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Polymer blend latex films: Miscibility and polymer
diffusion studied by energy transfer
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Abstract
Fluorescence non-radiative energy transfer experiments were used to study latex blend films composed of high molar mass poly(butyl ac-
rylate-co-methyl methacrylate) (PBA-co-MMA) and much lower molar mass PBA-co-MMA latex of the same chemical composition (50:50
BA:MMA by weight). These blends take advantage of the strong chain length dependence of Tg so that the particles consisting of oligomeric
polymer (‘‘low-M’’) have a much lower Tg than the corresponding high-M latex. This type of blend represents a useful strategy for obtaining
latex coatings with a reduced VOC content. Here we report on experiments which follow the rate at which the low-M polymer mixes via dif-
fusion with the high-M polymer in the latex films. The high-M latex are doubly labeled, containing both donor and acceptor dyes covalently
bound to the PBA-co-MMA backbone. Diffusion of the unlabeled low-M polymer into this phase dilutes the dyes, increasing their separation
and lowering the quantum efficiency for energy transfer.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Concern for the environment is driving changes in coating
technology. One of the major goals is a reduction in the amount
of volatile organic compounds (VOCs) released to the atmo-
sphere. Most waterborne coatings contain significant amounts
of organic solvents. In latex coatings, these solvents act as fugi-
tive plasticizers, lowering the glass transition temperature (Tg)
and the modulus of the latex polymer so that the forces associ-
ated with drying are sufficient to deform the latex particles
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into polyhedral cells that pack to give a void-free film. These
solvents also promote the rate of polymer diffusion across the
intercellular boundaries, leading to the development of full me-
chanical strength in the coating. The challenge for the industry is
to remove these solvents and at the same time obtain films with
similar or even enhanced properties compared to traditional
coatings.

One set of strategies for achieving enhanced properties
without resorting to volatile solvents involves the use of latex
blends. Latex blends are mixtures of two or more different
kinds of latex particles in the dispersed state. Upon drying
of the dispersion, both types of particles contribute to the prop-
erties of the film that is formed. Several authors have exam-
ined the properties of hardesoft latex blends. Hard refers to
particles consisting of a polymer with a Tg above room tem-
perature, and soft refers to particles of a low-Tg polymer. Par-
ticularly in the case where one prepares a mixture of large soft
latex particles and small hard particles, packing considerations
lead to percolation of the small hard particles to form a contin-
uous phase that provides mechanical reinforcement of the film
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and good block resistance. This strategy requires particles of
different compositions so that the phases remain discrete in
the film.

Here we consider a different strategy, developed originally
at Rohm and Haas. In this approach, one blends two types of
latexes of (essentially) the same chemical composition, but
very different molar mass. One takes the advantage of the
strong chain length dependence of Tg so that the particles con-
sisting of oligomeric polymer (‘‘low-M’’ or ‘‘oligomeric la-
tex’’) have a much lower Tg than the base latex prepared
under normal emulsion polymerization conditions. Films of
these blends have excellent mechanical properties and block
resistance. There is a synergy between the components, and
the final film properties are different from what one would pre-
dict from a simple linear relationship between the properties of
the individual components and the composition of the film.

We are interested in understanding how these films achieve
their properties. One can imagine, for example, that upon dry-
ing, the low-M (soft) particles will deform more readily than
the high-M particles. Because the two components differ
only in composition only by the concentration of end groups,
one also expects the two polymers to be miscible on a molec-
ular level. To achieve miscibility, low-M polymers must dif-
fuse out of the low-Tg cells in the film into cells consisting
of higher Tg polymer. At the same time the high-M chains
must diffuse in the reverse direction to maintain the density
of the solid. This situation recalls the theoretical analysis of
polymer chains across interfaces in which the polymers on
the two sides of the interface had very different chain lengths
several years ago by de Gennes [1a], Brochard et al. [1b], and
others [1c]. In the system we are considering, there is, in ad-
dition, a difference in the glass transition temperature of the
two pure components. Miscibility in the final film can be in-
ferred from differential scanning calorimetric (DSC) measure-
ments of Tg for the blend compared to the individual
components. We show here that even deeper insights into mis-
cibility are possible through fluorescence resonant energy
transfer (ET) experiments.

In this paper, we present the results of our initial investigation
of films formed from blends of high-M and low-M poly-
(butyl acrylate-co-methyl methacrylate) (P(BA-co-MMA))
latex. We employ oligomeric latex samples synthesized by an
approach that employs dodecyl mercaptan as chain transfer
agent in the presence of methyl-b-cyclodextrin. We report Tg

values of the latex polymer as a function of molar mass. The
major result described in this paper is the use of a single sample
of doubly labeled high-M (P(BA-co-MMA)) latex as a probe of
miscibility and diffusion in films formed from blends of this
latex with oligomeric latexes of the same composition.

