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ABSTRACT: We have examined the effect of monomer structure on amine-anhydride reactions at a
polymer-polymer interface. The thermodynamic interaction parameter ø was varied by changing the
backbone chemical structure, holding molecular weight constant. To eliminate the effects of mixing,
experiments were performed with bilayer thin films of end-functional polymers. Using a combination of
size exclusion chromatography with fluorescent labeling, we measured the extent of reaction of anhydride-
terminal poly(methyl methacrylate) and polystyrene with amine-functional polystyrene, polybutadiene,
poly(ethylene/ethylethylene), and poly(dimethylsiloxane). Interfacial structure was observed by atomic
force microscopy. Both the conversion to block copolymer and the degree of interfacial roughening are
suppressed with increasing ø. This suppression may be related to reduced solubility of the reactive
homopolymers in the formed block copolymer and to decreased interfacial volume for reactions to occur.
Viscosity does not play a significant role in these studies. In melt blends of similar polymers prepared in
a cup-and-rotor mixer, the rate of reaction and extent of conversion also generally decrease with increasing
ø. The rates are up to 100 times faster, suggesting that convection sweeps away block copolymer that
forms at the interface. These results indicate that thermodynamic interactions play a significant role in
determining rates of reaction at polymer interfaces.

Introduction

Reactive compatibilization has been widely used as a
means of controlling the morphology and material
properties of immiscible polymer blends. Many polymers
have been examined in these reactive blends, primarily
through changes in blend morphology in the presence
of reaction.1-3 While morphology development during
mixing of nonreactive polymers has been studied
extensively,4-6 reactive blends are more complex. Con-
sequently, additional parameters are significant, in
particular those that affect rates of copolymer formation
and thus blend morphology. Recent studies have also
shown that very rapid coupling reactions between
polymers can result in high amounts of block copolymer,
suggesting a solvent-free melt method for their pro-
duction.7-12

Our strategy has been to simplify reactive blending
studies by using end-functional, monodisperse materials
to form diblock copolymer at the interface between two
immiscible phases.13,14 Further understanding is achieved
by separating the effect of mixing from that of reaction,
using bilayer samples. Under these conditions, inter-
facial roughening has been observed in a variety of
systems, including PMMA-anh/PS-NH2,15-18 nylon/
polysulfone,19 and PS/poly(styrene-r-maleic anhy-
dride).20,21 Schulze et al. found that the extent of
reaction and interfacial roughening increased with lower
matrix molecular weight and with higher reactant
concentration.16,17,37 Yin et al. also observed that extent
of reaction and roughening increased with lower mo-

lecular weight functional polymers.18 However, each of
these reports has relied on a single polymer system, and
no attempt has been made to compare polymers with
similar reactive group chemistry but different monomer
units.

Our goal is to examine the effect of monomer struc-
ture, and thus thermodynamic interactions, on reactions
at immiscible polymer/polymer interfaces. Recently we
developed a synthesis method for fluorescently labeled
reactive polymers, enabling the measurement of small
quantities of copolymer formation using size exclusion
chromatography (SEC). This SEC/fluorescence tech-
nique was demonstrated on dilute polymer blends
containing 1% or less of reactive components22 and
found to be in good agreement with conversion mea-
surements by forward recoil spectroscopy on layered
polymer films.23 We have used this technique, in com-
bination with AFM, to examine reactions between a
variety of polymers. We have synthesized four different
amine-terminal polymers of about the same molecular
weight and reacted them with three anhydride-terminal
polymers labeled with anthracene. These combinations
give ø values ranging from 0.02 to 0.3. We have
compared these quiescent reactions to reactive coupling
during melt mixing of similar polymers.

