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STUDY OF THE INTERFACIAL REACTION

OF STYRENE/MALEIC ANHYDRIDE COPOLYMER

AND (AMINE)-TERMINATED BUTADIENE-ACRYLONITRILE
COPOLYMER USING FTIR IMAGING TECHNIQUES

Eun-Mi Shin
Jack L. Koenig
Department of Macromolecular Science & Engineering,

Case Western Reserve University,
Cleveland Ohio, USA

The interfacial reaction between styrene/maleic anhydride copolymer (SMA) and
amine-terminated butadiene-acrylonitrile copolymer (ATBA) was observed using
Fourier transform infrared (FTIR) imaging spectroscopy. The anhydride and
amine reacted to form an imide. Each component was detected using a char-
acteristic wavenumber, which was 1601 cm™ for SMA, 2237 em™ for ATBA, and
1701 em™ for the imide. FTIR images were taken as the reaction proceeded at 150,
160, 170, and 180°C. At low temperatures (150 and 160°C), diffusion-controlled
kinetics were observed since interdiffusion between the reactants did not appear in
the images. On the other hand, both the diffusion front and the reaction front are
observed in the images at high reaction temperatures (170 and 180°C), which
indicates that the kinetics became reaction-controlled rather than diffusion-con-
trolled. Absorbance profiles were extracted from the images and used for the cal-
culation of the extent of reaction. The data were analyzed using the Frederickson
and Milner theory based on the assumption of diffusion-controlled kinetics, and
this theory fit the low reaction temperature data.

Keywords: FTIR imaging; Interfacial reaction; Interdiffusion; Diffusion-controlled
kinetics; Reaction-controlled kinetics; Interface instability
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INTRODUCTION

The process of adhesion is significant in a variety of applications
including polymer blends, coatings, and adhesives on or between
thermoplastics. There have been a few studies of the interdiffusion of
two miscible polymers [1] and interfacial reactions between functio-
nalized polymers [2]. The main goal of the interdiffusion and inter-
facial reactions is better adhesion between two polymers.

There are only a few miscible polymer blends with commercial
applications. By far, most polymer blends used on the industrial scale are
heterogeneous systems [3]. Thus, for completely immiscible systems,
the question of compatibilization arises. The main goal of compatibili-
zation is improved interfacial adhesion, which can be achieved by add-
ing preformed block copolymers [4—6] or by reactive blending [7—9].
Reactive blending is an important and increasingly accepted method for
the compatibilization of polymer blends. Two or more immiscible poly-
meric components are functionalized with chemical units, which are
coreactive. During melt processing, the polymers chemically react to
form a copolymer at the interface between the two phases. This copo-
lymer reduces the interfacial tension between the two phases, provides
for better dispersion, and promotes adhesion between the phases. The
kinetics and extent of reaction between the functionalized polymers are
critical parameters in determining reactive blend properties.

Frederickson [10], Frederickson and Milner [11], and O’Shaugh-
nessy and Sawhney [12, 13] have made theoretical analyses of polymer-
polymer interfacial reactions independently. It was assumed in both
treatments that the chains are symmetric in size, that a flat interface
is formed between them under quiescent conditions, and that reactive
groups are located at the end of each chain. Their theoretical studies
predicted that the interfacial reaction kinetics could be divided into
three different time regimes with the assumption that diffusion con-
trols the overall reaction kinetics. On the other hand, Oyama and
Inoue [14] analyzed interfacial reactions between end-functionalized
polymers [16, 21—-23] and concluded that the reaction rate controlled
the overall reaction kinetics.

In general, rather little extent of reaction is necessary during
reactive compatabilization to create a substantial change in mor-
phology or physical properties [15—18]. However, it can be difficult to
determine either the rate of reaction or the amount of copolymer
formed in such experiments. The reactive polymers in these studies
are typically heterogeneous in both degree of functionality and mole-
cular weight. Highly functionalized polymers can form densely grafted
copolymers or even cross-linked structures at the interface.
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Nuclear magnetic resonance (NMR) [19, 20] and size exclusion
chromatography (SEC) [9, 21, 22] have been used to measure the
extent of reaction in the final blend. Infrared spectroscopy [23] and
FTIR microscopy [24] were used on reactive blends to follow the
reaction kinetics and to detect the interdiffusion at the polymer
interfaces. Schulze et al. [22, 25] used forward recoil spectroscopy
(FRES) to measure the extent of reaction and kinetics as well as
concentration profiles of the reactants. These methods usually take
considerable time and sometimes require complicated mathematics
after the measurements to determine the extent of the reactions.

