : , : :

Normalized PAS signal (au)

1200 1600 2000 2400

Wavelength (nm)

Figure 6. PA spectrum of a cross-linked polymer in the IR
range. Grafted PE with 5 % catalyst under water vapor at
80 °C.
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Figure 7. PA intensity ratios for PEg in NIR range (Cop
presented the same result).

The PA spectra in the MIR region are shown in Fig.
8 and this is another useful example given for samples
Cop770 and PEg770, respectively. For example, Fig. 9
shows only the phase separation of the Cop770, where
peaks 4 and 5 are well defined and separable. In con-
trast, peaks 7 and 8 are very difficult to be visually
separated in this figure. In fact, we found no phase
difference in between peaks 7 and 8 for both samples,
Cop770 and PEg770 (A¢ ~ 0°) as it is shown by the
two lower frames of Fig. 9. On the other hand, it was
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found A¢ ~ 24° for Cop770 (Fig. 9) and A¢ ~ 27° for
PEg770 (figure not shown).

PAS Signal (au)

0 L 1 L 1 L 1 L 1 L 1
1600 1800 2000 2200 2400 2600

Wavelength(nm)

Figure 8. Spectral signal for a cross-linked polymer at 7 %
catalyst and 70 °C in MIR range.
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Figure 9. Examples of numerical phase separation for peaks
4 and 5 (resolved) and for peaks 7 and 8 (not resolved). Note
that peaks 7 and 8 are simultaneous (no phase difference).

Making the numerical analysis, we are able to sep-
arate the contribution of free OH and the 1% overtone
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of the methylene —CH,. As expected, the PA analy-
sis showed no separation for the stretching combination
vo g that is attributed to —C' Hy and —C H3 overtones.
This observation is exemplified by Fig. 9 whilst the
overall phase separations of these samples are shown in
the phasorial diagram, in Fig. 10a, for PEg770, and in
Fig. 10b, for Cop770.
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Figure 10. Phasorial diagram of separated components for
both range NIR and MIR. a) For PEg770, and b) Cop770.

VI Thermal diffusivity measure-
ments

VI.1 Polymers foils and resins

Many researchers in the material science field are
interested in thermal parameters, specially in thermal
diffusivity (o) measurements [44]. From « one can ac-
cess the thermal conductivity £ = apC), also thermal
diffusivity may reflect indirect effects in the solid lattice
that are related to structural changes, like crystallinity,
doping effects and processing conditions.

Thermal diffusivity based polymer foils studies have
been reported by several papers [27, 26]. For in-
stance, studies such as drawn effects in PET [45],
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Polyester with different liquid backing [46], different
conducting foils like Polypyrrole (PPY) and Polyani-
line [47, 48, 49], temperature dependence of thermal
parameters in Polyvinylidene (PVDF) films [50], color
cellophane films [51], are found in literature. Also many
others methods based on a two-layered polymer, such
as Polymethyl Methacrylate (PMMA) on stainless steel
and Mylar on glass plate [52, 53], or based on multilay-
ered polymer [54, 55] are published. Particularly, they
called attention to the great influence of thermal con-
ductivity ratio on the effective thermal diffusivity of the
two-layer system [53].

Phase Lag PA method and Thermoelastic bending
have been exploited by Leite [27] and the OPC have
been demonstrated by Perondi [26] for probing the tech-
nique for the measurement of thermal diffusivity of a
set of polymer foils. Leite tabulated data for Teflon,
Poly Vinyl Chloride (PVC), Cellulose Acetate (AA),
Polypropylene (PP) and LDPE by using front phase
data fitting. Perondi presented data for LDPE, High-
Density Polyethylene (HDPE) and PP, based on OPC
measurements. Table IT shows a little survey of prop-
erties for some polymers.

In addition, PA method allows the study of cross-
linking of LDPE and some Epoxy Resins. Cella et all
[56] have studied the LDPE after being swollen into a
Dicumyl Peroxide (Di-Cup) but the cross-linking pro-
cess was followed by means of thermal diffusivity show-
ing that this parameter increases with immersion time
of the order of 10 hours, saturating for time up to
30 h.ours Also d’Almeida et al. [57, 58] showed that
thermal diffusivity is very sensitive for monitoring the
changes in epoxy-amine, induced on the macromolecu-
lar network as a function of hardener/resin ratio. Ex-
tending this work, d’Almeida reported that thermal dif-
fusivity is suitable to monitor the fracture behavior of
the epoxy resin under impact conditions, when different
hardeners are used.