Experimental Section

Materials. Silicon wafers approximately 0.5 mm thick were
broken into 3 cm × 3 cm squares. Cyclohexane, dichlo-
romethane, methanol, hexanes, tetrahydrofuran (THF), and
toluene (Aldrich) were dried prior to use where necessary by
standard techniques. Phenyl isocyanate (Aldrich) and Irganox
1010 (Ciba-Geigy) were used as received. Polybutadiene-amine
(PB-NH2) and poly(ethylene/ethylethylene)90-amine (PEE-
NH2), anthracene-labeled polystyrene-anhydride (*PS-anh),
anthracene-labeled PMMA-anh (*PMMA-anh), polystyrene-
anhydride (PS-anh), and poly(methyl methacrylate)-anhydride
(PMMA-anh) were synthesized as described elsewhere.22,24,25
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An asterisk will be used to identify fluorescently labeled
polymers in this paper. Polystyrene-amine (PS-NH2) was
synthesized by J. Cernohous, as described in the literature.26

Difunctional poly(dimethylsiloxane)-amine (PDMS-(NH2)2) was
obtained from Gelest, Inc. Difunctional poly(dimethylsiloxane)-
anhydride (PDMS-(anh)2) was synthesized by M. Maric.27 All
polymers were characterized by 1H NMR spectroscopy and
PEG solution coupling to determine functionality.26 Polymer
chemical structures are shown in Figure 1. With the exception
of the PDMS-(NH2)2, the polymers were of high functionality
and nearly monodisperse, as preferred for successful SEC
measurements of conversion.13 Polymer properties, including
viscosity as measured on a Rheometrics DSR controlled stress
rheometer using 25 mm parallel plates under a nitrogen purge,
are summarized in Table 1. As seen in this table, the polymers
cover a wide range in viscosity. The reacted pairs are listed in
Table 2.

Sample Preparation: Spin-Coating and Annealing.
Samples of the fluorescent polymer, either *PMMA-anh or
*PS-anh (0.1-0.25 g), were dissolved in toluene (5 mL). The
solutions were spun onto a 3 cm by 3 cm square piece of silicon
at room temperature and 1800 rpm for 35 s to obtain a flat
film. The film thickness was measured by ellipsometry and
ranged from 90 to 300 nm depending on solution concentration
and molecular weight of the polymer. Subsequently, amine-
functional polymers were either solvent cast from cyclohexane
(PS, PB, PEE) onto *PMMA-anh or spun-coat from hexanes
(PB, PEE) onto *PS-anh, yielding a g1 µm thick film. Typical

concentrations were 0.08 g of polymer in 2 mL of dry solvent,
with 0.0040 g of Irganox 1010 as a thermal stabilizer. The
resulting squares were broken into multiple pieces and placed
in a custom-built vacuum oven. When amine-functional PDMS
was the top layer, it was added directly to the *PMMA-anh or
*PS-anh surface prior to annealing without spinning, due to
its low viscosity. Sufficient PDMS was put on to completely
wet the surface of the wafer. A piece of microscope coverslip
glass was placed on top of each sample to provide a barrier to
oxygen diffusion. This barrier prevented cross-linking of
polybutadiene during annealing, which could lead to errors
in analysis. The layered samples were annealed at 175 °C and
25 mTorr of vacuum, with samples removed at intervals
ranging from 0.25 to 16 h. The bilayer films were quenched
on dry ice and stored at -15 °C in the dark after annealing.

SEC Measurements of Conversion. The annealed samples
were dissolved in THF (2 mL) containing 1% of phenyl
isocyanate. This reagent reacts with unconverted polymeric
amine to prevent coupling in solution. The solution was then
injected on a Waters 150C SEC at 30 °C with THF as the
mobile phase. A series of three Phenogel 7.5 mm columns with
pore sizes of 5 × 104, 5 × 103, and 5 × 102 Å were used. The
resulting chromatograms were measured by a sequential series
of a Hitachi fluorescent detector with an excitation wavelength
of 358 nm and an emission wavelength of 402 nm, a UV
detector set at a wavelength of 254 nm, and a differential
refractomer.22 The resulting chromatogram was then fit to a
series of Gaussian peaks to determine conversion.

Melt Blending. Melt blending was carried out in a Mini-
MAX mixer at 200 °C under a nitrogen purge, with three steel
balls to improve mixing flow.28 The total mass of each polymer
blend was approximately 300 mg. Samples (∼10 mg) were
taken periodically up to 20 min to obtain an estimate of
conversion vs time and quenched in water. The samples were
then dissolved in THF with phenyl isocyanate to quench the
remaining reactive groups, and conversion was analyzed by
SEC as described above.

