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ABSTRACT: We describe the miscibility of blends involving poly(ethylhexyl methacrylate) [PEHMA]
latex copolymers using the direct nonradiative energy transfer (DET) technique. When the polymers in
both components of a blend are PEHMA homopolymers, we obtain a fully mixed film. When one of the
components in the blend is replaced with a PEHMA copolymer containing 5 mol % tert-butylcarbodiimi-
doethyl methacrylate (tBCEMA), we also obtain a fully mixed film. However, if a PEHMA copolymer
containing 11 mol % methacrylic acid (MAA) is mixed with PEHMA homopolymer, the miscibility between
the polymers is limited and is reduced further when the amount of MAA is increased to 20 mol %. Using
a distribution model for energy transfer, we were able to determine the evolution of the interface thickness
with annealing time. The maximum interface thickness attained in these blends decreases from 6 = 15
nm to 6 = 8 nm when the content of MAA in the blends increases from 11 mol % to 20 mol %. A freshly
formed solvent-cast film prepared from a 1:1 blend of the PEHMA copolymer containing 11 mol % MAA
and the PEHMA copolymer containing 5 mol % tBCEMA exhibits some polymer segregation. This persists
in the solid film when the film is annealed for short times (20 min) at 60 °C. Over longer times, mixing
of the copolymers occurs and reaches completion. We attribute this increase in miscibility to the formation
of graft copolymer, which serves as a compatibilizing agent, through the reaction between the —COOH
and —N=C=C- groups. When a film of the same composition is prepared from a blend of the two latex

dispersions and annealed, a fully mixed film also results.

Introduction

In the preceding paper,! we described the use of direct
nonradiative energy transfer (DET) experiments to
determine the thickness of the interface in a blend of
polymers of limited miscibility. We derived expressions
that couple Helfand—Tagami? theory of the polymer
segment density profile at the interface with the theory
of energy transfer in restricted geometries.> These
equations were derived for the specific case of a blend
composed of spherical droplets, all of the same size,
dispersed in a continuous matrix of the second polymer.
The equations were tested against a model system
consisting of poly(butyl methacrylate) (PBMA) latex
spheres labeled with phenanthrene as the donor dye,
dispersed in anthracene-labeled poly(2-ethylhexyl meth-
acrylate) (PEHMA) as the acceptor-labeled matrix.

In this paper, we extend these ideas to the case
of a reactive blend in which the two components have
limited miscibility in the as-prepared state but become
miscible as the reaction proceeds. The blend consists of
a mixture of two types of latex particles, both copoly-
mers of PEHMA. One of the components is an
EHMA copolymer containing 5 mol % of carbodiimide
(—N=C=N-) groups, introduced during the emulsion
polymerization via the tert-butylcarbodiimidoethyl meth-
acrylate (tBCEMA). The second component is a copoly-
mer of EHMA with methacrylic acid (MAA), containing
either 11 or 20 mol % MAA groups. To study the amount
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of mixing that occurs in these polymer blends, we follow
the approach pioneered by Morawetz and co-workers?*
and label the P(EHMA-co-MAA) component with a
donor dye and its blend partner with an acceptor dye.
The quantum yield of energy transfer (®g1) provides a
measure of the extent of miscibility of the two compo-
nents.

PEHMA and the copolymers we examine all have
glass transition temperatures (Ty) below room temper-
ature. For many of the films we examine, the samples
are prepared by mixing dispersions of the two types of
latex particles, normally in a 1:1 particle ratio, and
casting the aqueous solution onto a solid substrate.
When a dispersion containing these latex particles is
allowed to dry at room temperature, the particles
become deformed during the drying process into cells
with the shape of Voronoi polyhedra.® In the initially
formed latex film, the polymers are confined to separate
cells. Upon standing at room temperature or upon
annealing at elevated temperature, polymer diffusion
can take place to increase the extent of mixing between
the polymer molecules initially present in adjacent cells.

As in the preceding paper, we show that quantitative
information about the breadth of the interface is avail-
able from analysis of the detailed shape of the donor
fluorescence decay profile in blend films prepared from
a mixture of two different labeled latex particles. The
morphology of the system examined here is different in
two respects from that described in the preceding paper.
First, because both types of particles have similar glass
transition temperatures, we believe that both are de-
formed into polyhedral cells. Nevertheless, at this stage
of sophistication, we will treat the donor-labeled cell as
though it were spherical. In addition, we examine blends
prepared from a 1:1 mixture of the two types of latex
particles. In the latex film, some of the neighboring cells
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will contain identical dyes. Polymer diffusion across this
interface does not contribute to energy transfer. Only
half of the surfaces in the blend separate donor- and
acceptor-labeled polymer. Energy transfer across this
interface determines the shape of the decay profile.

The reactive blend we consider is a classic example
of a case in which reaction is coupled to diffusion. When
the blend consists of a mixture of carbodiimide-contain-
ing latex and carboxylic acid-containing latex, the
reactive groups in the newly formed film are confined
to their separate cells. When these functional groups
come into contact, they react to form an N-acylurea® and
in the process create a covalent bond between the two
polymers. While some of these groups can react at the
interface between the two types of cells, extensive
reaction can only occur if the polymers containing the
two types of reactive groups interdiffuse across the cell
boundary. Polymer diffusion is necessary to bring the
reactive groups together, but the chemical reaction
introduces branches into the polymer, which retard the
rate of diffusion, and creates cross-links that bring
polymer diffusion to a halt. In this type of system, the
growth in the quantum efficiency of energy transfer
allows one to monitor the rate of polymer diffusion
across the intercellular boundary” and see how this rate
is affected by the chemical reaction.

We are fortunate in this system that we can follow
both the extent of polymer interdiffusion by DET
measurements and the extent of chemical reaction by
Fourier transform infrared spectroscopy (FTIR), taking
advantage of the carbodiimide band at 2128 cm~1.8 We
are able to show that the two functional polymers have
limited miscibility in the newly formed film. As they
react, however, they become more miscible. We are able,
by comparing DET and FTIR experiments, to show how
the growth in polymer miscibility is coupled to the
reaction between the carbodiimide groups and the
carboxylic acid groups.

To establish a baseline to help us understand the
processes that occur in the reactive blend, we also
examine blends of the functional latex particles with
PEHMA homopolymer latex particles. The analysis of
this system takes us into a problem that has not been
studied in any detail: the extent to which carboxylic
acid groups present in a copolymer provoke phase
separation when that copolymer is mixed with the
corresponding homopolymers.® One anticipates that the
introduction of —COOH groups into a relatively nonpo-
lar polymer like PEHMA could lead to phase segrega-
tion, depending on the —COOH content of the polymer.
The extent of miscibility will depend on the magnitude
of the Flory y-parameter between the homopolymer and
its carboxyl-containing copolymer.

In the experiments described below, we are able to
show that the presence of 11 mol % MAA units in
P(EHMA-co-MAA) copolymer is sufficient to induce
phase separation when this polymer is blended with
PEHMA. The blend of PEHMA with the copolymer
containing 20 mol % MAA is even less miscible. The
limited miscibility of these polymers would not be
apparent by traditional methods. Both blends of PE-
HMA with P(EHMA-co-MAA) are transparent. In both
blends, the glass transition temperatures (T,) of the two
components are too close for the presence of separate
phases to be detected by differential scanning calorim-
etry or dynamic mechanical measurements.
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Table 1. Recipe To Prepare PEHMA Seed Particles

PEHMA seed PEHMA seed
particles particles
EHMAZ? (g) 40.0 NaHCOs (9) 0.51
SDSP (g) 2.61 H»0 (g) 750
KPS® (g) 0.79

a (4)-2-Ethylhexyl methacrylate. ? Sodium dodecyl sulfate. ¢ Po-
tassium persulfate.

