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ABSTRACT: FTIR reflection absorption spectroscopy (RAS) has been used to develop a method to study
interactions in artificial interphases of polymer blends. Two films of poly(vinyl ethyl ether) (PVEE) and
poly(ethylene-co-acrylic acid) (EAA), with thicknesses ranging from 100 to 600 A each, were solution cast
on a gold surface and annealed at 125 °C for different times. The carboxylic acid groups of EAA differently
hydrogen bonded to different species, and the diffusion of EAA and PVEE into each other could be followed
by studying the C=0 bands in the infrared spectra. One advantage of studying these thin films instead of
entire blends is that the influence of the bulk properties is reduced, and we therefore observe the behavior
of the molecules in the artificial interphase itself. Quantitative measurements of the amount of hydrogen
bonds made it possible to calculate the diffusion constant and also to obtain a measure of the interphase

thickness after different annealing times.

Introduction

Blending of polymers is an attractive method to obtain
new polymeric materials. The ultimate goal is to achieve
an optimal material by combining favorable properties
from the starting materials. As most polymer pairs are
incompatible, the properties of the complex material will
be strongly influenced by interactions between the phases.
Inmany cases the addition of “compatibilizers”, e.g., block
or graft copolymers, may increase the interactions and
enlarge the interdiffusion layer, or “interphase”, between
the phases. The interphase is considered as a third phase
in the immiscible polymer blend and has its own char-
acteristic properties.! Formation of a more diffuse layer
between the phases by a compatibilizer, giving less distinct
phase boundaries, thus leads to improved mechanical
properties of the blend. Although the importance of the
interphase is recognized, there is a lack of detailed
knowledge about interactions in interphases in polymer
blends.

One reason for this is the fact that it is very difficult to
observe the small volume fraction occupied by the inter-
phase in a polymer blend. Instudies of polymer diffusion
it is generally self-diffusion coefficients that have been
determined,>* and only in some cases mutual diffusion,
or interdiffusion, has been studied. The most frequently
used methods of studying diffusion processes are different
scattering, spectroscopic, fluorescence, and radioactive
techniques.2® It should be noted that in most of these
methods, the studied thickness of the interdiffusion layer
hasbeen on the order of micrometers. Thisis much thicker
than the expected thickness of the interphase in incom-
patible polymer blends, where the domain size of the
dispersed phase typically is in the range of microns or
fractions of amicron. Shilovetal.5suggested an interphase
thickness of 0.5-4.0 nm for a particular immiscible binary
system, but the thickness is thought to be even thinner for
other systems. Inapartially miscible blend, the thickness
of the interphase depends on the miscibility between the
polymers but is still much thinner than the size of the
dispersed phase. A rule of thumb is that the better the
miscibility of a system, the thicker is the interphase.

The aim of this work was to develop a method to study
the formation of thin interphases, 50500 A, between two
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polymers in a system with some extent of miscibility. For
this, we chose the Fourier-transform infrared reflection
absorption spectroscopy (FTIR-RAS) technique. If two
polymers have functional groups that interact with each
other, the absorbance bands in their infrared spectra may
shift, and studying these shifts has proved to be an excellent
and straightforward method of studying interactions in
polymers, especially when hydrogen bonding is involved.
Interactions involving hydrogen bonding occur in many
different species, as, for example, between carboxylic acid,
urethane, and amide groups, and it is a very important
factor in the formation of crystal structures. Character-
ization of the hydrogen bond in polymers has been done
with two different methods, i.e., thermodynamic and
spectroscopic measurements. Presently,spectroscopy (IR,
Raman, fluorescence, NMR, etc.) is most powerful.!® We
have chosen tostudy the hydrogen bond between an acrylic
acid and an ether. Polymer films of poly(ethylene-co-
acrylic acid) (EAA) and poly(vinyl ethyl ether) (PVEE),
with thicknesses ranging from 100 to 600 A, have been
investigated. Inthe present work, quantifying the fraction
of “free” and hydrogen-bonded groups was most important,
and of the spectroscopic methods, infrared spectroscopy
is by far most applicable for obtaining this information.
More details about different infrared techniques have been
discussed by a number of others.”®