Atomic Force Microscopy (AFM). Samples for atomic
force microscopy were prepared by placing the entire sample
in a selective solvent overnight at room temperature, thereby
dissolving away the top thin film layer. This process also
separated the top glass coverslip from the layered sample. PB,
PEE, and PDMS were removed by dissolving in hexanes. PS
was removed by dissolving in an 87:13 vol:vol mixture of
cyclohexane and toluene to completely remove the polystyrene
layer without disturbing the underlying PMMA. Surface

Figure 1. Chemical structure of polymers used in interfacial coupling studies.

Table 1. Reactive Polymer Characteristics

polymer Mn (g/mol) Mw/Mn f c
η0, 175 °C

(Pa s)

anhydridea

*PMMA-31-anh 31 200 1.03 0.95 600000
*PMMA-12-anh 11 800 1.12 0.95 7000b

*PS-53-anh 53 000 1.09 0.72 1700
amine

PS-NH2 18 000 1.1 0.90 28
PEE-NH2 18 000 1.05 0.70 2.2
PB-NH2 25 000 1.10 0.83 14
PDMS-(NH2)2 22 000 1.43 1.65 0.27

a An asterisk in the polymer name indicates the presence of a
fluorescent label. b Viscosity is estimated from literature values
as the quantity of polymer was insufficient to measure directly.
c End functionality determined by solution coupling with PEG.26
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structure was examined using a Digital Instruments Nano-
scope III AFM with a pyramidal Si3N4 tip in contact mode,
over a 2 µm × 2 µm area at a scan rate of 2 Hz and angle of
90°. Images were taken at three different locations, with the
root-mean-square (rms) roughness measured in each position.
These results were averaged to obtain the reported rms
roughness. We examined the surface of *PS-anh and *PMMA-
anh films before and after solvent casting and observed no
significant surface roughening. We also annealed the films in
the presence of a nonfunctional top layer for 3 h and did not
observe distortion of the surface after its removal under the
same conditions.

Results
We analyze our results in terms of interfacial conver-

sion Σ, the number of copolymer chains per unit area.
To determine Σ, both the film thickness and the conver-
sion of labeled polymer are required. Film thicknesses
for the lower layer and the estimated value of ø for each
pair are summarized in Table 2. The thickness of the
upper layer was much greater than the lower layer. This
was verified by the absence of color in the films,
indicating thickness greater than 1 µm. By having a
thick upper film, we provided a large reservoir of
functional polymer, so that the lower film would always
be the limiting reagent.

After dissolving all polymer present and running SEC
measurements, we can determine the fraction of fluo-
rescent chains converted to block copolymer. Knowing
the thickness of the lower fluorescent film t, the density
of the polymer in the melt at the annealing temperature
F, the molecular weight Mn, and the measured degree
of conversion x, we can calculate the interfacial conver-
sion Σ as follows:

where NA is Avogadro’s number and we have assumed
the presence of a flat interface. By couching the data in
terms of Σ, rather than overall conversion, we are able
to directly compare experiments with different film
thicknesses. Measurements on anhydride-functional
polymers annealed in the absence of any complementary
functional groups showed that some coupling occurred
between the labeled chains. This side reaction may
involve the anthracene groups, which are not completely
inert to reaction with each other.30 We corrected for this
by annealing bare films in the presence of nonfunctional
complementary polymer under similar conditions and
subtracting the measured conversion for self-coupling
(typically ∼10% of the total conversion) from the mea-
sured bilayer conversion to obtain the extent of reaction

between complementary chains. This results in an
uncertainty in all measurements of Σ of approximately
(0.1 chains/nm2. Our results for the functional polymer
samples are summarized in the following sections.

