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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.
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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.
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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
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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=
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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
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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