Other infrared techniques have also been used to study
interdiffusion in polymers. Van Alsten and Lustig® used
attenuated total reflectance (ATR) to study diffusion of
a thin film (0.02-0.5 um) of one polymer into a relatively
thick film (25-125 um) of a second polymer. This
technique seems to be useful to determine mutual diffusion
constants but implies that thicker regions than the
interphase are studied. High et al.!° used transmission
FTIR to study interdiffusion in polymer films of poly-
(ethylene-co-methacrylic acid) (EMAA) and poly(vinyl
methyl ether) (PVME). The benefit of RAS compared to
ATR and ordinary transmission FTIR is that it makes it
possible to look at thinner films and thus to focus more
specifically on the interphase, especially if the system has
limited miscibility. A method to study interphases in
polymer blends with nuclear magnetic resonance spec-
troscopy (NMR) has been developed by Afeworki et al.11-14
They show that their results only originate from the
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Figure 1. Schematicdiagram of a self-associated carboxylicacid
dimer together with the formation of a carboxylic acid~ether
complex.

interphase, but the experiments are difficult to perform
and very time-consuming. Compared to NMR, the RAS
technique requires only common commercial infrared
equipment and takes much less time. The RAS technique
was first developed by Francis and Ellison!> and Greenler!®
and has become a widely used method in studying absorbed
species on metal surfaces, but it has not yet become a
frequently used method for studying interactions in
polymer blends. We have previously used the method to
study adhesion of polymers on alumina surfaces.1”!8 In
this study we have used the metal surface only as areflector
of the infrared beam and as a support for the polymer
films. Using the RAS technique, we were able to follow
the gradual growth of the interphase through annealing,
with no interference of the bulk, by studying the inter-
actions between the two polymers. The thickness of the
interphase was in the range 100-600 A, which is much
smaller than earlier reported results obtained with infrared
techniques. It should also be stressed that we have not
used specifically marked polymers.

Theoretical Consideration

Thermodynamic Equilibria. The thermodynamics
of polymer blends has been studied by a number of
researchers during the past decades, and a good review
has been made by Utracki.l To describe the hydrogen
bond, one can use certain association models, which have
been summarized by Acreel® and Coleman.® As in other
types of equilibrium equations, there are competing
equilibria; i.e., a number of hydrogen bonds can be formed
between the different molecular groups involved. In a
polymer containing carboxylic acid groups, the acid groups
exist as “free” groups (nonassociated) or can form dimers
(self-associated) through mutual hydrogen bonding be-
tween one hydroxyl group and one carbonyl group. If we
add an ether, which does not self-associate, some of the
acid hydroxyl groups will form hydrogen bonds to the ether
oxygens instead,® which is shown in Figure 1. This leads
to a release of some carbonyl groups, which no longer will
behydrogenbonded. The amount of these carbonyl groups
is the same as the number of acid-ether hydrogen bonds
formed, and we call them “free” C=0 groups. We let B
be the nonassociated carboxylic acid groups in EAA and
A be the nonassociated ether groups in PVEE. The
equilibria could thus be written as

Kp
B+B=BB )

Ka
A+B=AB 2

Here, BB and AB mean the self-associated acid dimer and
the hydrogen-bonded acid—ether complex, respectively.
The equilibrium constants K, and Kp are defined by
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Flory? in terms of volume fractions, which in our case
gives us the constants as?!22

®pp 1
RAFEE @

- QAB r
Ki=galr+1) “)

where ®gp, Pg, Pan, and P4 are the volume fractions of the
corresponding structures. The factor r is the ratio of the
molar volumes of the average polymer repeating units,
i.e., Va/Vp. We assume that the volume fraction of two
interacting groups is the same as the sum of the two
individual groups. In accordance with Coleman et al.,2?
the stoichiometry of the system can thus be derived from
eqs 3and 4. Indetermining the equilibrium constants, we
used infrared data from pure EAA (Kg) and a EAA-PVEE
mixture (K4). Inpure acid copolymer (superscript 0) the
volume balance (assuming that we do not have any
anhydride or ester groups present) then becomes

&0+ dpp’ =1 (5)

The fraction of free C=0 groups in the pure copolymer,
fr®,i.e., the fraction of non-hydrogen-bonded acid groups,
is defined as

&g’
0 0
==& 6)
Together with eq 3, this gives Kp as
1-f°
=— 7N
P oaf?

