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Analyzing the Diffusion Process for Polymer Solution Using
FTIR-ATR Technique: Special Considerations

Mohammad Karimi and Fateme Asadi

Abstract—Diffusion of small molecules through the
polymers has significant importance in different scientific and
engineering fields such as medicine, textile industry,
membrane separations, packaging in food industry,
extraction of solvents and of contaminants, and etc. This
paper reports the use of Fourier transform infrared-
attenuated total reflectance (FTIR-ATR) and partial least
squares (PLS) analysis to study the compositional change of
polymer solution exposed to the certain atmosphere. Diffusion
coefficient of tetrahydrofuran (THF) in solution of
polystyrene was obtained by means of analyzing the spectral
data collected by FTIR-ATR instrument. Desorption by
which the solvent evaporates from boundary of polymer
solution, with respect to the time, showed that three regions of
compositional change appeared: plateau, steep slope, and
gentle slope regions. Providing the desorption data from the
second region which is the essential part of mass transfer, the
value of diffusion coefficient of THF was obtained 5.8 x10°¢
em?/sec. Finally, affecting factors and limitations of FTIR-
ATR technique on reliability of spectral data are discussed.

Key words: Diffusion, polymer solution, FTIR-ATR,
polystyrene, Tetrahydrofuran.

I. INTRODUCTION

POLYMER solutions are important for a variety of
purposes, especially, for manufacturing fibers and
membranes. Generally, solidification of polymer in shape
of interest takes place by solvent evaporation from and/or
nonsolvent diffusion into the polymer solution. During the
process, polymer solution is undergoes a change in the
concentration of components. Great varieties of methods
are available for analyzing the diffusion coefficient of the
penetrant into the polymer solutions and films. For non-
condensable gases such as carbon dioxide, nitrogen, and
methane, pressure decay techniques [1] and membrane
permeation [2] are often employed. While for condensable
gases or vapors, gravimetric techniques are more useful [3-
5]. Dielectric relaxation spectroscopy [6], quartz crystal
microgravimetry [7], fluorescence [8], dynamic light
scattering [9], Raman spectroscopy [10,11] and NMR
spectroscopy[12,13] are other methods to measure the
diffusion coefficient. Each of these experimental
techniques has demonstrated the ability to obtain diffusion
coefficients in polymers. Some disadvantages of these
techniques include difficulties in operation, a lack of
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detailed information regarding to the diffusion process
(molecular-level phenomena), indirect methods of
detection, and the inability to monitor the diffusion process
continuously, are reasons for pursuing new techniques
without the aforementioned limitations [14,15]. Fourier
transform infrared-attenuated total reflection (FTIR-ATR)
is a promising tool for determination of the diffusion
coefficient of small molecules in polymer solutions and
makes it possible to investigate the mass transfer during
diffusion process.

IR-ATR technique has been used about 40 years for
analyzing the diffusion in polymers. Since early studies in
1975 by Lavrent’ev and coworkers as mentioned in
reference [14], till now many experiences were released on
diffusion of different systems. A well-reported review on
history of the subject can be found in reference [14].
Unfortunately, poor adhesion between the polymer and the
ATR element and also the lack of speed and accuracy of
measurement due to technical restrictions limited the
precision of the technique during that time. In the mid-
1980s, by introducing the FTIR spectrometers, the speed
and resolution of measurement increased dramatically,
enabling an in-situ technique with higher precision. Many
issues can be listed in which the FTIR-ATR technique
were employed to analyze the diffusion process of the
systems; among them are removing the calcium carbonate
from latex films [16], diffusion of water and its effect on
swelling and drying in the latex films[17], diffusion of
decanol in hydrogenated polybutadiene and monitoring the
changes in chemistry of both solute and polymer [18],
probing the state of water in proton exchange membranes
[19-21], sorption and releasing drug from controlled
delivery systems of therapeutic agents [22-25], and many
other existing reports available in literatures. Many of
these studies have compared results from FTIR-ATR
spectroscopy to ome or more of other techniques,
demonstrating  excellent agreement between the
techniques.