Recently, a new infrared imaging technique has emerged which
utilizes a focal plane array (FPA) detector coupled with a FTIR spec-
trometer to produce spatially resolved infrared spectral informa-
tion [26]. This so-called fast FTIR imaging is unlike the previous step-
and-collect or mapping experiments. Rather, it is a true imaging
technique, acquiring both spatial and spectral information simulta-
neously. Compared with the step-and-collect mapping experiment, fast
FTIR imaging acquires spectral information from large area in a short
period of time. Therefore, one can get spectral and spatial information
in situ. For this reason, the technique has been used for in situ analysis
in solvent diffusion [27] and polymer dissolution experiments [28].

Using the fast FTIR technique in an interfacial reaction experiment
yields many advantages. Spectral information gives kinetic data fol-
lowing functional groups, and spatially resolved spectral information
gives diffusion data for both polymers. Figure 1 shows a schematic of
the images that could appear as the interfacial reaction is controlled
by either diffusion or reaction rate. Since FTIR imaging spectroscopy
can resolve both chemical and spatial information simultaneously, it is
possible for us to determine if the reaction kinetics were controlled
by reaction rate or diffusion. In this work, we have used fast FTIR
imaging spectroscopy to measure the extent of reaction at the styrene/
maleic anhydride copolymer (SMA)/amine-terminated butadiene-
acrylonitrile copolymer (ATBA) interface.

EXPERIMENTAL
Materials

All the chemicals used in this experiment were from Aldrich
(Milwaukee, WI) and used as received. The SMA (Mw = 200,000) had
maleic anhydride content of 14 wt%. The ATBA (amine equivalent
weight =900) had acrylonitrile content of 18 wt%. Toluene was used as
a solvent.
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Sample Preparation

For FTIR monitoring of the bulk reaction, well-mixed samples of SMA/
ATBA system were prepared. Toluene solutions (5 wt%) of SMA and
ATBA were first prepared. These solutions were then quickly mixed
stoichiometrically (one anhydride per one amine) to form homo-
geneous solutions. The stoichiometric mixtures were cast on a CaF,
plate and dried at room temperature for one day. Then the cast sample
was covered with another CaF; plate and the experiment was run.

For FTIR imaging, the SMA 5 wt% toluene solution was cast onto a
CaFs plate and dried at room temperature. Then a 10 um spacer was
placed beside the SMA area on the CaF, plate and the sample was
covered with another CaF, plate. The sandwiched SMA was annealed
at 140°C to make a thin film. After the sandwich had cooled to room
temperature, the viscous ATBA was introduced and diffused to make
contact with the SMA film. The reaction temperatures were 150, 160,
170, and 180°C.

FTIR Spectroscopy and Fast FTIR Imaging

Infrared spectra were obtained using a Bio-Rad FTS-6000 in the
kinetics mode for bulk reactions. The well-mixed samples were put on
a hot stage (Mettler FP84HT with microscopy cell) and heated to a
reaction temperature (150, 160, 170, and 180°C). Then spectra were
collected every minute for at least 3 hours at a resolution of 4 cm ™.
The Bio-Rad FTS6000 Stingray imaging spectrometer was used to
acquire the infrared images. It consists of a step-scan interferometer
bench (FTS6000) coupled to a Focal Plane Array (FPA) detector-
equipped microscope, UMA-500 (Bio-Rad Laboratories, 237 Putnam
Avenue, Cambridge, MA, USA). The microscope detector is a Mercury
Cadmium Telluride (MCT) array of 64 x 64 elements imaging a spatial
area of approximately 400 um x 400 um in a single data collection. The
spatial resolution of the image was estimated as 6.25um from the
dimensions and pixel number. To get a FTIR image of the interfacial
reactions, a sandwiched sample was put on a different hot stage
(Oxford Instrument [Concord, MA] with cryostat) and heated to the
reaction temperature. The sample was kept at the reaction tempera-
ture for a certain time and then cooled to room temperature in order to
collect the FTIR image. The time at which the sample was at the
reaction temperature was considered to be the reaction time. The heat-
up and cool-down time was excluded from the calculation of the com-
parative reaction times. The FTIR images were acquired at a resolu-
tion of 8cm!. The acquisition time was 3.5min per image. Image
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acquisition and processing were carried out using Win-IR Pro and
ENVI software. The area measurement under the peak of the imide
profile was done using GRAMS (from Galactic) software integration
function.