If FTIR data from a mixture of EAA and PVEE are known,
the constant K4 can also be determined from eqs 3 and
4,

Fraction of Free C=0 Groups. When we let two
polymers diffuse into each other, the concentration changes
in a specific volume element with time, t. A way of
expressing the diffusion process at a specific time in a
carboxylic acid—ether system in terms of volume fractions
and equilibrium constants has been presented by High et
al.1® The contribution to the absorption in the infrared
region at a specific wavelength, d4, in a thin slice of
material with a thickness of dz in the diffusion direction
is proportional to the absorptivity, a, the concentration of
the species, and the path length. The total absorbances
of the hydrogen-bonded C=0 groups in the dimerized
carbozxylic acid groups (index D) and for the free C=0
groups of each EAA in the acid-ether complexes (index
F) could thus be expressed as

Apty=CJ. I;:aD &p(2,t) dz ®)

Apty=CJ’ ZaF &4(z,t) dz ©)

L and Lg are the thicknesses of the PVEE and EAA films,
respectively. ®p and &y are the volume fractions of the
acid dimer (®gg) and the acid-ether complex ($ap),
respectively, as described previously. Cisa proportionality
constant originating from the fact that the beam path
length is not equal to the thickness of the sample in the
RAS technique, in contrast to transmission FTIR. C can
vary if the orientation is different in the samples, but we
assume that C has a constant value for each sample
thickness. Ap(¢) and Ar(t) can then be used to calculate
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the fraction of free C=0 groups, fr, after the diffusion
time, t, as

Ag(®)
folt) = ———1—— (10)

where the parameter “ar” is the ratio of the absorptivities,
aD," ar.

Diffusion Process. In all derivations it is assumed
that the thermodynamic equilibria (eqs 1 and 2) are
reached almost instantly, i.e., that the diffusion process
is much slower than the kinetics of these equations. To
calculate fr(t) we must know ®p(z,t) and ®p(z,t) as a
function of distance, z, and time, according to eqs 8-10.
These can be calculated if it is possible to determine the
total volume fraction of EAA, ®g 10t(2,t), for specific values
of z and t. Fick’s second law can be expressed as a
differential equation as in eq 11, assuming complete
miscibility in the system, with the presumptions that the
mutual diffusion constant, Dag, is independent of com-
position (usually not exactly true) and that the partial
specific volume of EAA is constant.10:24

3% (2t) g (2t)
at AB azz B
This second-order partial differential equation could then

be solved with the initial (eqs 12 and 13) and open-
boundary (eqs 14 and 15) conditions shown below.

0 (11)

=0; z<0; Pp,,=1 (12)
=0, 2>0; @, =0 (13)
t>0; z=-o; Pg=1 (14)
t>0; z=+o; Pp., =0 (15)

The validity of these conditions will be discussed later.
Equations 11-15 are satisfied by the standard error
function solution:

B o (2t) = %(1 - erf(m)) (16)
AB

With these conditions, data from FTIR experiments could
be used to determine a value of D g, and this could further
be used to obtain an estimation of the interphase thickness
after different treatment of the system.

Experimental Section

Materials. Both polymers employed were obtained from
Scientific Polymer Products, Inc. The random EAA copolymer
contains 20 wt % acrylic acid (EAA[20]), which corresponds to
8.8 mol % acrylic acid groups. DSC analysis showed that EAA-
[20] has a broad melting interval (from +25 to +110 °C). The
glass transition temperature could not be detected with DSC but
is probably located well below room temperature. The molecular
weight has been determined previously by SEC analysis (M, =
17200, M, = 1700) by Flodin et al.,?> and the reported density
was 0.960 g/cm®. PVEE has a molecular weight of 118000, a glass
transition temperature at —30 °C, and a density of 0.95 g/cm?,
according to the manufacturer. Both polymers were used as
received without further purification.