Diffusion is movement of penetrant from one part of a
system to another and it is mainly a result of random
molecular motions [26]. Understanding the diffusion of
small molecules in polymeric materials is important to a
number of applications such as membrane separations [27],
barrier materials [28-30], drug delivery [22-25], fuel cells
[31,32] and chemical sensors [33]. In textile industry
diffusion is important in many processes. The rate of
solvent outflow and nonsolvent inflow in fiber and
membrane formation, time of dying and amount of dye
uptake in dyeing process, the rate of water absorption and
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conditioning time in protective clothes are some examples
of importance of diffusion coefficient in textile and
polymer fields.

Investigating molecular interactions and their roles in
the diffusion process is another ability of FTIR-ATR
technique in which it has been taken attention in the
literatures [14, 34-38]. Elabd and Barbari [38] investigated
the effects of solute—solute interactions with their study on
methyl ethyl ketone (MEK)/butanol mixtures in
polyisobutylene (PIB). By deconvoluting the carbonyl and
hydroxyl regions of the spectra as a function of time,
diffusion coefficients and hydrogen-bonding interactions
were quantitatively measured. Free MEK, self-associated
butanol, and MEK-butanol complex were identified from
the spectra. Diffusion coefficient of the butanol cluster was
less than the MEK-butanol complex and it was less than
free MEK. To elucidate the differences between interacting
and non-interacting systems, the MEK/butanol/PIB results
were compared to those for MEK/acetonitrile mixture.

Regarding to the above demonstration on ability of
FTIR-ATR technique for analyzing the diffusion process
of polymer/penetrant mixture, we were motivated to give
some special considerations on measuring and quantifying
the spectral data collected from FTIR-ATR for
polystyrene/tetrahydrofuran (PS/THF) solution during the
solvent evaporation. In this paper, the principles behind
FTIR-ATR are discussed. We focus on describing the
technique and an ATR-diffusion model based upon Fick’s
second law is described in detail for PS/THF mixture. In
addition, the methods of quantification of spectra are
reviewed.

II. THEORY AND EXPERIMENTS
Diffusion of small molecule in polymer film is described
by Fick’s second law, presented by Eq. (1) [39],
sc_afpc)
ot ox| ox
where C is the concentration, x the distance and 0C/dx the

6]

gradient of the concentration along the x axis, D a constant
that is called diffusion coefficient, and oC/dt is

concentration change of penetrant with respect to the time,
L.

Diffusion of small molecules depends on the physical
properties of the polymer network and the interactions
between the polymer segments and the small molecules.
According to the rate of diffusion of penetrant with respect
to the relaxation rate for polymer matrices, the process of
diffusion is classified into two categories: Fickian and non-
Fickian diffusions. According to the Fick’s second law, the
basic equation of mass uptake by polymer film can be
given by Eq. (2) [26].

A wr, ®

where, the exponent n is called the type of diffusion
mechanism, and k is constant which depends on diffusion
coefficient and thickness of film.

Fickian diffusion (Case I) is often observed in polymer
system when the temperature is well above the glass

transition temperature of the polymer ( Tg ). Therefore, it is

expected that M, /M, (M, is the amount of penetrant

absorbed at equilibrium) is proportional to the square-root
of time ie. n=0.5. Other mechanisms has been
established for diffusion phenomenon and categorized
based on the exponent 7 , as follow [40];

n>1 Supercase 11
n=1 Case I
1>n>1/2 Anomalous
1/2>n Pseudo-Fickian

The Case II diffusion is the second most important
mechanism of diffusion for the polymer. This is a process
of moving boundaries and a linear sorption kinetics, which
is opposed to Fickian. A sharp penetration front is
observed by which it advances with a constant rate. More
detailed features of the process, such as the induction
period and front acceleration in the latter stage, have been
documented in the literatures [41].

An exponent between 1 and 0.5 signifies anomalous
diffusion. Case II and Anomalous diffusion are usually
observed for polymer whose glass transition temperature is
higher than the experimental temperature. The main
difference between these two diffusion modes concerns the
solvent diffusion rate [15,26].

Infrared spectroscopy is a widely used technique that
has been an important tool for investigating diffusion
process. FTIR-ATR spectroscopy has proven to be very
accurate and reliable because it is an in-situ technique that
can provide reliable short-time data often missed in other
techniques [14,31,38,42-44]. In comparison with other
techniques such as NMR spectroscopy, FTIR-ATR
technique is also simple to use and relatively inexpensive.
FTIR-ATR spectroscopy is a technique that sets itself
apart from other techniques with its ability to provide
molecular-level contrast between penetrant(s) and the
polymer to understand the chemical interactions that occur
on a molecular level and how they affect the overall
transport rates in a polymer. It can also investigate and
measure diffusion of multi-component system. Therefore,
in recent years, this technique has been increasingly
employed to investigate mass transfer and diffusion
process.