Fluorescent PMMA Layered Samples. We ob-
served significant formation of block copolymer at the
*PMMA-31-anh-polymer interface for all polymer pairs.
The interfacial conversion of block copolymer, Σ, as a
function of time is shown in Figure 2. From the lamellar
spacing of pure diblock copolymers of similar molecular
weight29 the interface should become saturated at about
0.2 chains/nm2. All the pairs reach saturation in about
2 h. Within the accuracy of our data all the pairs have
the same reaction rate in this short time region.
However, at longer times there are significant differ-
ences, and the reaction appears to slow dramatically or
stop after 10-15 h. PS showed the highest level of
coupling, followed by PB, PEE, and PDMS. There is no
difference between PEE and PDMS within the experi-
mental uncertainty. The maximum interfacial conver-
sion with PS represents 29% conversion of the thinner
PMMA layer while for PEE only 11% of the PMMA layer
has reacted after 15 h.

We compare these results with the structure of the
interface after 4 h of annealing. Figure 3 shows images
of the *PMMA-31-anh interface obtained by AFM.
Significant roughening of the surface is observed for all
of the samples, with the exception of the case where
PDMS was the upper film. This roughening can be
quantified in terms of root-mean-square roughness, a

Table 2. Structure of Annealed Thin Films at 175 °C after 4 h

polymer 1 polymer 2 ηr t (nm)
Σ (4 h)

(chain/nm2) ø (175 °C) aI (nm)
roughness
(nm, rms)

*PMMA-31-anh PS-NH2 4.7 × 10-5 230, 210 0.78 0.017b 4.2 42
PB-NH2 2.3 × 10-5 230, 210 0.42 0.085d 1.8 38
PEE-NH2 3.7 × 10-6 230, 210 0.33a 0.11d 1.3 12
PDMS-(NH2)2 4.5 × 10-7 130 0.32a 0.32d 0.7 0.62

*PMMA-12-anh PS-NH2 0.0040 120 1.9 0.017b 4.7
PB-NH2 0.0020 150 1.1 0.085d 1.8
PEE-NH2 0.00031 120 0.87 0.11d 1.4
PDMS-(NH2)2 3.9 × 10-5 120 0.87 0.32d 0.7

*PS-53-anh PEE-NH2 0.0013 90 0.16 0.038b 2.4 14
PDMS-(NH2)2 0.00016 90 0.17a 0.19c 0.9 1.2

a Data estimated by interpolation from surrounding data points. b Values of ø as reported by Balsara.39 c Value of ø reported by Shefelbine
et al.40 d Values of ø based on extrapolation of known ø for blends to unmeasured blends ø31 ) (ø32

1/2 + ø21
1/2)2. A reference volume of 100

Å3 is assumed.

Σ ) xtF
Mn

NA (1)

Figure 2. Interfacial conversion vs time for reactive films of
*PMMA-31-anh with complementary functional polymers an-
nealed at 175 °C. PS-NH2 (0) is the most reactive, followed by
PB-NH2 (O), PEE-NH2 (4), and PDMS-(NH2)2 (3). The curves
in all figures are drawn as a guide to the eye.
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measure of the deviation from the average height of the
surface. These values are tabulated in Table 2. The
extent of roughening increases with Σ except for PDMS.
Note that the vertical scale in these images exaggerates
the extent of roughening, and the minimum curvatures
observed are >30 nm, the radius of the AFM tip.
Increases in interfacial area due to roughening are no
more than 20% and are thus insufficient to account for
the large differences in Σ. Reduction of the molecular
weight of the *PMMA-anh leads to higher levels of Σ.
The interfacial conversion is shown as a function of time
for bilayer samples containing *PMMA-12-anh in Figure

4. For all pairs of functional polymers, the interfacial
conversion is consistently lower for *PMMA-31-anh than
for *PMMA-12-anh. However, the polymer pairs follow
the same order in terms of maximum interfacial conver-
sion. Moreover, for PB, PEE, and PDMS the reaction
appears to stop after 15 h or about 15% conversion of
the PMMA layer. We were not able to obtain reliable
AFM images of the *PMMA-12-anh surfaces. The low
molecular weight may have made it more fragile and
more susceptible to the solvents used to wash off the
upper layers.

Fluorescent PS-anh Layered Samples. Slightly
different results are obtained for *PS-anh thin film
experiments as compared to *PMMA-anh. As shown in
Figure 5, the interfacial conversion with PEE and

Figure 3. AFM images of interfacial structure of *PMMA-31-anh thin films after 4 h of annealing. Horizontal dimensions in all
images are 2 µm by 2 µm, while vertical dimensions are 100 nm. The upper layer of polymer in each case has been removed by
dissolving in selective solvent. The upper layers were (a) PS-NH2, (b) PB-NH2, (c) PEE-NH2, and (d) PDMS-(NH2)2.