Sample Preparation. Gold plates were made by first
sputtering a glass plate with a 10-nm layer of a chromium-nickel
alloy to obtain a better attachment of the gold layer and then
sputtering the plate with a 200-nm layer of gold. Gold was used
as the outer metal surface due to its high reflectivity and its
negligible interactions with other materials. The polymer films
were then cast through vaporization of polymer solutions with
concentrations of 10-50 mg of polymer per 100 mL of solvent.
To get the desired film thickness, the necessary solution volume
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Figure 2. Schematic representation of the setup for the RAS
experiments.
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per unit area was first calculated. Four different thicknesses
were used for each film layer: 100, 250, 400, and 600 A. Thicker
films were not used due to the fact that absorption in the carbonyl
region is linear only for a thickness approximately up to 2000 A
with the RAS technique according to Yoshida and Ishida;® i.e.,
the beam does not properly penetrate thicker films. The films
of EAA[20] and PVEE were of equal thickness in all samples.
EAA[20] was dissolved in a mixture of decalin and 1-butanol
(3:1 by volume). The solution was heated to 80 °C for at least
30 min, and then the appropriate volume was cast onto the gold
plate. EAA[20] was cast first because it is more difficult to
dissolve. T'o minimize inevitable mixing of EAA[20], PVEE was
dissolved in n-hexane at room temperature and cast on the dried
EAA[20] film in a similar way. After each polymer layer was
cast, the plate was carefully flushed with nitrogen gas at room
temperature to remove as much solvent as possible. The polymer-
covered gold plates were then annealed in air at 125 °C, which
is above the glass transition and melt temperatures of the
polymers, for various times up to more than 24 h and then cooled
to room temperature.

Instrumentation. FTIR measurements were performed with
aPerkin-Elmer System 2000 FT-IR. Aschematic drawing of the
experimental setup is shown in Figure 2. When doing the
measurements on the polymer-covered gold plates, we used a
reflection absorption spectroscopy (RAS) accessory with a liquid-
nitrogen-cooled mercury—cadmium telluride (MCT) detector. The
angle of incidence was fixed at 80°. The sample chamber was
carefully purged with dry air for 4060 min before scanning to
remove water, which has a high absorption in the carbonyl region.
As areference, the water absorption peak at 1654 cm! was used,
and the purging was continued until this peak no longer was seen
before final scanning was started. All gold plate samples were
scanned 100 times, and the resolution was 4 cm~! (higher resolution
gave too much noise). All spectra were curve fitted to determine
the carbonyl absorption (which is proportional to the area under
the curve in the absorption spectra) of the different species in
eachsample. This made it possible to calculate the experimental
value of the fraction of free C=0 groups in EAA[20]. To
determine the diffusion constant and the extension of the
interphase, the diffusion process was simulated with a computer.
It was taken into consideration that the absorption of the free
C=0 groups was overlapped by ester C=0 groups in the infrared
spectra.

Thermal properties were measured with DSC and TGA
instruments (Perkin-Elmer Thermal System 7). TGA measure-
ments were performed at a constant temperature (125 °C) for 8
h in a nitrogen environment. We also used a Varian VXR-300
S NMR instrument to characterize EAA[20]. Both 'H and 13C
NMR spectra were taken. To study the surface topography of
the samples, we used a JEOL JSM-820 L scanning electron
microscope (SEM), and the acceleration voltage was then 5 kV.

Determination of Constants. Theratio of the absorptivities
of the free and hydrogen-bonded C=0 groups, ar, was calculated
through comparing spectra of the same sample kept at 125 °C
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for different times. The value of ar could then be calculated as
ineq 17.