V1.2 Modified and Dyed Polyethylene Tereph-
thalate

The PA spectroscopy has been used to monitor the
processing variable in dyeing commercial PET films
modified by DMMA [59]. The net effects in the mi-
crostructure were accompanied using the OPC PA cell,
in which thermal diffusivity were measured for a set of
sample, with different dyeing conditions (dyeing time
and temperature) [60]. In the study presented by
Olenka et al. [60, 61] it was used a 100 pm thick foils
of PET films. The main results have pointed that the
PET film improved the heat conduction power after
dyed at temperature below glass transition (7' < 70°C)
when time of dyeing is kept at 30 min. On the other
hand, for the set of sample dyed at higher tempera-
ture (T' > 70°C) the results showed that the thermal
diffusivity decreases drastically for a 6 hours swelling
time.
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Table II - Tabulated physical properties of some polymers retrieved using PA.

Polymer

Physical Properties,
a (1073 cm?/s)

Reference

1-Red Polyester

on transparent PS
2-PETP drawn foils
ls719pum to 18um
ls730pm to 31pm
3-Mylar/Glass e
depends on ki /k-
4-Polyester
5-Teflon

PVC

AA

PP

LDPE

6-HDPE

7-PET

DMMA treated
Blue Disperse Dyed
8-PMMA red film
under electric field
9-Todine doped PST
doping time (min)

1.3 (8> 800 cm™ 1)

(~10 cm™1)
092 ==>0.75
0.62 ==> 0.67

0.45 < aepp < 0.82

0.9

1.4

0.6

0.8

0.7

1.6

1.7

1.02
12<a<13
l4<a<22

0.6

T ~ 20 ms,
Tmin (180) ~ 10 ms
TBaverage ™ 60 ms

Tﬁpeak(].SO) ~ 80 ms

Double Layer Model[55]

Rear phase dependence[45]

Two Layer System Model[53]

Backing liquid Method[46]
Phase Lag and Bending Method [27]

OPC - Rear phase dependence[26]

OPC - Rear signal dependence[61]

OPC configuration [62]

OPC - Rear phase dependence[41]
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20+ 7

6
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Thermal diffusivity (10° cm’/s)
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Figure 11. Thermal diffusivity results for treated PET as a
function of time of dyeing. (a) Samples dyed at 60 °C and
treated at both 60 °C and 85 °C and; (b) Samples dyed at
85 ?C and treated at both 60 °C and 85 °C. Lines are guides
to the eyes.

Thermal diffusivities are plotted in Fig. 11 against dye-
ing time. Thermal diffusivity increases higher for the
set dyed above PET glass transition, frame (b), show-
ing that it decreases for long term dyeing (6 hours typ-
ically). In contrast, for the set dyed at temperature

below glass transition, frame (b), it presented a differ-
ent behavior where thermal diffusivity increases all the
way as time goes, but even so it is not linear. A sum-
mary of these results is presented in Table III.

The calculated thermal conductivity is plotted
against integrated x-ray intensity area in Fig. 12. It
shows a linear behavior for samples treated at 60°C. In
contrast, samples treated at 85°C showed an errant be-
havior that is suggested as a micro-structural changes
taking place in the lattice.

VII Final Remarks

PAS have been shown to be a very useful optical tech-
nique for studying optical and thermal properties of
polymers. Particularly when depth profile analysis is
needed, the frequency domain allows one to study prop-
erties of layered sample and separate layer contribution.
A promising method is the phase resolved PAS that can
give us insight about superimposed absorption bands in
the NIR and MIR region that is very rich in overtone
and combinations of vibrational modes, usually found
in most polymer, copolymer, blends and resins. Fi-
nally, PA method is very helpful for thermal parameters
achievement, and the Phase Lag methods and the OPC
have proven to be worthy for deriving thermal diffusiv-
ity for flat and transparent polymer, such as slabs or
foils.
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Table III - Results of physical properties for each PET treated 15 min with DMMA and dyebath concentration 2
% Mol. L~'. TR=temperature of treatment, DY=temperature of dyeing, DT=time of dyeing.

Sample b s p cp ks
(1072 em?/s)  (g/em®)  (J/gK) (mW/cmK)
+ 0.005 £ 0.04 + 0.6
1 Virgin PET -0.554  1.02 £ 0.14 1.386 1.32 1.9
2 TR60 -0.510 1.21 £ 0.14 1.345 1.24 2.0
3 TR85 -0.492  1.30 £ 0.15 1.357 1.23 2.2
4 TR60DY60DT30 -0.468 1.43 £ 0.15 1.368 1.23 2.4
) TR85DY60DT30 -0.455  1.52 £ 0.16 1.368 1.27 2.6
6 TR60DY60DT6 -0.415  1.82 £ 0.19 1.368 1.32 3.3
7 TR&5DY60DT6 -0.395  2.02 £ 0.21 1.387 1.26 3.5
8 TR60DY8&DT30 -0.379  2.18 + 0.25 1.368 1.20 3.6
9 TR85DY85DT30 -0.378  2.20 + 0.27 1.368 1.21 3.6
10 TR60DY85DT6 -0.382 214 + 0.14 1.368 1.20 3.5
11 TR85DY85DT6 -0.411 1.86 + 0.19 1.357 1.19 3.0
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