Figure 4. Interfacial conversion vs time for reactive films of
*PMMA-12-anh with complementary functional polymers. The
order of reactivity is the same as Figure 2, but the extent of
conversion is increased. Upper layers were PS-NH2 (0), PB-
NH2 (O), PEE-NH2 (4), and PDMS-(NH2)2 (3).

Figure 5. Interfacial conversion vs time for thin layer samples
of *PS-53-anh with PEE-NH2 (0) and PDMS-(NH2)2 (O).
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PDMS is approximately the same after 4 h of annealing.
However, after 4 h annealing time the interfacial
topology of the two samples is significantly different.
As with the *PMMA-anh, no interfacial roughening is
observed for PDMS-(NH2)2 (Figure 6b). In contrast, the
surface roughening for the PS-PEE pair is strong, as
shown in Figure 6a. Figure 5 indicates that additional
reaction occurred between the PS-PEE pair with longer
annealing times, while Σ for PS-PDMS remains con-
stant. However, there is only a single data point at
longer times.

Discussion
In these experiments, we have observed two principal

effects: an increase in the rate of reaction and the extent
of reaction at long times with decreasing ø and an
increase in interfacial roughening with decreasing ø.
Our extents of conversion are measured in terms of Σ,
the interfacial conversion. Except for the PS/PDMS pair,
the maximum interfacial conversion values significantly
exceed interfacial saturation coverage, Σ* ∼ 0.2 chain/
nm2. As mentioned above, the increase in area alone
due to interfacial roughening cannot explain these high
values. Lyu et al.15 measured similar roughening with
AFM for the interfacial reaction between PS-NH2 and
PMMA-anh but also observed by TEM that a lamellar
block copolymer phase formed near the interface. This

phase roughened and thickened to several hundred
nanometers with time. Yin et al.18 also observed rough-
ening and a block copolymer phase at the interface of
similar molecular weight PS-NH2 and PMMA-anh;
however, their phase appeared to be a disordered
microemulsion. Our SEC method measures the total
amount of block copolymer. Thus, the Σ values in Table
2 represent the total amount of block copolymer per unit
cross-sectional area found in the bilayer samples.

The trend of increased rate and extent of reaction in
these experiments with decrease in ø can be analyzed
in terms of the interfacial volume available for reaction.
Reaction between the bilayers should occur within the
region where the chains overlap. The average interfacial
width is related to the thermodynamic interactions and
can be estimated from the relation derived by Helfand
and Tagami31

where b is the statistical segment length.32 Broseta et
al.33 have developed a correction to this theory for finite
molecular weight polymers.

where Ni is the number of statistical segments in
polymer chain i. On the basis of these equations, we
have calculated the interfacial widths reported in Tables
2 and 3. We observe that the maximum conversion
increases with increasing interfacial width, as shown
in Figure 7. In effect, a wider interface allows greater
opportunity for complementary chains to react, enabling
faster reactions and greater interfacial conversion.
When interfacial conversion exceeds the saturation
coverage, Σ > Σ*, block copolymer must be leaving the
initial interface. The rate of removal and the rate of
reactive polymer penetration into the phase or emulsion
that forms near the interface should both be governed
by ø.

Interfacial width should also increase as block co-
polymer forms. However, Russell et al. demonstrated
that the interfacial width between homopolymer PS and
PMMA only increases by approximately 50% when PS-
PMMA diblocks are present.34 Similar effects might be
expected with other polymer pairs and should also
depend on ø.

A more significant effect of block copolymer formation
may be its reduction of the interfacial tension. Lyu et
al.15 have argued that reduced interfacial tension will
reduce energetic penalties for interfacial fluctuations,
allowing for increased interfacial area. This will sub-
sequently lead to increased formation of block copoly-
mer. Machuga et al.,35 in their studies of reactions
between isocyanates and amine-functional polyol, ar-
gued that interfacial tension may, in fact, disappear.
Jiao et al.21 also argue for zero interfacial tension when
Σ ∼ Σ*. Σ* decreases with ø but only ∼ø1/6. If only
interfacial tension governs interfacial reaction and it
becomes zero at Σ*, then, since for all the pairs in
Figures 2 and 4 Σ > Σ*, we would expect complete
conversion for all the pairs. This is not observed.