RESULTS AND DISCUSSION

The neat ATBA and SMA spectra are shown in Figure 2. Character-
istic IR bands were selected to represent each component during the
reaction. The C=C stretching band at 1601 cm * was selected for SMA
and the peak at 2237 cm™, representing the C=N stretching band,
was used to characterize ATBA. The imide evolution was detected
using the imide band at 1701cm .

Bulk reaction kinetics were obtained by heating a well-mixed
sample to a reaction temperature. The growing imide peak can be seen
as a function of time at 150°C in Figure 3a, where peak height was
measured to calculate the relative amount of reaction. Spectra were
taken every minute at 160, 170, and 180°C. Figure 3b shows the imide
formation (% conversion) as a function of time for the different tem-
peratures. The relative percent imide conversion was calculated as
follows:

* (a) ATBA J\A/L\\/\

*

(b) SMA

) Before Reaction _J/\N\AK/\A/\’\
A (c)

-

0 4
(d) After Reaction
N

2200 2000 1800 1600 1400 1200
Wavenumber (cm-1)

Arbitrary Units
[\

FIGURE 2 (a) Neat spectrum of ATBA. (b) Neat spectrum of SMA. (c) Spec-
trum of the well-mixed sample, before reaction. (d) Spectrum of after reaction
at 180°C for 3 hours. *x, C=N band represents ATBA at 2237 cm™; %, C=C
band represents SMA at 1601 cm™; &, imide band at 1701 cm ™.
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FIGURE 3 (a) Imide evolution with time at 150°C. (b) Percent conversion
versus time for bulk reaction of SMA and ATBA at four different temperatures.
¢, 150°C; W, 160°C; A, 170°C; @, 180°C.

Relative % Conversion = {(Imax — It)/Imax} - 100, (1)

where I, was the imide area calculated at the maximum and I; was
the peak area at a specific time. The amount of product increased
rapidly at first and then reached at plateau, indicating that the
reaction slowed significantly. This might be related to network for-
mation, which hampers the diffusion of the components, or to the
reaction being confined only to the region near the interface. The
initial slope of the amount of product increased with temperature.
The rate constant changed from % = 24 min! at 150°C to £ =70 min
at 180°C. An apparent activation energy obtained from an Arrhenius
plot yielded a value of 52kdJ/mol. These values are comparable with
previously reported values of the reaction of SMA with amine [24].
Images extracted using characteristic bands from the interfacial
reaction at 160°C may be seen in Figure 4. Absorbance intensities of
the images are thresholded to the values shown with the color bars.
The red color represents relatively high intensity and the blue color
relatively low intensity. The imide formation from the reaction of SMA
and ATBA was seen clearly at the interface as the reaction proceeded.
As the reaction proceeded the thickness of the imide strip in the
images became wider and the red color became strong. The images of
the SMA and ATBA show sharp interfaces even with long reaction
time. The images of the interfacial reaction at 150°C showed that the
same sharp interface as the imide was formed. If the diffusion rate is
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faster than the reaction rate, we should be able to see the diffusion by
gradual color change between the two reactants in the images and the
imide would form behind the diffusion front. The sharp interface (no
gradual color change) with the imide formation at the interface leads
us to conclude that the interfacial reaction of this particular system is
a diffusion-controlled kinetic reaction.