When these blends are prepared from latex disper-
sions at temperatures close to the minimum film form-
ing temperature, there is essentially no mixing in the
freshly prepared film. When these films are heated,
polymer diffusion takes place, leading to a limited extent
of mixing of the two components. Blends of the same
composition can also be prepared by dissolving the
polymers in a common good solvent, such as tetrahy-
drofuran (THF). When this solution is cast onto a solid
substrate and allowed to dry, phase separation occurs
upon drying if the polymers are not fully miscible. For
these samples, further demixing can occur when the
films are annealed. DET experiments allow us to follow
the time course of polymer mixing in the latex films1©
and polymer demixing in the solvent-cast films. We
obtain interesting insights into the nature of these
polymer blends by comparing the results of experiments
on latex films and solvent-cast films for each blend
composition.

This paper is organized as follows: We begin with a
brief Experimental Section, followed by a description of
the characterization of the latex particles we examine.
In this section we define our notation for the various
labeled and functional latex polymers. We next address
the issue of polymer miscibility by examining the
guantum efficiency of energy transfer for latex blends
(i.e., blends obtained by casting a film from a mixed
dispersion of two types of latex particles) and comparing
these results with those obtained for solvent-cast films
of the same composition. We show how the reac-
tion between the —N=C=N-containing latex and the
—COOH-containing latex promotes miscibility of the
initially phase-separated polymers. Finally, we examine
the nature of the interface in the blends shown to have
limited miscibility.

Experimental Section

Materials. (£)-2-Ethylhexyl methacrylate (EHMA, Aldrich)
and methacrylic acid (MAA, Aldrich) were distilled prior to
use. 1-Dodecylmercaptan (DM, Aldrich) and potassium per-
sulfate (KPS, Aldrich) were used without further purification.
9-Phenanthrylmethyl methacrylate (PheMMA) and 9-anthryl
methacrylate (AnMA) were prepared previously.! tert-Butyl-
carbodiimidoethyl methacrylate (tBCEMA) was synthesized
as described previously.'?2 Water was purified through a Milli-Q
Water system.

Preparation of Seed and Labeled Particles. All labeled
latex particles were prepared by a two-stage emulsion poly-
merization from a common seed under monomer-starved
conditions.*?

The seed particles were prepared by batch emulsion poly-
merization at 80 °C. A typical recipe and conditions to prepare
the seed latex are shown in Table 1. These seed particles were
then used to prepare various labeled latex particles.

Table 2 summarizes the recipes used in the second stage to
prepare labeled latex without reactive functional groups, as
well as those containing MAA (11 mol %) and tBCEMA (5 mol
%). The labeled homopolymer latex samples, PEHMA-D or
PEHMA-A, were prepared using the recipe listed in second
column of the table. PheMMA was replaced by AnMA when
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Table 2. Recipes Employed for the Second Stage in the
Synthesis of the Various Latex Dispersions Examined?

PEHMA-D D-MAA-11 A-tBCEMA-5
seed dispersion (9) 60.0 120.0 60.0
EHMA (g) 35.0 66.50 33.14
MAA (g) 3.50
tBCEMA (9) 1.92
PheMMA (g) 0.49 0.77
AnMA (9) 0.47
DMP (g) 0.32 0.61 0.32
KPS (g) 0.06 0.12 0.07
SDS (g) 0.70 1.29 0.70
NaHCOs (g) 0.31
H»0 (g) 27.00 55.00 27.06
temp (°C) 80 80 60
feeding time 0.62 1.24 0.56

(mL/min)

a The second stage monomers were added to the reaction slowly,
to maintain monomer-starved conditions. ? 1-Dodecylmercaptan.

PEHMA-A was prepared. These latex dispersions were syn-
thesized at 80 °C in the absence of additional NaHCOs in the
second stage. The recipe listed in the third column was used
to prepare a donor-labeled latex containing 11 mol % of MAA.
We refer to this latex polymer as D-MAA-11, where D (donor)
represents the type of the fluorescent dye, MAA (methacrylic
acid) represents the type of the reactive group, and the number
11 is the amount (in mol %) of the MAA used in the original
recipe. The other carboxylic acid-containing latex, D-MAA-20,
was prepared in a similar manner, but with 20 mol % of MAA.
These MAA-containing particles were prepared at 80 °C in the
absence of additional NaHCOs. Note that the amount of seed
particles and ingredients used to prepare the two MAA-
containing latex are doubled. The recipe shown in the last
column was used to prepare two dispersions of acceptor-labeled
latex particles containing 5 and 11 mol % of tBCEMA. We refer
to these latex copolymers as A-tBCEMA-5 and A-tBCEMA-
11, respectively, where A (acceptor) represents the type of the
fluorescent dye and tBCEMA (tert-butylcarbodiimidoethyl
methacrylate) represents the type of the reactive group. The
numbers 5 and 11 refer to the amount (in mol %) of the
tBCEMA used in the original recipe. These tBCEMA-contain-
ing particles were prepared at 60 °C in the presence of
additional NaHCO;s in the feed stage. In all of the recipes, the
amount of chain transfer reagent and the fluorescent dye were
kept at 1 wt % and 1 mol %, respectively.

Particle sizes and particle size distributions were deter-
mined by dynamic light scattering at 22 °C at an angle of 90°,
employing a Brookhaven BI-90 particle sizer. Gel permeation
chromatography (GPC) was carried out on an apparatus
equipped with a Waters pump, two Ultrastyragel columns (HR
3 and 4), a fluorescence detector, and a refractive index
detector. For the fluorescence detector, the excitation wave-
length was set at 300 nm for Phe and 350 nm for An. Reagent
grade THF was used as the solvent with a flow rate of 0.4 mL/
min at 30 °C. Linear poly(methyl methacrylate) standards
were used to calibrate the columns.

Preparation of Urea-Containing Particles. An aliquot
(10 mL) of the A-tBCEMA-5 dispersion was treated with a
stoichiometric amount of propanoic acid at room temperature.
The fraction of —=N=C=N-— groups remaining at various times
was monitored by FTIR. At the end of 60 h the reaction was
complete, and we assume that all of the tert-butylcarbodiimide
groups were converted to tert-butylurea groups. We refer to
this modified polymer as A-tBUEMA, where U refers to urea.

Preparation of Dispersion- and Solvent-Cast Films.
Films were prepared on quartz plates for energy transfer (ET)
measurements and on CaF; disks for FTIR measurements.
These films were often prepared from the same mixture of
labeled latex particles.

A 1:1 mixture of Phe- and An-labeled latex particles was
first prepared by mixing the two dispersions (at about 30 wt
% solids) and then dividing the sample into two portions. To
prepare a mixture of latex containing the carbodiimide-
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containing particles, the carboxylic acid-containing particles
and the PEHMA-D latex were first neutralized with agueous
ammonia to pH 8. One portion of the mixture was cast directly
onto quartz plates and onto CaF; disks. The CaF, disks and
quartz plates were then placed under an inverted Petri dish
at either 22 or 4 °C. The drying time ranged from 5 to 7 h for
the films dried at 22 °C and 1 to 2 days for the films dried at
4 °C. All films were transparent and crack-free. The typical
thickness of films for ET measurements was about 0.3 mm
and for FTIR measurements about 1—2 um. We began the first
ET and FTIR measurements about 1 h after the last wet spot
of the film disappeared. When we consider the time evolution
of the film, we arbitrarily take this time to be to.