_ap _ Ap(time 1) - Ay(time 2)
ap  Ag(time 2) - Ap(time 1)

To calculate the course of the diffusion process, the equilibrium
constants, K, and Kg, had to be determined. This was done with
transmission spectroscopy using a triglycine sulfate (TGS)
detector at room temperature, and the samples were scanned 50
times with a resolution of 4 cm-l. Kp was determined from
infrared data of EAA[20], which was first dissolved in a mixture
of decalin and 1-butanol (3:1 by volume), then cast on a KBr
disk, and finally annealed at 125 °C for 200 min. Curve fitting
made it possible toseparate the absorptions of free acid monomer,
ester, and self-associated acid dimer groups. The previously
described absorptivity ratio between the C=0 groups in the dimer
and the free C=0 groups, ar, was also assumed to be valid for
the acid dimer—ester C=0 absorptivity ratio. Calculations from
the experimental results gave a value of Kp. Another solution
was made of equal parts per volume of EAA[20] and PVEE in
decalin, 1-butanol, and n-hexane (3:1:4 by volume), and the
mixture was cast on a KBr disk. The polymer film was annealed
at 125 °C for 15 h to reach as close to the thermodynamic
equilibrium of the blend as possible. The transmission spectra
taken at room temperature, together with the value of Kg, was
used for determination of Kx. The annealing process and the
cooling of these films were performed in a similar way as with
the gold plate samples.

Diffusion Calculations. Diffusion constants were calculated
for each experimental value of fr, i.e., for each value of film
thickness (L = L, = Lp) and annealing time. The overall diffusion
constant for an applied film thickness, Dag(L), was taken as the
logarithmic mean value of Dag(L,t) for different diffusion times.

17

Results and Discussion

FTIR- and TGA-Data. FTIR spectra for the samples
with predicted film thicknesses of 100 and 250 A are shown
in Figure 3. Originally, the peak heights were relatively
smaller for the samples with longer annealing times, due
todifferent absorptivities, but the spectra have been scaled
80 as to be more clear. In the spectra of EAA[20] alone
(no PVEE cast on top of it), denoted “~" in the figures,
the smaller peak at ca. 1740 cm! corresponds mostly to
the C=0 group of an ester impurity (discussed later),
while the larger peak at 1704 cm-! corresponds to the C=0
groups of the self-associated dimer.2” We see that the
amount of the acid dimer decreases, while the acid-ether
hydrogen bond increases in amount,? represented by the
free C—=0 absorption at 1734 cm-1, with longer annealing
times at 125 °C. This process proceeds gradually and is
easy to follow. A comparison of parts a and b of Figure
3 shows that the diffusion process takes longer for the
thicker films, due to longer diffusion paths. The spectra
for the samples with 400- and 600-A-thick films are similar,
besides that the transitions from the acid dimer to the
acid-ether complex take even longer times.

Even though the C==0 absorptions of the thin films are
very small (ranging from <0.001 absorption units), re-
peated experiments show that the results were very
reproducible. Casting very thin films from a solution, as
done in this work, is not the best way of getting uniform
films, but it is a simple method to obtain films of desired
thicknesses. Although there were small variations between
spectra of different samples with the same thickness and
temperature treatment, it was easy to follow the diffusion
process in the spectra from one time to another. The
thermal stability was also examined for the two polymers
using a TGA instrument. Neither EAA[20] nor PVEE
lost any weight (except for some solvent in PVEE) when
the samples were kept at 125 °C for 8 h in a nitrogen
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Figure 3. FTIR spectra in the carbonyl region of the EAA-
[20]-PVEE interdiffusion couple recorded as a function of
annealing time (minutes) at 125 °C. The film thicknesses are in
(a, top) 100 A and (b, bottom) 250 A.

environment. This shows that the two polymers are not
easily degraded at the experimental conditions.

The Absorptivity Ratio. To calculate the fraction of
free C=0 groups, the absorptivity ratio, ar = ap/ar, was
calculated for many samples with different film thick-
nesses. The overall average value was determined to be
2.2 and was considered to be independent of the film
thickness. This value could be compared to the value for
the EMAA-PVME system mentioned previously, which
was determined by Lee et al.28 to be ca. 1.6. The higher
value could be due to the fact that we have used a different
technique to determine ar; i.e., we applied the RAS
technique and annealed each sample at a constant
temperature for different times, while Lee et al. used
transmission spectroscopy and annealed at different
temperatures. The difference could also be due to the
fact that we have used a slightly different chemical system,
have other experimental conditions, or have larger un-
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Table I. Data for Determination of K, and Kg

measd C=0 absorbance area (%)

constants 1748 em~! 1784 cem™! 1704 cm-!  caled values
Kg 1 99 1 X103
K, 0.3% 714 28.3 30

2 ar = 2,2, ¥ Calculated using the value of Kg.

certainties in the curve fitting of the FTIR spectra for our
thin films.

