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FT-IR Imaging of Polymer Dissolution by Solvent Mixtures. 1. Solvents
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ABSTRACT: The dissolution of poly(a-methylstyrene) (PAMS) by a binary solvent mixture containing
systematically varied amounts of methyl isobutyl ketone (MIBK) in deuterated cyclohexane was studied
using FT-IR imaging. From each sequential image in a timed sequence, spatially resolved spectral data
were gathered and absorbance profiles for the field of view were obtained. This allowed the study of
solvent penetration and quantitative analysis of the dissolution process from concentration profiles. The
dissolution of the polymer was found to vary linearly with time for ~150 um dissolved layer. The dissolution
rate was found to increase linearly with MIBK concentration. In each solvent mixture, diffusion profiles
were characteristic of case Il diffusion. No solvent component segregation was seen. It is demonstrated
that FT-IR imaging is a viable tool to characterize the dissolution of polymers by multicomponent solvents.

Introduction

The diffusion of low molecular weight species into
polymers is a research field with widespread practical
applications. Penetrant diffusion studies are useful in
areas ranging from time-release drugs,!~2 paint forma-
tion, membrane transport, and liquid crystal composites
to lithographic techniques used to manufacture micro-
chips. Very often the process is complicated by the
presence of two or more constituents and complex
geometrical shapes combined with convective effects.
The first steps toward understanding such a process are
diffusion experiments with no convection effects. Such
model experiments would yield information about the
type of diffusion, dissolution rate, and concentration
dependence of the process as a function of experimental
conditions.

While there is good understanding of the diffusion of
a single solvent into a polymer,* the (inter) diffusion of
multicomponent systems is not that well understood.
The study of polymer dissolution by mixed solvents is
directly applicable to many fields, e.g., current litho-
graphic techniques that often call for polymer dissolu-
tion by solvent mixtures. Since the quality of the
resulting product is partly dependent on the solvent
composition, it is important to know how solvent
mixtures dissolve a bulk polymer. Such studies are
motivated by financial process considerations as well.
An expensive, good solvent for a polymer might be
diluted with a cheaper, poorer solvent. The loss in
production time would be more than offset by savings
in solvent costs. Clearly, to yield lowest cost production,
determination of dissolution behavior based on solvent
composition would need to be understood. Hence, stud-
ies of multicomponent solvent dissolution of a polymer
are not only scientifically relevant but are also of
commercial importance.

Examining polymer dissolution by mixed solvents is
made difficult by its requirements. In many cases, the
dissolution of polymers in mixed solvents has been
characterized by observing the effect of the composition
of solvent mixture on the dissolution rate of the polymer
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and not the behavior of each individual component in
the mixture during dissolution.>8 It is unknown in these
experiments whether all components are diffusing into
the polymer at the same rate, whether there is exclusion
of one solvent, and whether solvent concentration at the
polymer—solvent interface is different than in the bulk
solvent solution. The solvent diffusion rate compared
to the rate of polymer relaxation is the primary factor
affecting the type of diffusion process seen.” The amount
of solvent absorbed by a polymer as a function of time,
M, can be used to characterize the diffusion process,
i.e., for

M, = kt" 1)

the exponent n characterizes the diffusional behavior.
An exponent of 0.5 likely implies Fickian (case 1)
diffusion while an exponent close to 1 likely implies non-
Fickian (case I1) diffusion. An exponent between 0.5 and
1.0 signifies anomalous diffusion. Case Il and anoma-
lous diffusion are usually observed for polymer whose
glass transition temperature is higher than the experi-
mental temperature. In general, case Il behavior is
observed for solvents with high activities.® Case Il
diffusion is characterized by a rapid increase in solvent
concentration in the polymer region with a sharp
penetration front which advances at a constant rate.
There is also an induction time for the Fickian concen-
tration profile that precedes the solvent penetration
front. It has been reported that the composition of the
solvent may also lead to crossover from one type of
diffusion behavior to another.® Thus, analysis of solvent
mixture diffusion must take into account the diffusion
profiles for each solvent.