The other portion of the mixture was freeze-dried for 1 h.
Then a small portion of the freeze-dried sample was dissolved
in THF and cast onto a CaF, disk for FTIR measurements and
onto a quartz plate for ET measurements. The drying time
for these solvent-cast films ranged from 5 to 15 min. Typical
thickness of these films was 1 um. Another small portion of
the freeze-dried polymers was mixed with dry KBr powder and
then pressed into a thin KBr disk for an FTIR measurement.
The FTIR spectrum of this KBr-disk sample was used to
determine the amount of —N=C=N-— groups lost during the
drying process to prepare the dispersion-cast and THF-cast
films. The survival of carbodiimide groups in these latex films
is described in detail elsewhere.213

FTIR Measurements. All FTIR measurements, with a
resolution of 4.0 cm™!, were made with a Perkin-Elmer FTIR
spectrometer Spectrum 1000. Before the first measurement
in a series, the CaF; disks containing the polymer films were
mounted on FTIR holders. After the measurement was com-
plete, the entire FTIR holders were then placed directly on
an aluminum plate under a Petri dish in a forced-air oven at
60 °C for different amounts of time. The FTIR holders were
periodically removed, cooled to room temperature, and remea-
sured.

The —N=C=N- functionality has a characteristic band at
2128 cm~tin the FTIR spectrum. We rely on the intensity ratio
of this band to that of the band at 1380 cm™2, (In=c=n/l13s0), t0
determine the amount of —N=C=N- groups lost during the
THF and water evaporation. The band at 1380 cm™ corre-
sponds to a C—H bending vibration of the polymer.1#5 We also
rely on this intensity ratio, measured as a function of time, to
follow the cross-linking reaction between the —COOH and
—N=C=N-— groups.

To determine the amount of —N=C=N-— groups lost during
THF or water evaporation, we compared the (In=c=n/l1380) ratio
in the FTIR spectrum of the KBr-pressed sample to that of
either the dispersion- or THF-cast sample measured at to. To
follow the reaction between the —N=C=N-— groups and the
—COOH groups, we employ eq 11.1

—N=C=N- reacted (%) =
| _neeen /]
1— ( N=C=N l380)t « 100 (“1)
(I -n=c=n-/1 1380)t0

where (In=c=n/l1380)t, and (In=c=n/l1380) are the ratios of the
—N=C=N- absorbance intensity to the absorbance intensity
at 1380 cm™ of a newly formed film (to) and of the same film
annealed at a particular time t.

Fluorescence Decay Measurements. All fluorescence
decay measurements employed the time-correlated single
photon counting technique,*® using a pulsed deuterium lamp
as the excitation source. In the Phe—An system employed here,
we set the excitation wavelength at 300 nm and the emission
wavelength at 350 nm. An interference filter for emission was
chosen at 350 += 5 nm. In a series of fluorescent decay
measurements, the quartz plates containing polymer films
were placed in quartz tubes and flushed with N, gas before
they were measured. After each measurement, the quartz
plates were removed from the quartz tubes and placed directly
on an aluminum plate under a Petri dish in a forced-air oven
at 60 °C for different amounts of time. The quartz plates were
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Table 3. Notation Used To Identify the Various Polymer
Blends Examined

type of latex polymer abbreviated name

P(EHMA-co-PheMMA) PEHMA-D
P(EHMA-co-AnMA) PEHMA-A
P(EHMA-co-MAA-co-PheMMA) D-MAA-11
D-MAA-20
P(EHMA-co-tBCEMA-co-AnMA) A-tBCEMA-5
A-tBCEMA-11

periodically removed, cooled to room temperature, and remea-
sured under a N, atmosphere in quartz tubes.

Fluorescence Decay Analysis. The quantum efficient of
energy transfer, @, is defined as'’

1_£ID(t) dt

Gy = o
ﬁ 19(t) dt

(11.2)

where Ip(t) and Ig(t) represent the decay functions of donor
fluorescence in the presence and absence of acceptor, respec-
tively. In the presence of acceptor the decay of the donor is
faster due to energy transfer and the corresponding integrated
intensity is smaller, increasing the value of ®g1. The integrals
in eq 11.2 correspond to the areas under the donor decay curves,
normalized at time zero. The Ig(t) decay profile of the sample
containing only donor is exponential; the integral in the
denominator of eq. 11.2 is equal to the donor lifetime 7p. To
obtain the area under the fluorescence decay of the donor in
the presence of acceptor, we fitted each decay curve to the
empirical equation (eq 1) given in the preceding paper! and
used the fitting parameters to calculate analytically the
integral of Ip(t) from t = 0 to t = . ®gr values were then
calculated with eq I11.2.

To obtain information about the interface thickness from
the experimental fluorescence decay profiles, the experimental
fluorescence decay profiles I5°(t) obtained for films of 1:1
blends of anthracene-labeled PEHMA and phenanthrene-
labeled PEHMA-MAA latex particles were compared with
simulated fluorescence decay profiles 13"(t) obtained as de-
scribed in the preceding paper.t

Results and Discussion

Characterization of Labeled Latex Polymers. All
latex particles were synthesized by seeded emulsion
polymerization, with the fluorescent and functional
comonomers being introduced only in the second stage
under monomer-starved conditions.'®1! The seed par-
ticles, prepared by batch emulsion polymerization,
consist of PEHMA homopolymer. The PEHMA seed
particles have a mean diameter of about 50 nm and a
high molecular weight (PEHMA: M,, = 700 000, M,/
M, = 2.65). From these seed particles, we prepared six
batches of labeled latex, two of which contain no reactive
comonomers. The polymer compositions of the indi-
vidual latex samples are listed in Table 3, along with
an abbreviated name. In the abbreviated name, the base
polymer is sometimes not included, but it implies the
PEHMA polymer.

The characteristics of these labeled latex particles are
summarized in Table 3. Since they were prepared from
similar recipes, the different latex particles have similar
particle sizes and size distributions, solids content,
molecular weights, and molecular weight distributions.
GPC analysis with tandem fluorescence and refractive
index detectors showed that fluorescent dye molecules
are randomly distributed in the polymer and that there
were no small molar mass fluorescent molecules in the
samples. The synthesis of the methacrylic acid copoly-
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mer latex was designed to avoid the concentration of
carboxylic acid groups at the surface of the particles.
Feng and Winnik” 1! studied a similar system involving
a latex copolymer of butyl methacrylate and methacrylic
acid prepared via emulsion polymerization under mono-
mer-starved conditions. These authors showed that the
acid groups were distributed in an essentially uniform
way throughout the latex particle and not segregated
to the particle surface. Since the P(EHMA-co-MAA)
particles employed here were prepared by an almost
identical procedure in which EHMA was substituted for
BMA, we expect a similar distribution of acid groups.
The carbodiimide content in the carbodiimide-containing
latex was determined by Fourier transform infrared
spectroscopy (FTIR) for samples dissolved in CHCl3. We
found that almost all (98%) of the —N=C=N-— groups
were incorporated into the latex polymer. The conditions
to optimize the survival of the —N=C=N- functionality,
both during the emulsion polymerization and during
storage of these carbodiimide-containing latex disper-
sions, have been reported elsewhere.1213

Energy Transfer Efficiency Experiments. We
employ ®et to characterize the miscibility of PEHMA
copolymers. In the latex system examined here, we label
one type of latex with Phe and the other type of latex
with An. When these labeled particles are mixed in
dispersion, deposited on a substrate, and water is
allowed to evaporate, a continuous film is formed. In
the newly formed film, before any interparticle diffusion
has occurred, the Phe- and An-labeled polymers should
still be confined within their own cells. ®gt is small
because only cross-boundary energy transfer can occur.
For a low-Tg4 polymer like PEHMA (Tg = —10 °C),!8
determining this initial quantum yield poses an experi-
mental challenge, because films formed at room tem-
perature provide the system with time for some local
polymer diffusion to occur while the film is drying. Our
strategy for minimizing the extent of polymer diffusion
during film formation was to prepare films in a cold
room at 4 °C. These films, which took about 2 days to
dry, were kept cold (on ice) while the film was trans-
ferred to the room where the decay profile was to be
measured. The sample holder was cooled to ca. 4 °C
during the measurement. In this way, we obtained
initial ®g7 values on the order of 0.05. The extent of
DET increased afterward, as the sample was permitted
to warm to room temperature (22 °C). Films formed at
room temperature have initial ®g1 values closer to 0.12.