K, and Kg. The two thermodynamic equilibrium
constants, K4 and Kg, had to be determined to caiculate
the fraction of free C=0 groups during the diffusion
process. Data for the determination of the constants are
shown in Table I. In a fast survey of a transmission
spectrum of EAA[20], it looks like there are only two peaks
in the carbonyl region, one smaller at ca. 1740 cm~! and
one larger at 1704 cm-1. The peak at 1704 cm-1, repre-
senting the acid dimer, is well defined and usually
dominating in carboxylic acid species.?’” Carboxylic acid
anhydrides have two stretching bands in the carbonyl
region, but a second peak between 1820 and 1770 cm-!,
which exists in carboxylic acid anhydrides, cannot be seen
for EAA[20]. The peak at 1740 cm-! is then likely to come
from an ester impurity or a free acid. Studying the peaks
inother regions gives no certain support in either direction.
When doing a curve fitting, we also observed a smaller
peak at 1748 cm-1, besides a larger peak at 1740 cm!.
According to Bellamy,?? the frequency difference between
the free acid and the acid dimer is always close to 45 cm™1,
while the normal ester C==0 stretch is found at ca. 1740
cm-l, The presence of an ester group was also directly
indicated in a 13C NMR spectrum of EAA[20], where we
could see two different carbonyl carbons. The interpre-
tation of the spectrum points to a methyl ester. We then
make the conclusion that the peak at 1748 cm-! is free acid
(44-cm! difference) and the peak at 1740 cm-! is an ester
impurity. Ester impurities in similar copolymers have
also been found by others!®?"3® and were probably
incorporated during polymerization. Using the equations
described previously, we then calculated the value of Kp
to be 1 X 10° at the conditions used.

The EAA[20]-PVEE blend sample was prepared by
casting one solution of the two polymers on a KBr disk
and then letting the solvent evaporate at atmospheric
pressure at room temperature. By doing so, it is not sure
that the cast blend was at thermodynamic equilibrium,
due to different solubility of the two polymers at the ruling
conditions. The following annealing had as a purpose to
reach as close toequilibrium as possible, i.e., to reach fr max.
If the equilibrium was not reached after subsequent
annealing, this would affect the value of Kx. In the
spectrum of the EAA[20]-PVEE blend it was easy to
distinguish two distinct peaks, one for the self-associated
acid dimer at 1704 em-! and one for the free C=0 group
of the acid-ether complex at 1734 cm-1, respectively.
However, it was not possible to separate with good
significance the third expected peak for the nonassociated
carboxylic acid group. Therefore, the value of Kg was
used in the equations to calculate the volume fractions,
giving a Kx value of 30 at our experimental conditions.
The difficulty in determining different volume fractions
could cause incorrect values of K5 and Kg. These problems
could then give incorrect calculated values of the fraction
of free C==0 groups, but small deviations from the real
values will not cause any major errors in the diffusion
calculations.

Both K4 and Kp were determined using transmission
spectra, while all other spectra were recorded with RAS.
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Using two different techniques in the experiments could
affect the results and is therefore a source of error. The
reason this was done was that it was too difficult and
uncertain to use the RAS technique for the determination
of the constants.