Absorbance profiles for each of the components can be extracted
from any row in the image, perpendicular to the interface. Figure 5
shows the typical absorbance profiles of SMA, ATBA, and imide evo-
lution at the interface. Imide formation at the interface of SMA/ATBA,
as the reaction progressed, can also be seen in the absorbance profiles
by the peak of the imide profile that developed where the SMA and
ATBA profiles crossed, which is the interface of SMA/ATBA.

The amount of imide formation was calculated using the area under
the peak of the imide absorbance profiles. The scheme for the area
measurement, and the imide evolution with time, are shown in
Figure 6. Using the imide profile peak area and Equation (1), the
interfacial reaction kinetics were plotted as percent conversion versus
time (Figure 7). The rate constants were extracted from the initial
slopes of the plots. The initial slope of the reaction increases with
temperature and is proportional to the reaction rate constant. The rate
constant changes from 2=0.26min ' at 150°C to #=3.41min "' at
180°C from the percent conversion plots.The calculated interfacial
reaction rate constants are shown in Table 1 compared with the rate
constants for the bulk reactions. The activation energy was calculated
by constructing an Arrhenius plot using the calculated rate constants.
The Arrhenius equation is

Ln(k) = Ln(A) — Eo/RT, 2)

where A is the frequency factor, E, is the activation energy, and R is
the gas constant. The Arrhenius plots for both interfacial and bulk
reaction are shown on Figure 8. The equations in Figure 8 are the
linear fits to the data and the R? values. The activation energy cal-
culated for the bulk reaction was 52 kd/mol, and for interfacial reac-
tion it was 133 kdJ/mol.

Frederickson and Milner proposed a theory using three time
regimes on the basis of the assumption that diffusion of the reactive
chains controls the overall reaction kinetics [11]: (1) an initial regime,
where the density of reactive chains in the interfacial region could be
considered to be the same as the value in the bulk; (2) an intermediate
regime, where there is a depletion hole of reactants in the interfacial
region so that the reaction is controlled by diffusion of reactive
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FIGURE 6 (a) Imide evolution with time at a reaction temperature of 150°C.
(b) Area measurement under imide profile peak.

homopolymers to the interface; and (3) a late time regime, where
interfacial saturation by the resultant copolymers suppressed the
reaction. The predicted time dependence was a linear growth of the

extent of reaction in time, t, a

Relative % Conversion

tY2 growth in the intermediate regime,

o] ) 1 L I

0 20 40 60 80 100

Time (min.)

FIGURE 7 Percent conversion versus time for the interfacial reaction of SMA
and ATBA at four different temperatures: ¢, 150°C; W, 160°C; A, 170°C; and

@, 180°C.
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TABLE 1 Rate Constants for Interfacial and for
Bulk Reaction Obtained from Initial Slope of
Reaction Kinetics

Temperature (OC) kInterfacial reaction kBulk reaction
150 0.26 24
160 0.56 35
170 1.06 45
180 3.41 70

Unit of k=min .

and a (In t)V2 growth in the late regime (Figure 9). Frederickson and

Milner’s theory has been applied to the relative percent conversion
versus reaction time plot from FTIR imaging along with a linear
regression analysis represented by R? values (Table 2). The R? values
were over 0.99 at the early and intermediate regimes, indicating that
the data fit the theory well at the early and the intermediate regimes.
The R? value of the early time at 150°C was 1 since the fit was applied
to only two data points. This was because there were not enough data
points for the early regime at that reaction temperature. The well-
fitted data prove again that this interfacial reaction followed diffusion-
controlled kinetics.

5

4r .\'\‘\.

3t _
. y=-6.55x + 18.6
e R®=0.99
£ 2
x 4
c
-

ok

y =-16.0x + 36.30
2 _
I R?=0.98
2
2.15 2.2 2.25 2.3 235 2.4

1UTx 102 (K™

FIGURE 8 The Arrhenius plots of bulk (@) and interfacial (ll) reaction.
Lines are the linear regression fit to the data.
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FIGURE 9 Qualitative summary of the time-dependent growth of percent
conversion.