Effect of Molecular Weight. Molecular weight plays
an important role in polymer properties, including
diffusivity and viscosity. One might initially expect the

Figure 6. Interfacial structure of thin film samples containing
*PS-53-anh after 4 h annealing at 175 °C. While the reactivi-
ties of the PEE-NH2 (a) and PDMS-(NH2)2 (b) are similar, as
shown in Figure 5, the interfacial structures are quite differ-
ent.

aI∞ ) 2(b1
2 + b2

2

12ø )1/2

(2)

aI ) aI∞[1 + ln 2( 1
N1ø

+ 1
N2ø)] (3)
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reaction rate, and extent of reaction, to be strongly
dependent on the diffusivity. On the basis of literature
reports for PS and PMMA,36 we calculate that *PS-53-
anh at 175 °C should have a diffusivity of ∼3 × 10-12

cm2/s, while *PMMA-31-anh and *PMMA-12-anh have
diffusivities of ∼2 × 10-14 and 1 × 10-13 cm2/s, respec-
tively. On this basis, functional PS should be more
available for reaction, leading to higher interfacial
conversion. Figure 7 indicates just the opposite. A
similar case holds for the effects of viscosity on inter-
facial roughening. Jiao et al. have proposed that the
more viscous phase controls the kinetics of interfacial
roughening in a bilayer system.21 However, it should
be pointed out Jiao et al. annealed their samples only
slightly above the Tg of one of the layers. Our results
indicate that viscosity does not control interfacial
conversion. In Figure 3 *PMMA-31-anh is the much
more viscous component (see Table 1), but roughening
ranges from significant to nonexistent. PS-anh has a
viscosity 350 times less than that of PMMA, but as
Figure 7 shows, it has the lowest extent of reaction.
Given that there is little driving force for flow present
in a quiescent bilayer system of this type, viscosity is
less important. Whereas Machuga et al. argued that a
concentration gradient drives very rapid roughening,35

we do not observe reaction occurring at the high rates
seen in their much lower molecular weight system.
Similarly, diffusion of the base homopolymer does not
seem to control the structure. Thus, interfacial conver-
sion does not scale with either viscosity or diffusion
coefficient.

While viscosity and the diffusion coefficient are not
critical, molecular weight of the polymers does appear
to play a significant role. As shown in Figure 7, the
maximum interfacial conversion decreases with increas-
ing molecular weight at a given interfacial width. This
is in agreement with observations by Schulze et al.16,17,37

and Yin et al.,18 who found decreasing conversion and
interfacial roughening for PS/PMMA thin film bilayer
samples with increasing matrix molecular weight. Yin
et al. argue that interfacial conversion should correlate
with øN, the driving force for phase separation. This
appears valid for the PS/PMMA results but not when ø
is large. For example, øN for PDMS and *PMMA-12-
anh is much higher than øN for PEE or PB with
*PMMA-31-anh, yet the latter show significantly lower
conversion. It is likely that a decreased concentration
of functional groups, which scales with 1/Mn, limits the
chains’ ability to meet and react. In addition, high
molecular weight block copolymers may suppress in-
terfacial fluctuations. Block copolymer asymmetry may
also be important. In our study diblocks formed from
*PS-53-anh are the most asymmetric and show the
lowest conversion. Molecular weight thus plays a critical
role in determining extents of reaction and roughness
in these thin bilayer samples.

A puzzling result is the lack of roughness in the
PDMS/PMMA and PDMS/PS interfaces (Figures 3 and
6) given that the interfacial conversions are similar to
the interfaces with PEE which do show roughness. The
PDMS pairs have the highest ø values and thus possibly
higher interfacial tension. Reactively formed diblocks
may be able to leave the interface without it roughening
or undulations flatten out.