If the sample is then allowed to stand at room
temperature or heated to increase the polymer diffusion
rate, polymers will diffuse from one cell to the adjacent
cells, bringing the Phe and An groups into proximity.
®et increases and evolves to its maximum value. If the
polymers in adjacent cells are fully miscible, this
maximum value should correspond to that obtained
from films prepared from a THF solution of the same
polymer blend. In the THF solution, the Phe- and An-
labeled polymers are homogeneously mixed because
THF is a good solvent for the PEHMA copolymers. For
homopolymers that differ only in their fluorescent label,
the two types of polymers are miscible in the bulk state.
The homogeneous mixture in the solution will carry
forward into the films when the solvent is evaporated.
For other pairs of miscible polymers the same maximum
et value should be obtained by solvent-cast a film, and
the magnitude of ®gt should not change when the film
is annealed.
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Table 4. Characteristics of the Labeled Latex Polymers

particle diameter (nm)

solids content (%)

Mw, Mw/Mp, pH carbodiimide content (%)

PEHMA-D 98 30.9
PEHMA-A 97 311
D-MAA-11 101 31.2
D-MAA-20 113 31.0
A-tBCEMA-5 106 31.9
A-tBCEMA-11 102 31.7

Immiscible polymer pairs should behave differently.
In films prepared from latex blends, one expects ®gr to
increase, accompanying some segment mixing across the
interface between adjacent cells. The limiting value of
de7 should be significantly less than that for the fully
mixed film. For films prepared by solvent casting, some
polymer demixing will occur as the solvent evaporates.
Some further segregation may occur as the solid film is
annealed. In this case, ®e7 will decrease from the initial
value.

PEHMA-D/PEHMA-A Blend. We first examine the
miscibility of PEHMA-D + PEHMA-A latex polymers.
Here, aside from the label, the polymers are chemically
identical. One would expect that a fully mixed film
should result. We prepared two films from a 1:1 mixture
of these labeled latex polymers. One film was cast
directly from the latex dispersion. The other was
prepared first freeze-drying an aliquot of the mixed
dispersion. This mixture was then dissolved and cast
onto the substrates. In the newly formed THF-cast film,
we obtain ®g1 = 0.52. When the same film is annealed
at 60 °C for various amounts of time, ®gr remains at
0.52 £ 0.01. This result indicates that when the Phe-
and An-labeled polymers are fully mixed in the freshly
prepared film and that no changes occur when the film
is annealed for various times at 60 °C. For films
prepared at 4 °C from the latex dispersions, we obtain
der = 0.06. We believe that little polymer diffusion
occurs at this temperature and that cross-boundary
DET is the major contribution to this value. When the
same film is annealed at 60 °C, ®g7 increases to 0.38
in 2 min and then to 0.49 in 12 min. This result
indicates that diffusion leading to polymer mixing has
occurred. The value of ®gr at 0.49 signifies that the
mixing between PEHMA-D and PEHMA-A polymers is
nearly complete and will reach completion if the film is
annealed for a long time. The ®g7 values obtained from
the dispersion-cast and THF-cast films at different
times are plotted in Figure 1. We accept ®g1 = 0.52 for
fully mixed films and use it as a reference value.

A-tBCEMA-5/PEHMA-D Blend. We repeated these
experiments on films prepared from the blend of PE-
HMA-D plus A-tBCEMA-5. We plot ®g7 as a function
of annealing time in Figure 2 for both a solvent-cast film
and a latex film. Here we see that ®gt behaves in a
similar way as the blend of PEHMA-D and PEHMA-A
shown in Figure 1: For the THF-cast films ®gr = 0.52
and remains constant as the film is annealed. For the
latex film, the initial value of ®g7 is low, reflecting the
compartmentalization of the Phe and An groups, but
de7 evolves upon annealing to a value of 0.52. This
result indicates that polymers in the A-tBCEMA-5/
PEHMA-D blend are miscible.

D-MAA/PEHMA-A Blend. In contrast to the results
described above, blends of PEHMA with MAA-contain-
ing copolymers exhibit the behavior expected for a blend
of polymers with limited miscibility. The first example
of this type of blend we consider consists of equal
amounts of D-MAA-11 and PEHMA-A latex polymers.
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Figure 1. Plots of ®gr vs time for a latex film and a THF-
cast film prepared from the PEHMA-D/PEHMA-A blend and
annealed at 60 °C. The latex film was prepared at 4 °C while
the THF-cast film was dried at 22 °C.
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Figure 2. Plots of ®gr vs time for a latex film and a THF-
cast film prepared from the A-tBCEMA-5/PEHMA-A blend and
annealed at 60 °C. The latex film was prepared at 4 °C while
the THF-cast film was dried at 22 °C.

We prepared latex films from a blend of the two
dispersions and a solvent-cast film from a solution of
the two polymers in THF. In Figure 3 we show the
results obtained for films annealed at 60 °C. In the latex
film formed at 4 °C, ®gr = 0.03. When this film is
annealed, the @7 values increase to 0.21 in 10 min and
then slowly increase to 0.24 over 1 h. The increase in
Der signifies that polymer mixing occurs. The limiting
value is significantly less than 0.52, the value expected
for complete mixing. We take this result to indicate that
the two polymers have only limited miscibility.
Further evidence to support the limited miscibility of
these latex polymers is obtained from the solvent-cast
film. When a freshly formed film prepared from a THF
solution of the same blend is examined, we obtain ®gr
= 0.40, i.e., less than full mixing. This result indicates
that the D-MAA-11 copolymer and PEHMA-A ho-
mopolymer segregate during THF evaporation. When
this film is then annealed at 60 °C, ®gt decreases to
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Figure 3. Plots of ®gr vs time for a latex film and a THF-
cast film prepared from the D-MAA-11/PEHMA-A blend and
annealed at 60 °C. The latex film was prepared at 4 °C, and
the THF-cast film was dried at 22 °C.
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Figure 4. Plots of ®gr vs time for a latex film and a THF-
cast film prepared from the D-MAA-20/PEHMA-A blend and
annealed at 60 °C. The latex film was prepared at 4 °C, and
the THF-cast film was dried at 22 °C.

0.25 over 20 min, indicating that further demixing takes
place, leading to increased separation of the Phe- and
An-labeled polymers. At longer annealing time (e.g., 4
h), ®egr decreases to 0.23, a value similar to that
obtained from the annealed latex film.