The Diffusion Process. Asshown before, the diffusion
process is quite easy to follow with this infrared technique.
To obtain a measure of the thickness of the interphase
that is formed due to the diffusion, we have calculated
diffusion constants according to the equations above. This
exercise is not made in the attempt to actually determine
the absolute diffusion constant but more to give a
qualitative picture of the changes due to annealing. The
fractions of free C=0 groups determined experimentally
are given as dots in Figure 4a—d for the systems with 100-,
250-, 400-, and 600-A film thicknesses of each polymer
layer (note the slightly different time scales). The solid
lines represent the theoretically calculated values using
an average overall diffusion constant for each film thick-
ness. To calculate these averages only the data between
5and 60 min were used. Itisobviousthatthe experimental
points deviate from the calculated values both initially
and for longer annealing times. For a film assembly
without annealing, there should not be any acid-ether
hydrogen bonds, but the opposite is clearly seen in the
FTIR spectra (Figure 3a~d) marked “0”. Pure EEA[20]
is not soluble in the solvent used to deposit PVEE, but
n-hexane might swell EAA[20], which would enable
diffusion of PVEE into EAA during deposition. This
would certainly influence the calculation of Dy, and as
this problem is difficult to avoid completely, data from
the first minutes were not used. The initial penetration
is, however, considered not to influence the modeling at
longer annealing times.

It can also be noticed that the calculated value of Dag
increases 1 order of magnitude when the film thickness is
increased from 100 to 600 A; see Table II. One reason
could be that there are inhomogeneities on a scale smaller
than the width of the infrared beam. A SEM micrograph
of a gold plate sample covered with EAA[20] of a nominal
thickness of 600 A showed that the surface is not completely
even but contains “droplets” with diameters in the range
1-20 um. Scratching the surface demonstrated that the
polymer covered the plate. Furthermore, scratches onthe
gold plate were seen through the droplets, so their thickness
must be much smaller than their diameter (penetration
depth 0.5~1 um at 5-kV acceleration voltage3!32), Casting
PVEE on top of EAA[20] did not change the structure of
the surface; see the SEM micrograph of 600-A PVEE on
600-A EAA[20] in Figure 5. The scratches in the gold
plate can be seen, but it is difficult to discern the PVEE
layer, which we believe is more homogeneously deposited
than the EAA[20] layer.

With decreasing thickness of the EAA[20] layer, the
variation in thickness due to the droplets will be relatively
larger, as illustrated in Figure 6. In a droplet, with its
larger thickness, the time to reach equilibrium will be
longer than for the average thickness due to the longer
diffusion path. This effect should of course be most
obvious for the thin films, and the conversion from acid
dimers to acid-ether complexes did indeed slow down
faster when thinner films were used, as shown in Figure
4a-d. The diffusion constant will of course also be
influenced, which at least partly explains the effect of
thickness on Dap. Thediffusion constant determined from
the sample with 600-A filmsis ca.5 X 10-16 ¢cm?2/s. Probably
the value should be even higher due to the nonuniformity
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Figure 6. Schematic representation of cross-sections of a gold
plate covered with thin and thick polymer films.

Table II. Diffusion Constants for Varying Film

Thicknesses

thickness of

logarithmic mean value of

each film layer, the diffusion constant,
L,\ = LB (A) DAB (szls)
100 0.4 X 10-16
250 2 X 10-16
400 3 x 101
600 5x 1016
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Figure 4. Comparison of the experimental fractions of the free
C=0 groups (@) to theoretical calculations (dotted lines) as a
function of time. The film thicknesses are (a) 100, (b) 250, (c)
400, and (d) 600 A, and the diffusion constants used in the
calculations are presented in Table II.

of the films, but it is still within the expectation range
(10-16-10-'2 cm?/s) according to Composto et al.3

The fit between the experimental and calculated data
is best during the first 30-60 min, but for longer times the
fraction of free C=0 groups is ca. 0.1-0.2 larger than the
expected values. Apart from possible effects of the
irregular surface, there are some other explanations as
well. Mathematically, the deviation at longer annealing

times can be described as a decrease in Dpg. Physically,
this would mean that Dagp is dependent on the concen-
tration, whichindeed has been reported for other systems.24

A more obvious reason for the deviation at longer times
is that the model used is based on infinite diffusion paths.
This gives a simpler system than assuming closed bound-
aries. High et al.l have shown that both models were in
good agreement with the experimental results obtained
with EMAA and PVME. They used much thicker films,
0.1-0.5 um, and consequently longer annealing times. The
deviation for the open-boundary model occurred after 10—
20 h, compared to 30—-120 min in our experiments. It can
be concluded that the model based on infinite diffusion
paths can be used during the initial stage, i.e., the period
which should be of interest for the development of an
interphase in a blend.