The polystyrene solution (15 wt.%) was prepared by
dissolving PS in THF as solvent under gentle stirring at
room temperature until a clear polymer solution was
obtained. Tetrahydrofuran from Merck, Germany and
polystyrene of commercial grade (Solarene G144) with
melt flow index of 8.5 (200 °C, 5 kg) from Dongbu
Hannong Chemical Co. were purchased and used as
received. Polymer solution was cast directly on the surface
of a multiple reflection ATR crystal (ZnSe, refractive
index 2.4 and incident angle 45°). The thickness of
polymer solution was equal to 740 micrometer. The
recording of the spectrum was simultaneously started and
spectra were recorded with an one second interval after
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casting the solution on the ATR crystal. FTIR-ATR
spectrum was measured by using a Nexus 670 (Nicolet)
spectrometer in kinetic mode.

II. MEASUREMENT OF DIFFUSION WITH ATR ACCESSORY

A. Principles of FTIR-ATR

According to the principle of ATR technique [45], when
light propagates through a dense medium (an ATR Crystal)
and is reflected at the interface with a rarer medium (a
polymer film), attenuated total internal reflection (ATR)
occurs. The rare medium absorbs light at this interface and
attenuates the light. The schematic of ATR crystal is
shown in Figure 1.

The angle of incident light must be greater than the
critical angle (0, ) to occur total internal reflection:

0, =sin™" (ij ©)
n,

n; and n, represent the refractive indices of the rare and
dense medium, respectively.

Pelymer film

ATR g;r}“\:rizi

' Rban
\"-.{_ ________
Mirror

An electromagnetic field that penetrates into the rarer
medium forms an evanescent wave which its strength, E,
decays exponentially with distance from the surface, x, as
given by Eq. (4). The distance, which is on the order of
micrometers, makes ATR generally insensitive to sample
thickness, allowing for dynamic measurement in a layer
with certain thickness. Figure 2 shows the interface of
ATR crystal with an evanescent wave.

Mirror
Fig. 1. The schematic of ATR crystal.

E—Eo=exp(yx) , @

where Eg is the electric field strength at the interface,
E/E, is the loss in the electric field strength, and Y is

evanescent wave decay coefficient which is the reciprocal
of penetration depth. In terms of refractive indices, the
angle of incidence (0) and the wavelength of light (), the
penetration depth of the IR beam in sample can be
calculated by Eq. (5).
A

271:(n12 sin® @—n3 )0'5

In order to obtain quantitative information from ATR
spectroscopy, the basic relationship between the absorption
of electromagnetic waves and the quantity of the absorbing
material should be obtained. Basically, the well-known
Beer-Lambert law gives this relationship as presented by

Eq. (6).

®

dp=

dI = -eCldx , ©)
where I is the light intensity at position x, € is the molar
extinction coefficient and C is the concentration of
absorbing group. In FTIR-ATR with assumption that only
weak absorption occurs, one can combine the evanescent
field strength equation with the Beer-Lambert law and
write:

Loet=q-a), )
Iy
where I, is the intensity of the incident light and A is the
measured absorption. Substitute Eq. (7) into the differential
form of the Beer-Lambert law and integration given by:
L eCI

= ®

A= :
0 IO

T Polyvmer fHm

Incident Light Reflected Light

Fig. 2. Interface of ATR crystal and polymer film.

In the ATR configuration, the limits of integration are 0
to L, reflecting the diffusion of the penetrant through the
thickness of the film, from one side. Having the intensity

I=E?, the Eq. (8) can be rewritten to yield an expression
for multiple reflections, N, as:

A=["Ne"CE? exp(-2yz)dx , )

where € =¢/ly. Eq. (9) directly relates changes in
concentration to those in the absorbance spectrum, during
the experiment.