The second example is a blend with an increased
amount of MAA in the copolymer, 20 mol %. In Figure
4 we plot ®gr values vs annealing time for films
prepared from the D-MAA-20/PEHMA-A blend. In the
freshly formed film prepared at 4 °C from the latex
dispersion, ®e1 = 0.03. When this film is annealed, ®gt
increases to 0.14 over 1 h and then to a maximum value
of 0.16 over 7 h. This value is even lower than that
obtained from the D-MAA-11/PEHMA-A blend (0.24),
which indicates that when the MAA content of the
copolymer is doubled, the miscibility between D-MAA-
20 and PEHMA-A polymers is further reduced. With
longer annealing time, 20 h, a small decrease in ®gt is
observed (Figure 4). When a film of D-MAA-20/PE-
HMA-A blend is freshly prepared from THF solution,
we obtain ®gt = 0.23, smaller than that (0.40) obtained
for the solvent-cast film prepared from D-MAA-11 +
PEHMA-A. Here we infer that the polymers segregate
substantially as the solvent evaporates. When this film
is annealed, gt decreases and approaches 0.16 over
15 h, a value close to that obtained from the annealed
latex film.
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Figure 5. Plots of ®gr vs time for a latex film and a THF-
cast film prepared from the D-MAA-11/A-tBCEMA-5 blend and
annealed at 60 °C. Both latex film and the THF-cast film were
dried at 22 °C.

Reactive Blends. The blend of D-MAA-11 + A-
tBCEMA-5 constitutes a reactive blend in which the two
polymers contain functional groups that can react to
produce a graft copolymer initially and eventually a
cross-linked network. The reaction is that of the carbo-
diimide group of A-tBCEMA-5 with the carboxylic acid
group of D-MAA-11 to form an N-acylurea. When we
prepared blends of the two latex dispersions, we were
careful to neutralize the D-MAA-11 dispersion to pH 8
with ammonia before combining it with the —N=C=N-
containing latex. In this way, we could minimize the
rate of carbodiimide hydrolysis in the mixed dispersion.
When we examine a film freshly prepared at room
temperature from this latex blend, ®gr = 0.11. It is
likely that both cross-boundary DET and local interdif-
fusion contribute to this value, since this film is formed
at 22 °C, not 4 °C. When the film is annealed at 60 °C,
®eT increases to 0.36 over 1 h and then to 0.52 in 12 h.
The data are plotted in Figure 5. This is, for us, a very
satisfying result, because it indicates that a fully mixed
film is obtained. We note, however, that it takes hours
for the polymers of this blend to mix completely whereas
for the polymers of the PEHMA-D/PEHMA-A blend, full
mixing occurs on the time scale of minutes.

It is known that the rate of polymer diffusion varies
with chain length and is sensitive to the presence of
branching.’® For linear polymers shorter than the
entanglement molecular weight, the diffusion coefficient
Dj characterizing the diffusion of a given chain of length
N; decreases as N;~L. For linear polymers longer than
the entanglement molecular weight, the diffusion coef-
ficient D; decreases as Ni 2. In the D-MAA-11 + A-
tBCEMA-5 blend examined here, polymer diffusion and
the cross-linking reaction are coupled. The polymer
chain length and the extent of branching increase as
the reaction proceeds. It, therefore, takes longer time
for the polymers to mix.

For comparison, we examine the ®g1 vs time curve
obtained for the blend of these polymers from a THF-
cast film. This curve is plotted as the triangles in Figure
5. This curve shows several interesting aspects. In the
newly formed film, ®gr = 0.42, a value lower than 0.52.
This result indicates that segregation of D-MAA-11 and
A-tBCEMA-5 polymers occurs as the THF evaporates.
When this film is annealed at 60 °C, ®e7 decreases to
0.40 over the first 20 min. Demixing of the polymers
contributes to a decrease in ®et. Upon longer annealing,
et begins to increase. To rationalize this result, we
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ing vs time for THF-cast films prepared from the D-MAA-11/
A-tBCEMA-5 blend and annealed at 60 °C. The films were
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Figure 7. Plots of ®gr and percentage of —N=C=N-— remain-
ing vs time for THF-cast films prepared from the D-MAA-20/

A-tBCEMA-11 blend and annealed at 60 °C. The films were
formed at 22 °C.

imagine that the reaction between the —N=C=N-
groups and the —COOH groups promotes miscibility.
At long times, ®gr reaches 0.52, indicating that the
polymers in the film are fully mixed, at least on the scale
of the energy transfer distance Ro.

We can compare the state of mixing as indicated by
der with the extent of carbodiimide reaction, monitored
by the decrease in the FTIR intensity at 2128 cm™*. The
results for the THF-cast film are plotted in Figure 6,
along with the corresponding ®gt value for comparison.
During film preparation (THF evaporation), we detect
that 14% of the —N=C=N-— groups are lost. When the
same film is annealed for 0.5 h, the loss of —N=C=N-—
groups increases to 22%. Over this time, polymer
demixing occurs. When the same film is annealed for
15 h, the conversion of the —N=C=N-— groups increases
to 83%. During this time, polymer mixing begins to
dominate and is complete in 12 h at 60 °C.

Next we consider what happens to the polymer
miscibility when we double the amount of the reactive
groups in the two components of the reactive blend, from
11 to 20 mol % for MAA and from 5 to 11 mol % for
tBCEMA. In Figure 7, we plot ®gt values vs time for
data obtained from the THF-cast films. On the right-
hand axis of the plot, we also indicate the extent of the
reaction of the —N=C=N- groups. Both films were
prepared from the same THF solution of D-MAA-20 plus
A-tBCEMA-11. In the newly formed film, we obtain ®gt
= 0.38, a value lower than that of the blend containing
the lower amount of the reactants (Pgr = 0.42). This
result indicates that as the concentration of the reactive
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Figure 8. Plots of ®gr vs time for a latex film and a THF-
cast film prepared from the D-MAA-11/A-tBUEMA blend and
annealed at 60 °C.

groups increases, the degree of polymer segregation in
the solvent-cast film increases, even though 16% of the
—N=C=N-— groups react during the drying process.
When these films are annealed for short periods of time
(25 min) at 60 °C, polymer demixing occurs as shown
by a decrease in ®g1 from 0.38 to 0.36. Over this time,
the extent of the carbodiimide reaction increases to 25%.
When the same film is annealed for longer times, ®gt
increases to 0.43 over 1 h and then reaches its limiting
value of 0.51 over 12 h. This result indicates that upon
prolonged annealing the polymers in the film become
completely mixed. During this time, the extent of the
carbodiimide reaction increases to about 60%. The
increase in the reactant density in the two polymers
does not prevent complete mixing of the polymer
molecules in the system.

A Model System, the D-MAA-5/A-tBUEMA-5
Blend. In the reactive blend, all of the carbodiimide
groups and half of the carboxylic acid groups react to
form an N-acylurea. Under these circumstances, the two
different polymers appear to be fully miscible at the
molecular level. We were curious to know whether
miscibility was driven by graft copolymer formation or
whether the P(EHMA-co-MAA) polymer is intrinsically
miscible with a PEHMA copolymer containing urea
groups. Dialkyl ureas are both hydrogen bond donors
through their N—H bonds and hydrogen bond acceptors.
To investigate this issue, we prepared a latex containing
tert-butylureidoethyl groups by acid-catalyzed hydroly-
sis of the —N=C=N-— groups of the A-tBCEMA-5
dispersion. These particles have the same particle size
and the same polymer molecular weight and molecular
weight distribution as the carbodiimide-containing latex
particles. We refer to this modified polymer as A-
tBUEMA, where U refers to urea.