A number of experimental techniques have been
employed for analyzing model diffusion studies. Tradi-
tional gravimetric (“blot-and-weigh”) methods!® are a
form of physical analysis that determines mass uptake
as a function of time. Bulk chemical analysis techniques
such as NMR, polar ellipsometry,1213 FT-IR spectros-
copy,1#~16 and ATR spectroscopyl41718 yield chemical
information. Microscopy,'® refractive index measure-
ments,?° radiation detection due labeling,?* and Ruth-
erford backscattering spectroscopy?? yield high spatial
resolution images based on optical properties, but
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usually do not contain specific chemical information.
Detection based on labeling techniques such a fluores-
cence labeling?324 perturbs the system and may not be
routine to carry out. These methods of analysis are
incapable of yielding both the spatial and chemical data
that would make a dissolution experiment fast and easy
to conduct. Imaging techniques are a step in that
direction. Magnetic resonance imaging (MRI) has been
used to characterize polymer dissolution.®2526 However,
the spatial resolution of these experiments is close to a
fraction of a millimeter, experimental times are long,
and fast diffusion phenomena may not be examinable.
FT-IR microspectroscopy offers an improvement in
spatial resolution over NMR imaging and yields images
that have spatially resolved data on the order of
microns.

uUntil recently, FT-IR microspectroscopy was carried
out using apertures to limit the spatial area examined
and then obtaining chemical information (an IR spec-
trum) for the area using a single element detector. The
apertures were then used to sequentially limit the area
examined and characterize the diffusion region. This
technique was most frequently applied to “static” dif-
fusion regions, e.g., polymer—polymer interdiffusion or
slow diffusion processes. Microtoming, which was a
laborious process, was avoided in many cases by using
the contact method.2” However, the profiles had to be
made static by reducing the temperature or polymer-
izing one component to “freeze-in” the profile or examine
slow diffusion processes. For real-time experiments,
linear velocity of the penetrant examinable was limited
to 10—20 um/h. Recently, the coupling of a focal plane
array detector to a spectrometer?® has given us the
capability to image large fields of a view in a single
collection step. A field of view spanning hundreds of
microns may be imaged in less than 5 min with spatial
resolutions approaching the IR diffraction limit. Com-
pared to the single detector microspectroscopic tech-
nique, comparable data are obtained much faster and
at a higher spatial resolution.?® This technique has been
applied to a small number of studies of multicomponent
polymer systems ranging from semicrystalline poly-
mers30 to polymer—liquid crystal composites3:32 and
diffusion processes.33:34 The dissolution of a polymer by
a solvent®® with linear velocities as large as 5 um/s is
monitorable3® with high signal-to-noise ratio data sets.%”
This is adequate for most polymer—solvent diffusion
studies.

This paper seeks to report the dissolution of a low
molecular weight polymer by a binary solvent mixture.
Entanglement effects do not complicate the dissolution
process, and both diffusants are solvents for the poly-
mer. Hence, dissolution is expected to be fast. The
effectiveness of FT-IR imaging as a tool to characterize
this process is examined. The type of diffusion process,
segregation of components, and obtaining the dissolu-
tion rate are primary aims of the paper.

Experimental Section

PAMS (M, ~790, T4 ~ 49° C) was used as received® in this
experiment. Weight ratios of as-received solvents (deuterated
cyclohexane®® (99.6% deuterated) and methyl isobutyl ketone
(MIBK)) were used. Experiments were conducted using the
contact method.?” To prepare a thin layer of polymer sand-
wiched between two salt plates, a small granule of solid
polymer was placed on 2 mm thick CaF;, substrates and was
heated on a hot stage to 150 °C. A substrate was then placed
on top of the polymer granule, and the two plates were clamped
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Figure 1. Spectra and peaks used to obtain concentration
profiles for the polymer and solvents.

together. The sample was then placed in an oven at 150 °C
for 2 h, after which it was allowed to cool in ambient air to
room temperature. The clamps were removed to yield a
polymer film partially occupying space between the two plates.
Solvent was introduced from the empty end after the sample
interface was positioned in the spectrometer. The solvent
entered the space between the substrates due to capillary
action and came into contact with the polymer. Images were
sequentially acquired during the time it took the solvent
mixture to completely dissolve the polymer from the field of
view. Solvent solution was added as necessary.