Finally, another possible source of error is in the
assumption of complete miscibility, for which all diffusion
equations are derived. If there is a phase separation, due
to crystallization or other reasons, the system will form
phases of different compositions, which probably will affect
the calculated values of fr. In this work we have done no
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Figure 7. (Top) Volume fraction of the AB complex calculated
as a function of distance from the initial surface (where negative
and positive values represent the occupation of the initial EAA-
[20] and PVEE film, respectively) and of the square root of time.
Dip = 5 X 10-8 cm?/s. (Bottom) Projected half-heights.

experiments to measure the extent of miscibility between
EAA[20] and PVEE. Theoretical calculations, on the
other hand, made by us for this system (the method
described by Coleman et al.23) indicate that the system is
completely miscible in all blend compositions at temper-
atures above =200 °C. As we have not compared this
theoretical calculation with experimental measurements,
we cannot say anything about its validity, but we find it
reasonable to believe that EAA[20] and PVEE show a
high extent of miscibility.

The Interphase. Since we see that the experimental
data are in reasonable agreement with the theoretical
diffusion calculations (Figure 4a—d), the diffusion theory
could be further used to give an estimation of the
interphase thickness at various times. Figure 7 shows the
calculated volume fraction of associated carboxylic acid-
ether complex, ®,p, at various times for the conditions
when the EAA[20] and PVEE films both are 600 A thick
and the diffusion constant has a value of 5 X 10-16 cm?/s.
The maximum calculated value of ®as is ca. 0.5. The
reason it is not higher is that we have a large stoichiometric
excess of ether groups. As a measure of the interphase
thickness, we take the full width of the half-heights (fwhh)
of these curves. In the lower part of Figure 7 the half-
heights are projected and the distance between two lines
at a specific time gives fwhh. If we plot fwhh versus time,
we see that it is approximately proportional to ¢t1/2. A
variation of the diffusion constant in the theoretical
expressions shows further that fwhh also is proportional
to D¥/2, Linear regression of the calculated fwhh values
gives us an approximate expression of the interphase
thickness for this EAA[20]-PVEE system as

fwhh =2 X% 10°D,5t (&) (18)

The dependence of the diffusion depth has been shown
before®43 to be proportional to D/2 and t!/2. Using
another method to produce very thin, but more homo-
geneous polymer films, we believe that this infrared
technique of studying thin polymer films can be used to
determine the interphase thickness and expressed as a
function proportional to D'/2 and t!/2, without any
influence of the film thickness.
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Conclusions

A method of studying interfacial interactions in polymer
blends has been presented in this paper. We succeeded
in observing interdiffusion in very thin films (from 100-A
thickness), without influence of the bulk. From FTIR-
RAS data the diffusion process could be calculated using
a specific model for the hydrogen bonding in the EAA-
[20]-PVEE system. We obtained values of the overall
diffusion constant Dap for the EAA[20]-PVEE system
with different film thicknesses using the open-boundary
conditions, with the value for the 600-A films being 5 X
10-16 c¢cm?/s (the bulk value is probably higher). An
approximate value of the interphase thickness has also
been established from the diffusion results. Using the
volume fraction of the acid-ether complex as a reference,
we found the thickness of the interphase, fwhh, to be
approximately 2 X 10°D,gt (&) in the 600-A films.

We consider that the major advantage of this method
is that we can study interactions in films with the same
thicknesses as thin interphases, with a minimum of
involvement of bulk properties. It seems very likely that
this method of investigating interphases could be useful
for systems with partial miscibility as well and to obtain
a measure of the interphase thickness in these systems.
The quantitative judgment is, however, more dependent
on the system itself and if there is possible to find
appropriate mathematical models which include the
interactions in the system. We will do further investi-
gations with polymer systems including a compatibilizer
and try to see how the penetration depth of this in the
different phases of the constituents of the blend affects
the mechanical properties of the polymer bulk.
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