B. Collection of spectra

As shown in Figure 1, a special arrangement of ATR
accessories is employed to measure the spectrum at a
certain time during the process. In our study, a certain
volume of PS/THF solution was cast directly on the
surface of the flat crystal (ZnSe, a 45°ATR prism)
equipped with a bottomless liquid cell. The interfacial area
of polymer solution that was equal to 1.35 cm® was
controlled by a frame, made of nonabsorbent material.
Using nitrogen gas, atmosphere of polymer solution was
purged by 100 ml/min flow rate and the recording of the
spectrum  was  started simultaneously. FTIR-ATR
spectrums were recorded by a Nexus 670 spectrometer in
real time mode, allowing a measurement of a spectrum
with an one second interval. The spectrum was measured
at a wavenumber resolution of 4 cm™ as single scan for a
spectral range from 4000 to 750 cm’. All the
measurements were made at temperature 25 °C.

Figure 3 shows spectra collected from PS/THF solution
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under evaporation process. Evaporating the THF from top-
surface of solution causes to form a concentration gradient
under diffusion control. After a certain period of time, the
change in concentration is started at the bottom-surface of
solution which is a typical layer of ATR analyzing. As
seen in Figure 3, the characteristic peak of THF in region
between 2800 cm™ and 2900 cm™ decreased as results of
decreasing the concentration of THF into the bottom layer
of polymer solution, in contact with ATR prism. Reverse
behavior is observed for characteristic peak of PS in region
between 2900 cm™ and 2950 cm'™.

IV. QUANTIFICATION OF FTIR-ATR SPECTRA

A. Calibration

FTIR spectrometer measured the interaction of light
with experimental samples. It records the frequency (or
wavelength) at which the sample absorbs light and the
intensities of the absorption. IR spectrum determines the
chemical functional group containing the whole
components of the sample. According to the theory, each
functional group absorbs characteristic frequencies of
infrared radiation uniquely in which the intensity of
absorption is related to the concentration of the functional
group in the sample. Making relationship between intensity
of characteristic frequency and concentration of
component, it can be possible to determine an unknown
quantity of functional group using a certain quantitative
techniques.

025

020

015

010

Absorbance

005

Wavenumber (em™)

Fig. 3. Sequence of time-evolved spectra from polystyrene solution
during desorption of tetrahydrofuran.

The simplest quantitative technique is based on Beer-

Lambert law. Beer's law relates peak intensity to sample
concentration, and this relationship is linear as shown in
Eq. (10).
A =abC, (10)
where A is absorbance measured at a given frequency, a
is absorptivity of the component at the measured frequency
and determined based on certain calibration models, b and
C are path length and concentration of the component,
respectively.

Generally, when component peaks overlap significantly,
simple Beer's law does not result correctly. There are many

other quantitative techniques which can be used to
generate a calibration model. Multivariate calibration
model such as classical least squares (CLS), stepwise
multiple linear regression (SMLR), partial least squares
(PLS), and principal component regression (PCR) produce
a model that is more sophisticated than a simple Beer's
Jaw. PLS and PCR calibration techniques are statistical
approach to quantitative analysis that make it possible to
deconvolute and calibrate the component peaks or regions
that overlap severely.

In principle, in the ATR experiments the absorptivity is
not constant and is related to the penetration depth of
evanescent wave and refractive index of media,
consequently, it changes with the absorption band
wavelength and variation of composition. Since deviation
of the system from Beer's law can lead to significant errors
in the predicted concentration of component, a multiple
absorptivity value or multivariate calibration model should
be considered [19].

Before starting to quantify the collected spectra, as
shown in Figure 3, one needs to choose a proper
calibration model. Probing the multivariate calibration
models, as earlier mentioned, a good fitting was obtained
using PLS model for the standards samples (samples with
certain concentration) of PS/THF. Figure 4 shows a
representative sample of calibration curve. From Figure 4,
it becomes clear that using PLS calibration model, one is
able to predict the concentration of THF in unknown
samples.

Choosing the PLS calibration model not only is a result
of successful procedure of fitting in this study but is a
vision of Bohatier and coworkers [46] for quantifying the
water absorption kinetics and the mass transfer in a
polymer solution. They employed the PLS calibration
model to analyze the spectra collected using the near-
infrared (NIR) spectrometer. Besides, there exists a
successful case of using the PCR calibration model to
determine the concentration of components in the diffusion
layers during the immersion precipitation process by
Karimi and Kish [47].

B. Calculation of concentration

It is possible to measure the dynamic change of
components by measuring the spectra of sample at real
time. Using a calibration model, each spectrum collecting
at the certain time was introduced to the TQ Analyst
developed by Nicolet Inst. Co., and then the concentration
of THF and PS were obtained.