Infrared images were acquired using the Bio-Rad Stingray
imaging spectrometer. The Stingray is comprised of the FTS
6000 step-scan interferometer bench coupled to a microscope
accessory, UMA-500.2° The imaging detector is a Santa
Barbara Focal Plane FPA of 64 x 64 mercury cadmium
telluride (MCT) elements imaging an average spatial area of
500 um x 500 um in a single experiment. A long pass filter to
eliminate unwanted wavelengths and prevent Fourier fold-
over perturbations is inserted into the beam path. An 8 cm™
nominal spectral resolution and an undersampling ratio (UDR)
of 4 were used for the study. A mirror stepping rate of 5 Hz
was used to give a total scanning time of about a 210 s. The
number of camera frames (frame rate = 316 Hz; integration
time = 0.0938 ms) averaged during each spectrometer step
was 20. Image processing and data extraction were carried
out using the hyperspectral imaging software package Envi-
ronment for Visualizing Images (ENVI).%° Lower noise absor-
bance profiles were extracted from each image by averaging
the spectral data from a 40 um wide cross section of the image.

Results and Discussion

Absorbance and Concentration Profiles. The
spatial distribution of a component in the field of view
can be monitored using its characteristic IR absorbance
peak. Absorbance spectra for the neat solvent mixture
components and polymer can be seen in Figure 1. The
peak at 1600 cm~1, representing the ring quadrant
stretching mode, was used to characterize the polymer.
Peaks at 1730 cm™! (C=O stretching vibration) for
MIBK and 2100 cm~1 (CD stretching) for d-cyclohexane
were used to monitor solvent concentration. From each
image data cube collected during the experiment, these
specific frequencies may be used to yield absorbance
images. Images obtained by plotting the characteristic
absorbance frequency for each component may be seen
in Figure 2a—c. The images are obtained by threshold-
ing data based on the color bar shown in the image.
Absorbance profiles for the polymer and each of the
solvents in the solvent solution can be extracted per-
pendicular to the film edge. Figure 2d—f shows a typical
group of absorbance profiles corresponding to the images
a—c, respectively. It can be seen that one image data
cube collection yields spatially resolved absorbance data
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Figure 2. PAMS, CsDi,, and MIBK absorbance images and profiles taken from dissolution in an 85:15 C¢D12:MIBK solvent
solution. The three distinct regions seen in the absorbance profile for the polymer are (1) bulk polymer region, no solvent; (2)

dissolved polymer layer; and (3) neat solvent mixture, no polymer.

for all components involved. This chemical specificity
combined with high spatial specificity is uniquely
achieved through FT-IR imaging in a short time.

An examination of the absorbance profiles shows that
each profile may contain up to three different regions
reflecting the dissolution process. The three regions may
be seen in Figure 2a,d. The region of high absorbance
(region 1 in the profile pictured) reflects the bulk
polymer, while the region of low absorbance (region 3)
reflects an area in which there is no polymer. A middle
region forms during the experiment as time progresses.
This region of intermediate absorbance (region 2) is due
to polymer chains dissolved from the bulk polymer. The
region of dissolved polymer chains is unique to the
dissolution process. It has been shown that there are
optical distortions at a sharp refractive index interface
that lead to baseline offsets3! and small spectral distor-
tions. Before discussing the region between the bulk
polymer and bulk solvent, it needs to be determined that
optical effects that result from the high contrast at the
polymer—solvent interface do not significantly affect the
absorbance profiles.

A typical absorbance profile derived from a single row
across the interface can be seen in Figure 3. This profile
is for an image with a polymer—air interface before the
introduction of solvent. At this point, the refractive
index mismatch is at a maximum in our system. The
profile shows a sharp decrease in absorbance between
the polymer bulk and air regions of the sample. Ideally,
the normalized absorbance should drop to zero from 1.
However, the edge may not correspond exactly with
pixel edges, the polymer sample may not have a sharp
thickness decrease, and there is diffraction at the edges.