Melt Blending of End-Functional Polymers. We
can also compare our bilayer film results with rates of
reaction observed for similar polymers in bulk mixing.
The polymers we have examined include PS and PB,7,24

PS and PMMA,7 PS and PEE,24 PS and PDMS,27 and
PEE and PDMS.24 Several of these polymers do not
appear in Table 1; their synthesis is described in refs
7, 10, and 18. Characteristics of these blends are
summarized in Table 3, and conversion vs mixing time
is shown in Figure 8.

In this figure we see that, as with the bilayer films,
reaction rate increases with interfacial width or de-
creasing ø; however, it is nearly 100 times faster and
conversion is significantly higher. The same argument
that decreasing ø increases the interfacial volume
available for reaction and reduces the interfacial tension
should apply to these bulk mixed samples. The remark-
able increase in reaction rate has also been observed
by Schulze et al.16,17,37 and Lyu et al.15 We attribute the
dramatic increase in rate and conversion to convection
of block copolymer away from the interface. In the
bilayer films the block copolymer phase at the interface
presents a considerable barrier to diffusion;38 moreover,
it thickens with time, effectively shutting off the reac-
tion before the lower film can be consumed. Pairs with

Table 3. Characteristics of Melt-Mixed Blends

polymer 1 polymer 2 φ1 ø (200 °C) aI (nm) conversiona (20 min)

PMMA-anh (22 kg/mol) PS-NH2 (15 kg/mol) 0.62 0.017 4.2 0.92
PS-NH2 (21 kg/mol) PB-anh (25 kg/mol) 0.70 0.024 3.6 0.98
PS-anh (35 kg/mol) PEE-NH2 (18 kg/mol) 0.70 0.036 2.4 0.79
PEE-NH2 (18 kg/mol) PDMS-anh (28 kg/mol) 0.70 0.055 1.9 0.64b

PS-NH2 (15 kg/mol) PDMS-anh (28 kg/mol) 0.80 0.18 1.0 0.32
a Conversion of limiting polymer, based on available functionality. b 15 min.

Figure 7. Maximum interfacial conversion Σ as a function of
initial interfacial width. Data points include thin films con-
taining (0) *PMMA-12-anh, (O) *PMMA-31-anh, and (4) *PS-
53-anh. Interfacial widths are estimated from eq 3 using
literature values of statistical segment length32 and ø39,40 and
a reference volume of 100 Å3. Two trends are evident from
these results: as the interfacial width increases (and ø
decreases), the maximum interfacial conversion also increases.
Also, maximum conversion decreases with increasing molec-
ular weight of the reactive component.
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high ø will be less soluble in the block copolymer, which
will further limit diffusion and may explain their
relatively lower conversion.

Conclusions

The effect of monomer structure on reactions in
heterogeneous melt blends between end-functional poly-
mers has not previously been extensively examined. By
changing the chemical nature of the polymer backbone,
we change the interaction parameter ø, which subse-
quently alters both the interface width and the inter-
facial tension. We have studied this effect in both bilayer
thin films and in melt blends. Using fluorescently
labeled polymers and size exclusion chromatography,
we have observed the amount of block copolymer formed
in reactions of anhydride-functional PMMA and PS with
amine-functional PS, PB, PEE, and PDMS in layered
samples. Increasing the segregation strength of the two
polymers decreases the maximum amount of block
copolymer formed and suppresses interfacial roughen-
ing. Increasing the molecular weight similarly leads to
decreases in interfacial roughening and maximum
conversion, presumably through lower concentration of
functional groups.

We observe a similar effect of interaction parameter
in heterogeneous melt blends of end-functional polymers
prepared in a MiniMAX melt mixer. While we are
unable to completely decouple viscosity and segregation
strength in melt blending, we observe that, like the
bilayer film results, reaction rates and amounts of block
copolymer formed decrease with increasing ø. However,
with melt mixing, reaction rates and conversion are
much higher due to convection sweeping away block
copolymer as it forms at the interface.

The reduction in rate with both increased ø and
molecular weight may provide an inherent limitation
on both the ability to prepare block copolymers by
solvent-free melt methods and reactive compatibiliza-
tion of polymer blends.
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