In Figure 8 we examine the behavior of a 1:1 blend of
D-MAA-11 plus A-tBUEMA and compare a film cast
from a solution in THF with that of a latex film. In the
newly formed film prepared from the latex dispersion
at 22 °C, we obtain ®gr = 0.13. Upon annealing at 60
°C, ®er increases rapidly to 0.28 over 0.5 h and then to
0.35 over 7 h. In the newly formed film cast from THF
solution, we obtain ®gt = 0.44, a value indicating that
some segregation of the polymers occurs during evapo-
ration of the solvent. When the same film is annealed
at 60 °C for 14 h, ®et remains essentially unchanged.
These results suggest that the interaction between the
—COOH groups on one copolymer and the dialkyl urea
groups on the second copolymer enhances the polymer
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Figure 9. Radial distribution (top) of a donor labeled polymer
particle of radius Rs = 50 nm and various interface thick-
nesses: 0 =0nm (1), =5nm (2), o =8 nm (3), and 6 = 15
nm (4). The corresponding donor decay functions (egs 11.3 and
11.4) for 1:1 blends of acceptor-labeled PEHMA and donor-
labeled PEHMA-MAA are also shown (bottom).

miscibility compared to that of P(EHMA-co-MAA) +
PEHMA. However, the formation of graft copolymers
also contributes to reaching full miscibility when the
D-MAA-11 plus A-tBCEMA-5 blend is annealed (Figure
5).

Interface Thickness in PEHMA/PEHMA-MAA
Blends. In this section we return to the blends of
PEHMA homopolymer latex with the PEHMA copoly-
mers containing 11 and 20 mol % methacrylic acid
(MAA). In the previous discussion, we described the
extent of miscibility of these polymers in terms of the
ET quantum efficiency ®gt. These values, calculated via
eq 1.1, were obtained in a model-free way with minimal
assumptions in the data analysis. We would like to
explore the possibility that deeper information about the
blends can be obtained, in terms of a model, from the
detailed shape of the donor fluorescence decay profile
Ip(t). We employ the model developed in the previous
paper! that combines the Helfand—Tagami (HT) de-
scription of the polymer segment density distribution
across the interface in a polymer blend? with the theory
of energy transfer in restricted geometries.® We assume
that the donor groups in the system have the same
distribution as the segments of the polymer to which
they are attached and that the distribution of acceptors
follows the segment distribution of the acceptor-labeled
polymer. In Figure 9 (top) we plot the donor distribution
functions for a blend consisting of particles of radius Rg
= 50 nm in a matrix of a second polymer, for four
different interface thicknesses: 6 =0nm, d =5nm, ¢
=8 nm, and 6 = 15 nm.

The experiments described in this paper differ in a
small but important way from those described in the
preceding paper. In those experiments, we used a 14:1
particle ratio to ensure that each donor-labeled cell in
the latex film was surrounded by an acceptor-labeled
matrix. Here, because of our interest in the cross-linking
reaction, we employ a 1:1 mixture of the two types of
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latex particles. In the film, on average, only half of the
surface of a cell containing donor-labeled polymer is in
contact with acceptor-labeled polymer. To proceed with
the analysis of the interface, some additional assump-
tions are necessary. We begin by assuming that for this
system the fluorescence decay rate depends on the donor
and acceptor distributions across the interface in the
same way as described in the preceding paper. There
we showed (egs 1la and 11b) that for energy transfer
in spherical systems?® the donor decay function for a
delta-pulse excitation is given by the expressions

(1) = exp(— Ti) [, Colro) gLy’ dry  (11.3)

27 oo

o) = exp( - 21 fr01 -

exp[—W(NT} [ Carradryr dr) (11.4)

where Vs is the volume containing the donors, 7p is the
unquenched fluorescence lifetime of the excited donor,
and ¢(t,rp) is the probability of energy transfer of a
donor located at rp. Cp(r) and Ca(r) are the respective
concentration profiles of the donor and acceptor across
the interface between donor- and acceptor-labeled cells
in the film. We take one donor-labeled particle as
representative and use it as a reference. We consider
that half of the interface of this donor-labeled reference
particle is in contact with other donor-labeled polymer.
For this part of the reference particle surface ¢(t,rp) =
1 and Cp(r) = 1. The other half of the donor-labeled
reference particle surface is surrounded by acceptor-
labeled polymer.

As described in the preceding paper, it is not possible
to extract the shape or width of the interface directly
from the shape of the donor fluorescence decay profile.
Instead, one simulates a series of fluorescence decay
curves using input parameters appropriate for the
experiment, but for various assumed values for the
interface thickness 6. To calculate each simulated
fluorescence decay curve, we assume a value of 0,
calculate Ca(ra) and Cp(rp) with egs 1 and 2 of the
preceding paper,! and then use eqgs 11.3 and 11.4 to
calculate ¢(t,rp) and I3(t). The donor survival prob-
ability I13(t) is convoluted with the instrument re-
sponse function L(t) of each experiment, and Poisson
noise is added to the resultant curve to obtain the
simulated fluorescence decay profile 13"(t). The fitting
process (eq 13, preceding paper) compares the experi-
mental decay curve I5®(t) with 15™(t), taking account
of a small light scattering contribution to the experi-
mental data.

In Figure 9 (bottom) we plot several donor decay
function curves calculated for parameters corresponding
to blends of PEHMA and PEHMA-MAA. We show the
simulated decays and the corresponding donor distribu-
tion functions for interface thicknessesd =0nm, 6 =5
nm, 6 = 8 nm, and 6 = 15 nm. In the simulations we
used «? = 0.478, Ro = 2.3 nm, a cutoff distance R, = 0.5
nm, and tp = 45.5 ns. This value of 7p corresponds to
that measured for a film cast from a PEHMA-MAA
polymer labeled with donor. For the simulations, the
particle radius was Rs = 50 nm, the ratio of acceptor to
donor labeled particles was 1:1, and the acceptor
labeled-particles had an acceptor concentration of 1 mol
%. One sees in Figure 9 that when the interface is broad,
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Figure 10. Energy transfer efficiency ®gr for simulated
fluorescence decay curves with different interface thicknesses
0. Over the range of values of 6 = 5—15 nm the efficiency of
energy transfer is approximately proportional to the interface
thickness. Below ¢ = 1 nm the efficiency of energy transfer is
approximately constant and equal to 4%.

there is a large rapid-decay contribution to the donor
fluorescence at early times. For a broad interface, a
large fraction of the donor and acceptor chromophores,
bound to their respective polymers, are in proximity.
As a consequence, the overall energy transfer rate
increases.

From integration of the simulated fluorescence decay
curves, we calculate the energy transfer quantum
efficiency, eq 11.2. In Figure 10 we plot ®g7 calculated
for the simulated fluorescence decay curves against the
interface thickness. An approximately linear relation
between ®gr and ¢ is obtained for interface thicknesses
from 6 =5 nm to 6 = 15 nm. The value of the energy
transfer efficiency calculated for 6 = 0 nm represents
the extent of energy transfer taking place across a
perfectly sharp interface. For interfaces up to about 6
= 1 nm the efficiency of energy transfer is approxi-
mately constant and equal to 4%. There may be some
differences in ®gr values computed here and those
calculated from experimental decay profiles. The com-
puted decay profiles were integrated numerically,
whereas the experimental profiles were fitted first to a
functional form® which is extrapolated to t = « and then
integrated analytically.