There are also small effects associated with focusing at
a certain wavelength and imaging at another. Hence,
the drop in bulk values over 2—3 pixels is reasonable,
and errors associated with all these factors affect no
more than 3—4 pixels. The refractive index and diffrac-
tion effects are lower with the introduction of a solvent
(closer refractive index to the polymer than air) and with
the establishment of a diffusion profile (destroying the
sharp interface). Hence, the effects of refractive index
mismatches can be discounted from any physical effects
observed in concentration profiles, especially at later
times. Therefore, we can conclude that region 2 in
Figure 2d is a true reflection of dissolved polymer chain
concentration at the polymer—solvent interface and not
due to optical effects.

Because of the lack of convection in the experimental
setup, this polymer has not been carried away from the
polymer—solvent interface. Such studies are of impor-
tance to study the dissolution of polymers without
convection. They are also the first steps toward model-
ing the dissolution—convection process (vide infra). The
complete dissolution process can be imaged as a function
of time by collecting images of the same area sequen-
tially. A typical case is shown in Figure 4. Dissolution
of the polymer by the solvent mixture can be seen as a
function of time. The concentration of the polymer
increases in the regions that contained mainly solvent
at an earlier time. The solvent ingress into the polymer
can also be clearly seen.

Absorbance profiles for each component can be ex-
tracted at different times and are shown with their
respective images in Figure 5 for another case. The
profiles reflect the intensity of an IR peak as a function
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Figure 3. Absorbance image of PAMS and the corresponding
absorbance profile for PAMS in the image. The image is
thresholded to the values on the color bar to the left.
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of position. Beer’s law states that the absorbance of a
given band is proportional to the absorptivity of that
band, the thickness of the sample, and the concentration
of the sample,

A = abc (2)

The sample thickness in this experiment and optical
parameters for any given peak are constant. Hence, the
absorbance of a band is directly related to its concentra-
tion in the sample, and absorbance profiles are equiva-
lent to concentration profiles for each component. Since
the pure components and the diffusion region can be
observed in the same image, a convenient normalizing
absorbance is obtainable. Therefore, the normalized
absorbance profiles extracted from each spectral image
are normalized concentration profiles as well and the
terms “concentration profile” and “absorbance profile”
are used synonymously in this paper.

Polymer Dissolution and Solvent Diffusion. Typi-
cal concentration profiles for the polymer as a function
of time may be seen in Figure 6a. The rate of dissolution
can be determined by plotting the position of the
polymer—solvent interface as a function of time. The
local slope of the fitted curve is the velocity of the
interface at that time (Figure 6b). The dissolution rate
is then, simply, a product of this solvent ingress velocity
multiplied by the perpendicular area exposed to the
solvent. It is noteworthy that the velocity of the dis-
solving front is a linear function of time in this case.
Examining the velocity of the diffusion front for the
slowest dissolving case (Figure 6c), the rate is seen to
decrease slightly with time at large times. As a first
approximation, the rate of dissolution is approximately
constant over time. However, a linear fit over the whole
region (dotted line) is certainly a poorer fit compared
to an exponential decay curve (solid line). A dashed line
fitting the early part of the dissolution process shows a

t=21 min

t =28 min

Figure 4. Spectral images showing the concentration of PAMS, MIBK, and CsD1, during the dissolution of PAMS in an 85/15

Ce¢D1/MIBK solvent solution.
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Figure 5. Images reflecting the absorbance of PAMS during dissolution in an 80/20 CsD;1,/MIBK solvent solution. Absorbance

profiles reflect the absorbance of PAMS, C¢D1,, and MIBK.

good fit for the data, but deviations are seen for longer
times. This is probably due to the dissolved chains
remaining at the polymer—solvent interface. Dissolved
chains cause an increase in the viscosity of the solvent
at the interface that acts to decrease further dissolution
of the PAMS. As the width of the dissolved polymer
region increases with time, the dissolution process is
hindered. This leads to a slight decrease in the rate of
dissolution. However, it may be concluded that this
decrease is minor for a boundary layer spanning over a
hundred microns. This is probably due to the nature of
the solvents and the low molecular weight used. This
finding has implications in the boundary layer modeling
of the dissolution process incorporating convection for
such systems. The dissolution rate would be affected by
convective effects only in cases where the dissolved layer
is greater than a few hundred microns. Hence, main-
taining a continuous convective flow is not required for
such a system and a single flushing after required
dissolution is achieved would be sufficient. A series of
experiments, such as conducted in this paper, would
yield system specific information useful for modeling in
a short time.