Figure 5 shows the variation of concentration of THF
regarding to the spectra collected by FTIR-ATR
instrument. Three regions are observed; first region
showing no change in concentration with respect to the
time is extended from zero time up to the beginning of
concentration change. Changing in concentration is
continuing up to a steep change in slope of the curve, here,
is the end of the second region of mass transfer. The third
region also shows a variation in concentration similar to
that which is observed in the second region but with a
gentle slope.
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Fig. 4. Calibration curve for calculate concentration of THF in

tetrahydrofuran/polystyrene systems. Open symbols are experimental data
and solid line is calculated calibration.
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C. Analysis of diffusion coefficient
The substitution of the Fickian concentration profile into
the Eq. (9) and integration give the following expression:
A 8y
Sallel S D S
A, 71— exp(—2yL)]

s 11
i@[ exp(@)(f CXP(—ZYL)+(—1)“(2Y)} R

X

o n+1)@4y* +£2)
2,2
= 1
where g:%}}_t and f:M A!>° is the

absorbance at equilibrium. Eq. (11) is analogous to the
mass uptake in gravimetric technique [14].

100

C Solvent (wt%)

S &8 8 8

D D Ty

1=,

1000 1500 2000 2500
Time (53

Fig. 5. The variation of concentration of THF in PS/THF solution during
solvent evaporation close to ATR crystal.

500

If dp<0.1L Eg. (11) can be approximated by Eq. (12)
[14].
o (_1\D _ 2.2
A_jd 500" D(2n+1)°n’t |
A T ,—02n+1 412 .

By eliminating all terms in the series of Eq. (12) beyond
the first, it can be simplified:

12)

i =1 _——SY
A 71— exp(-27L)|

-Dn?
exp(%](%exp(—mmmj BNGE)

2
T 2
—+4

on the experimental

where T= 1/ dp
conditions.

and depends

In Eq. (13), it is assumed that the value of Tis constant.
This is not entirely correct because it depends on the
polymer refractive index, which can vary as the
concentration of penetrant increases. Eq. (13) could be
simplified if following condition could be found in the
experiment [37]:

.‘.[2

4y? > oz and 1> exp (=2yl)
therefore,

2
In 1—i :ln[ij—Plt.
A, n) 41%

With Eq. (14), the logarithm of the absorbance data is
plotted as a function of time, and then the diffusion
coefficient, D, is given by the slope of a linear least square
regression.

Sometimes, one prefers to calculate the diffusion
coefficient by means of concentration rather than
absorbance data as a function of time. As discussed in part
IIT (A), concentration is related to absorbance through the
differential Beer-Lambert law and incorporates the
evanescent wave of the ATR infrared light. The solution to
the partial differential equation in Eq. (1) is given by:

(14

o (_1\0 _ 2_2
C((:x,t) =1—iZ§ 1)lexp[ Dn+)'n t}
T n—o2n +
) 0«0l 4L ’ (15)
2n +1)mx
Xcos| ————
2L

IC(x,1) _ 5 92C(x,t)

ot ox2
Cx=+L,t)=C,,
C(x,t<0)=0.

C(x,t) is the THF concentration at any spatial coordinate
x and time interval t and C,, is the saturated penetrant

concentration.

Applying the values of concentration obtained from the
ATR spectra (Figure 5) and defining the initial and
boundary conditions (as presented below the Eq. 15) for
the ATR configuration with a PS solution of thickness,
2L =740um, diffusion coefficient of THF was calculated
using Eq. (15) and resulted an average value of 5.8x10°®
cm?/sec for the second region of the process (see Figure 5).
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TABLE I
CHARACTERISTIC FEATURES OF COMMON CRYSTAL MATERIALS

Refractive index

Uses

Material ATR spectral range (cm™)
Germanium (Ge) 5500-675 4
Silicon (Si) 8900-1500 & 360-120 34
AMTIR (As, Ge, Se glass) 11000-725 2.5
ZnSe 15000-650 2.4
Diamond 25000-100 2.4

Good for most samples.
Strong absorbing samples, such as dark polymers
Resistant to basic solution
Very resistant to acidic solutions
General use
Good for most samples. Extremely caustic or hard samples

V. FACTORS AFFECTING ATR ANALYSIS

A. Optical contact

One of the important factors is related to the optical
contact necessary for reliable data; in other words, the
adhesion of the polymer film to the ATR needs to be
strong. Before an experiment, care must be taken to ensure
adhesion is excellent and that penetrant sorption does not
affect on the contact between the polymer film and ATR
crystal. Glassy polymers can become brittle on drying and
can easily lift off the crystal surface so this problem is
more important. Some methods are used to ensure that
there is a good contact such as casting of films upon the
ATR crystal and a physical clamping device.