To obtain information about the interface thickness
from the experimental fluorescence decay profiles,
the experimental fluorescence decay profiles 15*(t)
obtained for films of 1:1 blends of anthracene-labeled
PEHMA and phenanthrene-labeled PEHMA-MAA latex
particles were compared with simulated fluorescence
decay profiles I15™(t). To evaluate the quality of the
fitting results, we calculated the reduced y?, the weighted
residuals, and the autocorrelation of the residuals.

Two different blends of PEHMA and PEHMA-MAA
are analyzed: one containing 11 mol % of MAA (D-MAA.-
11/PEHMA-A) and another containing 20 mol % of MAA
(D-MAA-20/PEHMA-A). Experimental fluorescence de-
cay profiles for films obtained from these blends were
measured for different times of annealing at 60 °C and
then fitted to the simulated decay profiles. In Figures
11 and 12 we show the reduced x? obtained for these
fits, plotted against the interface thickness, for films of
D-MAA-11/PEHMA-A and D-MAA-20/PEHMA-A, re-
spectively. Before annealing, the x? profiles are very
shallow for both samples, which means that the inter-
face thickness can be defined with only limited precision.
For D-MAA-11/PEHMA-A (Figure 11) the interface
thickness is smaller than 4 nm, and for D-MAA-20/
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Figure 11. Reduced y? plots from the fit of experimental
fluorescence decay profiles obtained for films of 1:1 PEHMA
and PEHMA-MAA blends containing 11 mol % of MAA,
annealed at 60 °C for different times: no annealing (A); tan =
10 min (B); tan = 30 min (C); tan = 2 h (D); and tan = 4 h (E).
Before annealing, the interface thickness is smaller than 4 nm,
and after annealing it reaches an equilibrium value of 6 = 15
nm.
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Figure 12. Reduced %? plots from the fit of experimental
fluorescence decay profiles obtained for films of 1:1 PEHMA
and PEHMA-MAA blends containing 20 mol % of MAA,
annealed at 60 °C for different times: no annealing (A); tan =
1 h (B); and tan = 20 h (C). Before annealing, the interface
thickness is approximately equal to 5 nm, and after annealing
it does not increase above 6 = 8 nm.

PEHMA-A (Figure 13) it is approximately equal to 5
nm. After annealing, the y? profiles are sharper and the
interface thickness is well-defined. For D-MAA-11/
PEHMA-A we obtain a best-fit equilibrium value of 6
= 15 nm, whereas for D-MAA-20/PEHMA-A, the inter-
face thickness does not increase above 6 =8 nm. These
results confirm that polymer containing 20 mol % MAA
is less miscible with PEHMA than the polymer contain-
ing 11 mol % MAA.

From the plots of the reduced y2 shown in Figures 11
and 12, we can detect differences in the precision with
which we can calculate the value of interface thickness
0. The y? profile is shallow for the samples with no
annealing and sharper after the same samples are
annealed. It is however difficult to decide precisely from
these plots which ¢ values are acceptable for each decay
profile. A better way to determine the optimum fit for
the experimental decay profiles and the error bars for
the interface thickness values is by inspection of the
autocorrelation plots. The fitting results for the experi-
mental fluorescence decay profiles of dispersion-cast
films containing latex with 11 mol % of MAA are shown
in Figure 13. For the decay measured before the film
was annealed (Figure 13a), we obtain acceptable auto-
correlations of the weighted residuals for all interface
widths from 6 = 0 nm to 6 = 4 nm. For 6 = 5 nm
significant deviations are observed, indicating that the
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Figure 13. Experimental instrument response function (i)
and experimental donor decay profile of a film of 1:1 blend of
PEHMA and PEHMA-MAA, containing 11 mol % of MAA. (a)
Before annealing (e), fitted to a decay simulated with 6 = 3
nm (f). The autocorrelation functions relative to the fitting of
the curves simulated with interface thickness of 6 = 0—4 nm
are well distributed, but even for 6 = 5 nm some deviation is
observed. (b) After 4 h of annealing (e) and fitted to a decay
simulated with 6 = 15 nm (f). The autocorrelation functions
relative to the fitting of the curves simulated with interface
thickness of 6 = 14—16 nm are well distributed. For 6 = 13
and 17 nm some deviation is observed in the autocorrelation
function.

decay profile simulated for this thickness does not fit
the experimental decay. In this way we can define the
interface width and respective error bar for the unan-
nealed film as 6 = 2 + 2 nm. After annealing this film
for 4 h, the fluorescence decay is faster and is best fitted
by the curve simulated for an interface width of 6 = 15
nm (Figure 13b), with the autocorrelation of the residu-
als for the fittings with 6 = 14 nm and 6 = 16 nm also
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Figure 14. Experimental instrument response function (i)
and experimental donor decay profile of a film of 1:1 blend of
PEHMA and PEHMA-MAA containing 20 mol % of MAA. (a)
Before annealing (e) and fitted to a decay simulated with 6 =
5 nm (f). The autocorrelation functions relative to the fitting
of the curves simulated with interface thickness of 6 = 2—7
nm are well distributed. For 6 = 0 and 8 nm some deviation
is observed in the autocorrelation function. (b) After 20 h of
annealing (e) and fitted to a decay simulated with 6 = 8 nm
(f). The autocorrelation functions relative to the fitting of the
curves simulated with interface thickness of 6 = 7—9 nm are
well distributed. For 6 = 6 and 10 nm some deviation is
observed in the autocorrelation function.

acceptable.

The experimental fluorescence decay profiles of films
containing latex with 20 mol % of MAA (Figure 14) show
less energy transfer than the corresponding decays
obtained for film with 10 mol % of MAA. The decay
curve obtained before the film was annealed (Figure
14a) can be well fitted by all curves simulated for
interface thicknesses ranging fromdé =2 nmtodé =7
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Figure 15. Evolution of the interface thickness 6 with
annealing time t,, for 1:1 blends of PEHMA and PEHMA-MAA
containing 10 and 20 mol % of MAA. Error bars where obtained
using the procedure described in Figures 14 and 15.

nm. After annealing the sample for 20 h, the fluores-
cence decay is slightly faster and can be fitted by the
curves simulated for interface thicknesses of 6 =7 nm
and 6 = 9 nm, with 0 = 8 nm giving the best fit (Figure
14b).

Using the procedure described above, we define the
values of the best-fit interface thickness for each decay
and the respective error bars. The evolution of the
obtained interface thickness with annealing time is
shown in Figure 15 for the samples containing latex
with 11 and 20 mol % of MAA.. For long annealing times,
the systems converge to an equilibrium state with thick
interfaces.

Estimating the Flory—Huggins y Parameter. In
the preceding paper,! we considered the relationship
between the interface thickness 6 and the Flory—
Huggins y parameter. The appropriate expression (eq
15, preceding paper) has two terms: one which depends
on 6 and one which accommodates the effect of finite
polymer chain length.2! We use this approach to calcu-
late a value of y ~ 0.036 for the blend of D-MAA-11 +
PEHMA-A and a value of y ~ 0.05 for the blend of
D-MAA-20 + PEHMA-A. These numbers are reasonable
in magnitude but should be treated as rough estimates.

It is not hard to identify the origin of the limited
miscibility of PEHMA with its carboxyl-containing
copolymer. In nonpolar media, —COOH groups form a
planar dimer held together by a pair of hydrogen bonds,
and at higher concentrations, aggregation of the —COOH
groups can occur. Diluting the P(EHMA-co-MAA) poly-
mer with PEHMA itself must either decrease the
number of hydrogen bonds in the system or decrease
the entropy of association. Either of these effects would
provide a driving force for phase separation.