Linear fits to the dissolution rates for solvents of
different compositions can be seen in Figure 7a. The
dissolution rate of the polymer based on the dissolving
front is plotted as a function of d-cyclohexane content
of the solvent mixture. The dissolution profiles again
show a reasonable linear fit. Increasing slopes with
increasing MIBK content show a general trend toward
faster dissolution. This trend may be seen in Figure 7b.
The penetration rates derived from this analysis are
shown in Table 1. The error calculated can be seen to

Table 1. Penetration Velocity as a Function of Solvent
Composition and Corresponding Fit for a Linear
Regression Analysis; Error Values Are the Standard
Deviation from Fit Values

solvent composition penetration

CeD12:MIBK velocity («um/min) error R2
100:0 4.07 0.28 0.9689
95:5 4.02 0.24 0.9977
90:10 5.45 0.44 0.9937
85:15 6.88 0.34 0.9897
80:20 7.85 0.55 0.9805
70:30 10.24 0.81 0.9814

be 5—8% in most cases. The dissolution rate varies
linearly with the concentration of d-cyclohexane in the
mixture. On the basis of the dissolution rates of the neat
solvents, the rate for a binary mixture may be predicted
using a simple composition weighting function,

Rmix = Rmiek(@miek) T Ra-cycionex(l = Pmisk)  (3)

This prediction is compared to the experimentally
obtained values of the dissolution rate in Table 2. In
general, the trend predicted by the model above is
followed. However, the fit is better for larger MIBK
concentrations. The error in prediction for the lower
concentrations increases with decreasing MIBK con-
centration. This appears to indicate that the diffusion
process is also influenced by a nonlinear composition
term. If another term is added to (3) and the equation
modified to

Rmix = Rwiek(@wisk) + Rdfcyclohex(l — Pvisk) T
k(¢M|BK)(1 - ¢M|BK) (4)
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Figure 6. (a) PAMS absorbance profiles from dissolution in
an 80/20 CsD1/MIBK solvent solution. (b) A plot of the
interface position versus time allows for the derivation of the
rate of dissolution. (c) Dissolution rate as a function of time
for the dissolution of PAMS by d-cyclohexane. The line with
the greater slope is fit to the first 100 um. The second line is
fit to the entire data set.

the cross-correlation term accounts for differences seen
between the rates to a much greater extent. Fitting the
parameter k to a value yielding a minimum in deviation
from observed values, we see that the error is indeed
lower for this nonlinear model. However, the deviation
for 5% MIBK solution is still very large and unex-
plained. A possible reason could be the segregation of
solvents during the experiment. The increased activity
of the high MIBK concentration may be a result of the
high dissolution rate MIBK. This solvent may act to first
dissolve the polymer at the interface and, hence, en-
hance dissolution rates for the mixture. This issue is
examined by characterization of the individual solvent
profiles.

The diffusion of the solvent mixture may also be
characterized by the diffusion profiles of each component
(Figure 8a,b). Typical diffusion profiles (in this case, an
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Table 2. Comparison of Predicted to Experimentally
Obtained Dissolution Rates for Poly(a-methylstyrene)
Dissolved by an MIBK/d-Cyclohexane Mixture as a
Function of d-Cyclohexane Content; MIBK Dissolution
Rates Were Obtained by Monitoring the Refractive Index
Front on the Bright-Field IR Image

wt % linear nonlinear
d-cyclo- model rate obsd rate fract model fract
hexane (um/min) (um/min) error (um/min)  error
100 4.07 4.07 0.00 4.07 0.00
95 5.11 4.02 0.21 4.95 0.19
90 6.16 5.45 0.11 5.86 0.07
85 7.21 6.88 0.05 6.82 —0.01
80 8.26 7.85 0.05 7.81 0.00
70 10.35 10.24 0.01 9.91 —0.03

80:20 mixture) may be seen as a function of time. The
profiles are characteristic of case Il profiles with an
initial Fickian induction profile followed by a sharp
penetrating front at later times. The front can be seen
below the dotted line and the solvent concentration is
constant in the region following the front. A plot of the
penetration front position as a function of time (Figure
8c) reveals a linear dependence. Thus, both solvents
meet the criteria for case Il behavior. As opposed to
some studies which report a crossover from case Il to
case | diffusional behavior,® the system exhibited case
11 behavior for all composition ranges at the experimen-
tal temperature.