The R2 value became less than 0.9 in the late regime at 170°C and
the intermediate and late regimes for 180°C. Figure 10 shows the
interface reaction images at 180°C and imide formation was observed
inside the SMA phase at about 10 min. The ATBA images contain a
separate strip of red beside the original interface apparent at the
10 min reaction time, which means that ATBA diffused into SMA
so rapidly that the reaction could not keep up with the diffusion
speed. The fast diffusion of ATBA can be seen more clearly in the
absorbance profiles (Figure 11). The imide was formed on the interface

TABLE 2 R? Values from Linear Squared Fit of Frederickson’s Theory to the
Percent Conversion versus Time Plots

Intermediate
Temperature Early regime regime Late regime
0) (Zxt) (Ext?) (Z x(In t)¥?)
150 1 0.9936 0.9365
160 0.9961 0.9903 0.9957
170 0.9863 0.9189 0.7349
180 0.9904 0.8839 0.7520

X represents percent conversion.
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of SMA/ATBA at 5min and then broadened into the SMA phase at
about 10 min. Shoulders of the ATBA and SMA profiles are inside of
each other, revealing fast diffusion before reaction. At about 30 min,
the highest peak of the imide profile moved into the SMA phase and a
smaller imide profile peak formed on the shoulder part of the SMA and
ATBA profiles. These observations show that the interface reaction
kinetics changed from diffusion-controlled at low reaction tempera-
tures to reaction-controlled at high reaction temperatures. The fact
that the imide diffused to the SAM phase shows the interface
instability. Therefore, Frederickson and Milner’s theory [11] did not fit
in the intermediate and late regimes at 170 and 180°C since the theory
assumed a flat interface at quiescent conditions. It has been predicted
that lower molecular weight copolymers will have a greater ability to
reduce the interfacial tension at a given chemical potential or the
extent of reaction [29]. Lower molecular weight copolymers are also
more susceptible to thermal fluctuations, an observation that was used
to explain the interfacial roughening observed in a Polystyrene (PS)/
Poly(methyl methacrylate) (PMMA) reactive system [30]. Thus an
interface saturated with low molecular weight copolymers, disrupted
by both thermal fluctuations and a decrease in interfacial tension, may
produce a higher extent of reaction. As the copolymer is added to a
polymer-polymer interface, the interfacial tension is expected to
decrease. If the interfacial tension is driven to zero, a microemulsion
consisting of small droplets of one phase in the other, or a ribbed
interface, may form between the two phases [31, 32]. In these
experiments, the SMA has a very high molecular weight with the
maleic anhydride moiety attached to a main chain, not at the end of
the chain. The ATBA is a low molecular weight polymer with amine
functionality at both ends. Therefore, the reaction may produce cross-
links consisting of long main chains with low molecular weight
bridges. Once copolymer and/or cross-links are formed, the interfacial
tension decreases and the reactants can easily penetrate each other.
Furthermore, because of the lowered interfacial tension and high
reaction temperature, the mobility of the cross-linked polymer
increases and it has a tendency to form one phase. Reduction of the
interfacial tension has been the reason given for interfacial rough-
ening observed in a similar reactive system [33].

CONCLUSIONS

We have obtained images of interfacial reactions using FTIR imaging.
Using the measured absorbance profiles, we were able to calculate the
amount of reaction at the interfaces. The FTIR images did not show
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interdiffusion between the reactants at 150 and 160°C, with all the
images showing sharp interfaces. The absorbance profiles at those
reaction temperatures also showed a sharp interface, meaning that
the reaction kinetics were diffusion controlled. At higher reaction
temperatures, i.e., 170 and 180°C, the images showed interdiffusion of
the reactants and an interface instability. The interdiffusion and the
interface instability can also be observed using absorbance profiles.

There were many benefits to using FTIR imaging spectroscopy to
study interfacial reaction kinetics. Using FTIR imaging spectroscopy,
one can monitor the interfacial reactions of the reacting components.
Quantitative information can be obtained from absorbance profiles. In
this study, we used only one system; therefore, we cannot draw global
conclusions about the mechanism of interfacial reaction kinetics.
Systematic studies with controlled molecular weight and with differ-
ent functional groups are needed.
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