Conclusions

Polymer Miscibility. We examined the miscibility
of blends of PEHMA latex copolymers using the DET
technique. When films were formed by mixing Phe- and
An-labeled PHEMA homopolymer latex dispersions and
drying the dispersion at 4 °C, very little ET was
observed (®egr = 0.06). This value of ®gy is consistent
with ET from excited donors near the edge of one cell
in the film transferring energy to acceptors across the
boundary in an adjacent cell. When these films were
annealed at 60 °C, we observed an increase in ET, which
leveled off at g1 = 0.52. Upon annealing of latex films
for long times, polymer diffusion leads to complete
mixing of the polymers originally confined to separated
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cells in the film. From an ET perspective, full mixing
corresponds to films in which the donors and acceptors
are randomly distributed. In this case, the magnitude
of ®e7 depends on Ry and the (uniform) concentration
of acceptor groups in the film. We expect and find that
the magnitude of ®gt obtained from solvent-cast films
is the same as that obtained from latex films annealed
for long times. From the perspective of polymer diffusion
in latex films, full mixing corresponds to polymer
diffusion over a length scale comparable to a particle
radius.

We were careful to prepare all samples in the form of
particles of similar size, with essentially identical label
content. As a consequence, we find that random mixing
of any pair of donor- and acceptor-labeled polymer
described here yields ®g1 = 0.52. Thus, values of ®gr
< 0.52 for solvent-cast films or latex films annealed for
long times are a signature of phase separation in the
system. For example, when 11 mol % of MAA is
incorporated in one of the two latex polymers, the
miscibility is reduced significantly (®gr = 0.24) and
reduced further when the amount of MAA is doubled
(®er = 0.16).22 Solvent-cast films of these polymer
blends exhibit ®gt values on the order of 0.4, indicating
that some phase segregation occurs upon solvent evapo-
ration. Upon annealing, further demixing occurs, and
the system evolves to the same value of ®g7 as found
in the latex film.

While one expects identical values of ®gr for solvent-
cast films and annealed latex films for miscible polymer
mixtures, there is no reason to expect this behavior for
blends of limited miscibility. For these types of blends,
the extent of mixing is determined by the product of the
interface thickness and the interfacial area between the
two types of polymers. For example, Feng et al.2® have
shown that, in blends of PMMA nanospheres with
PEHMA with a constant volume fraction of PMMA, the
extent of ET is larger for blends prepared from smaller
diameter PMMA particles. The ®gt values increase in
proportion to the surface-to-volume ratio in the mix-
tures. In this context, it may be a coincidence that we
obtain identical ®gt values for the annealed solvent-
cast blends and latex blends of PEHMA with P(EHMA-
co-MAA).

Some of the most interesting results obtained in these
studies concern the reactive blends of D-MAA-11 plus
A-tBCEMA-11 and D-MAA-20 plus A-tBCEMA-11. ®gr
values of solvent-cast films prepared from freeze-dried
mixtures of the two polymers show significant demixing
(Figures 5—7). Yet when the films were annealed, ®er
values evolved to that (0.52) consistent with full mis-
cibility of the two components. Miscibility must be
driven by the reaction of the —N=C=N-— groups in one
polymer with the —COOH groups in the other polymer.
FTIR studies (Figure 7) demonstrate that miscibility in
the solvent-cast films increases in parallel with con-
sumption of the carbodiimide groups. Model experi-
ments suggest that the increased miscibility arises
partially from the higher compatibility of —COOH and
dialkyl urea groups, but also from graft copolymer
formation.

Polymer Interfaces. In the preceding paper,! we
presented a model for describing the shape of fluores-
cence decay profiles in systems characterized by ET
from donor-labeled spheres to acceptor-labeled sur-
roundings. The model assumes a Helfand—Tagami
distribution of polymer segments across the interface.
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Figure 16. Donor distribution functions calculated for par-
ticles with radius Rs = 50 nm and an interface thickness
obtained after annealing 1:1 blends of PEHMA and PEHMA-
MAA. For the polymer containing 11 mol % of MAA the
interface thickness is 6 = 15 nm, while for the sample with
20 mol % of MAA the interface thickness is 6 = 8 nm.

Data analysis involves comparing experimental decay
profiles with those obtained by simulations. When we
apply this model to the characterization of the latex
blends PEHMA-P(EHMA-co-MAA) described above, we
are able to infer values of the interface thickness.

For latex films of D-MAA-11 plus A-PEHMA prepared
at 4 °C, where &gt = 0.06, the interface is thin. Any
value of ¢ between 0 and 4 nm is consistent with the
experiments. As the sample is annealed, the interface
evolves and eventually reaches 15 nm. Similar behavior
is found for the latex blend of D-MAA-20 plus A-
PEHMA. Here the limiting interface thickness is 8 nm.
We summarize our description of the two polymer
blends at equilibrium in Figure 16. Here we plot the
polymer segment density distribution across the poly-
mer interface for pairs of polymers with the properties
of the blend of MAA-11 with PEHMA (solid line) and
the blend of MAA-20 with PEHMA (dotted line). The
former is characterized by 6 = 15 nm. The dotted line
corresponds to a blend with 6 = 8 nm.

In Figure 10, we plot values of ®gt using the results
of our simulations. We can use this plot to estimate
values of 6 from measured values of ®gr. Taking ®er
values from Figure 4 (D-MAA-20 plus A-PEHMA), we
estimate that the latex film prepared at 4 °C has an
interface thickness as large as 3 nm. After a few minutes
of annealing, when ®g1 = 0.10, 6 = 5.2 nm. When ®gr
= 0.13, 6 ~ 6.6 nm. The limiting value of ®gt corre-
sponds to 6 ~ 9 nm. Taking ®gr values from Figure 3
(D-MAA-11 plus A-PEHMA), we estimate that the latex
film prepared at 4 °C has an interface thickness on the
order of 3 nm. After a few minutes of annealing, when
®er = 0.21, 6 ~ 12 nm. The limiting value ®g1 = 0.24
corresponds to 6 ~ 13 nm. From this exercise, we learn
that values of the interface thickness deduced from
experimental values of @1 are similar to those inferred
by direct examination of the donor fluorescence decay
profiles. We see that values of the interface thickness
inferred from experimental values of ®gt are similar
to those obtainable by more elaborate analyses of the
donor fluorescence decay profiles. One has to make sure,
however, that the parameters Rs, Ro, 7p, Re, and k2 of
the simulations used to obtain the master curve are
appropriate to to the system examined experimentally.

One may ask why we do not extend this analysis to
the other latex blend systems in which we plot ®gt
against annealing time. Here we must remember that
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the simulations assume a Helfand—Tagami polymer
segment density profile across the interface. This profile
is appropriate for blends of limited miscibility, but it is
not appropriate to other processes such as diffusion
across an interface between two miscible polymers. For
low molecular weight polymers, this type of diffusion
leads to a Fickian segment density profile. For en-
tangled polymers, diffusion across an interface gener-
ates a different segment density profile.2* To calculate
interdiffusion distances from the Ip(t) decay curves, one
has to compare the measured decay profiles with
simulated data that take proper account of the underly-
ing physics.2526 This is a very important task for
reactive blends such as P(EHMA-co-MAA) + P(EHMA-
co-tBCEMA). Here, however, we lack a fundamental
theory describing the nature of polymer diffusion across
interfaces when diffusion is coupled to a chemical
reaction that retards or stops the diffusion of the
molecules that have reacted.
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