B. Type of optically dense ATR prism

The material madding the ATR prism is variety; they are
chosen for experimental measurement based on two
characteristics, refractive index and interfacial tension.
Some usual crystals and their characteristic features are
listed in Table I. Zinc Selenide (ZnSe) is the most
commonly used crystal and preferred for all routine
applications. Usage of this crystal is limited to strong acids
and alkalis. Complex agents (ammonia and EDTA) will
erode its surface because of the formation of complexes
with the zinc.

Interfacial tension between ATR prism and the
components of the solutions may change the composition
of solution in contact with prism. Under this situation,
before doing the main measurement, one should check the
concentration polarization at the interface by probing the
variation of intensity of characteristic peak with respect to
the time.

Refractive index of ATR prism affects depth of
penetration of infrared beam into the sample which is an
important factor controlling the concentration of
penetration at a certain depth.

C. Refractive index

Another problem that can occur during the diffusion
process is concentration dependence of refractive index for
the solution attached on the ATR prism. In the systems
involving a big variation in concentration, a different
mathematical approach will be required to account for
changes in the refractive index and depth of penetration
during the diffusion process.

D. Angle of incidence IR beam
Another variable is angle of incidence, it should be at

least as great as the critical angle. Critical angle is largely
determined by the material properties of the polymer and
the crystal. By increasing the refractive index of the ATR
crystal, the critical angle will decrease.

VI. LIMITATION OF FTIR-ATR SPECTROSCOPY

A. Local analyzing

It should be noted that the absorbance intensity that is
measured by FTIR-ATR spectroscopy depends on the
concentration of functional group exiting at the interface of
polymer solution/ATR crystal. It means that the
measurement is a local determination and does not give
information about the layers far from interface, while some
techniques such as gravimetry measure the weight of
whole polymer film, thereby corresponding to a global
determination. However, local ATR analyzing, sometimes,
can be aimed especially for stratification process.

B. Wavelength dependence of penetration depth

The penetration depth varies with the wavelength of the
incident beam (Eq. (5)). Photons with higher wavenumbers
penetrate the sample less than photons with lower
wavenumbers and penetration depth decreases at higher
wavenumbers. This effect should be corrected by applying
the ATR correction to the raw spectrum. Most FTIR
software packages incorporate an ATR correction
algorithm. The penetration depth will decrease by
increasing the refractive index of the ATR crystal. High
index crystal is needed when analyzing high index
materials [32].

C. Bands overlapping

Differentiating components that produce overlapping
bands in spectral data make limitation to employ some
ideal mathematical approach for quantifying the spectra.
Bands overlapping potentially lead to erroneous results.
Straightforward  solution for this restriction is
deconvolution of overlapping bands. Several quantitative
techniques are introduced in which they are able to
calibrate and quantify the spectral data using component
peaks or region that overlap significantly (see part IV(A)).
However, at high concentration systems, the number of
adjustable parameters necessary for peak fitting increase
and can cause difficulties in data analysis and then could
result in unreliable data.

VII. CONCLUSION

Fourier transform infrared-attenuated total reflection
(FTIR-ATR) spectroscopy was successfully employed to
analyze the diffusion phenomenon of
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polystyrene/tetrahydrofuran (PS/THF) by means of Fick’s
second law. Spectral data collected by instrument were
quantified using partial least square technique, after
calibration with standard solutions. Three different trends
were observed in changing the THF concentration with
respect to the time; plateau, steep slope, and gentle slope
were the trends of changing. The second region was
chosen to calculate the diffusion coefficient of THF which
was 5.6x10° cm?/sec. According to the experiences,
optical contact, refractive index, type of ATR prism, and
angle of incident IR beam are important factors that
influence the reliability of spectral data. Even with some
limitations of FTIR-ATR technique such as local
analyzing, wavelength dependence of penetration depth,
and band overlapping, it becomes a suitable technique to
study diffusion of small molecules in polymer films and
solutions in situ.
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