Solvent Composition. From Figure 8c, it can also
be seen that the interfaces of both the MIBK and the
d-cyclohexane are located at the same point. This
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mixture. Profiles were taken from images acquired at 0, 7, 14,
and 21 min after solvent—polymer contact. (c) The interface
position of each component of the solvent over time for three
solvent mixtures.

implies that the MIBK and the d-cyclohexane were
diffusing into the PAMS at the same rate. This is
interesting because neat MIBK and neat d-cyclohexane
diffuse into PAMS at widely different rates. For binary
solvents, one solvent may have a higher molecular
weight or be a better solvent than the other. Hence, a
solvent segregation may be expected. In this case, the
molecular weights of the two solvents are very close (96
for CsD12 compared to 101 for MIBK). Hence, solubility
parameters are expected to determine any segregation
of the mixture components. The solubility parameters*!
for the solvents and the polymer are shown in Table 3.
Consistent with the neat solvent dissolution rates,
MIBK is a somewhat better solvent than d-cyclohexane
for PAMS. Hence, it was a possibility that MIBK

Macromolecules, Vol. 33, No. 23, 2000

Table 3. Solubility Parameters for the Polymer and
Solvents

solubility parameter,

material 0 (MPal?2) (Opolymer — Jsolvent)?
polymer (PAMS) 19.3 0.0
d-cyclohexane 16.8 6.4
MIBK 17.2 4.5

diffusion through the dissolved polymer layer is faster
than the d-cyclohexane. This would create a mixture
concentration at the interface that had a higher con-
centration of MIBK than the solution that was being
added. To determine whether this was the case, the
ratio of the absorbance of the two solvent-specific IR
peaks was taken across the same cross section as the
concentration profiles. Referring back to Beer’s law, the
ratio of the absorbance of two bands may be written as

A, abcy

A, a,bc,

®)

where A;, ai, b, and c; are absorbance, absorptivity, cell
thickness, and concentration for the first solvent and
Ay, ay, by, and c; are for the other solvent. Since aj/a; is
a constant and because the thickness of the sample is
constant, this equation may be reduced to

A (cl) ©)

A, C;
where k is a constant. Therefore, the ratio of the
absorbance of the two solvent peaks reflects the com-
position of the solvent solution. Figure 9 plots the value
of this ratio and the corresponding PAMS concentration
profile for a typical case. As there is no change in the
value of the ratio, as evidenced by the horizontal line
on the graph, it can be concluded that the solvent
solution composition remains constant throughout the
solvent solution. If indeed there is segregation, it is on
a scale smaller than the resolution limit of the imaging
spectrometer. This result was found for all times in all
solvent mixtures examined in this paper. This simple
analysis serves to illustrate a very powerful application

of the FT-IR imaging technique that is possible with no
other technique in such a simple manner.

Conclusions

FT-IR imaging was successfully applied to examine
the dissolution of a polymer by a binary solvent mixture
in real time. Spatially resolved spectral data from a
multicomponent diffusion system allowed for the simul-
taneous characterization of all components within that
system. From the images collected, the nature of the
diffusion process, concentration profiles, dissolution
rates, and solvent composition were determined. The
dissolution rates for the neat polymer and the mixtures
were obtained from concentration profiles. Polymer
dissolution rates were found to be approximately linear
with time for dissolved layers as large as 150 um. It was
hypothesized that the increase in viscosity that the layer
produced created a slight decrease in the rate of
diffusion at later times. A linear relationship between
the rate of dissolution and the concentration of MIBK
in the solvent mixture was also established. From the
dissolution behavior seen in these model experiments,
important clues to process optimization for polymer
dissolution are obtained. Solvent diffusion into the
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polymer was characterized as case |l type of diffusion.
The system imaged here reflects a polymer in contact
with two solvents, though MIBK diffuses into PAMS
faster than d-cyclohexane. The composition of the
solvent that reached the bulk polymer was the same as
the starting composition in all cases. It is demonstrated
that complex diffusion processes involving many com-
ponents can be readily analyzed using FT-IR imaging.
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