2. Experimental
2.1. Materials
All reagents were purchased from Aldrich unless otherwise
specified. Methyl methacrylate (MMA), butyl acrylate (BA), bu-
tyl methacrylate (BMA) and ethylene glycol dimethacrylate
(EGDMA) were distilled under vacuum prior to use. Potassium
persulfate (KPS), sodium bicarbonate (NaHCO3), dodecyl mer-
captan (C12SH), sodium dodecyl sulfate (SDS) were used as-
received. (9-Phenanthyl) methyl methacrylate (PheMMA) was
purchased from Toronto Research Chemicals Inc. Polystep
A-16 (22%) (sodium dodecylbenzene sulfonate) was purchased
from Stephan (IL) and used as-received. Methyl-b-cyclodextrin
(Me-b-CD) was provided by Rohm and Haas. The synthesis
and characterization of the monomer 40-dimethylamino-2-acryl-
oxyl-5-methyl-benzophenone (NBen) is described elsewhere [2].
The distilled water used in these experiments was further purified
through a Millipore Milli-Q system.
2.2. Characterization of latex particles
For the high-M doubly labeled latex, the particle size distri-
bution was measured by capillary hydrodynamic fractionation
chromatography (CHDF, Matec Applied Sciences, Model
2000). Gel permeation chromatography (GPC) was performed
on a Waters liquid chromatograph equipped with a Waters 480
tunable UVevis absorbance detector and a Waters R410 dif-
ferential refractive index detector. Syringe Filters (PP Filter
Membrane, 0.45 mm, Whatman) were used prior to injecting
the samples in the GPC. Molecular weights were calibrated
with poly(methyl methacrylate) standards from Polymer Lab-
oratories Ltd. Glass transition temperatures (Tgs) for pure
polymers and mixtures were determined by differential scan-
ning calorimetric (DSC). Measurements in Toronto were
made using a DSC 2920 MDSC V2.6A differential scanning
calorimeter from TA Instruments. Samples were cooled and
heated from �70 to 70 �C at rates of 10 �C/min, under N2 at-
mosphere. Glass transition temperatures were determined by
the instrument software as the inflection point in the second
heating step. Measurements at Rohm and Haas were carried
out on a TA Instruments Q1000 differential scanning calorim-
eter. The samples (10e15 mg) were preheated to 150 �C to en-
sure complete drying. After cooling back to �90 �C, the heat
flow was measured upon heating at 20 �C/min to 150 �C. The
Tg is reported as the inflection point of the DSC curve. The on-
set of the curve is generally about 10 �C below that of the
inflection point.
2.3. Synthesis of the oligomer latex
These emulsion polymerizations were carried out in
a three-neck 50 mL round bottom flask equipped with a me-
chanical stirrer, a condenser, one emulsion feed line and a ni-
trogen inlet. A monomer emulsion of deionized water,
Polystep A-16 (22%) anionic surfactant, and monomers was
prepared in accordance with the recipe given in Table 1. De-
ionized water, Polystep A-16, and Me-b-CD were introduced
into the reaction flask at room temperature. The contents
were heated to 85 �C while stirring under a nitrogen purge.
At 85 �C, the monomer emulsion was introduced into the re-
action flask followed by the Na2CO3 and Na2S2O8 solution.
After the exotherm subsided, the remainder of the monomer
emulsion was fed into the reaction mixture over a period of



Table 1

Emulsion polymerization recipe for the oligomeric latex

Chemicals/reagents Amounts [g (mol)]

Monomer emulsion Deionized water (DW) 10.0

Polystep A-16 (22%) 0.205

Butyl acrylate (BA) 7.50 (0.0585)

Methyl methacrylate (MMA) 7.35 (0.0734)

Methacrylic acid (MAA) 0.15 (0.00174)

n-Dodecyl mercaptan (nDDM) 0.2e3 (variable)

Initial charge Deionized water (DW) 4.0

Polystep A-16 (22%) 0.307

Methyl-b-cyclodextrin 0.075

Monomer emulsion 3% of total emulsion

Sodium persulfate/DW 0.106 in 1.0 DW

Sodium carbonate/DW 0.106 in 1.0 DW

Feed Monomer emulsion 97% of total emulsion

Time (min) Seed formation 20

Feed 180

After feed 30
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3 h. At the end of the feed, the reaction mixture was held at
85 �C for 30 min and then allowed to cool to room tempera-
ture. The latex was neutralized to pH w 8.5 with ammonia.
2.4. Synthesis of the doubly labeled latex
The doubly labeled poly(methyl methacrylate-co-butyl
acrylate) (P(MMA-co-BA)) was prepared by seeded semi-con-
tinuous emulsion polymerization [3]. Cross-linked unlabeled
latex particles, used as seeds, were first prepared from a 4/3
molar ratio of butyl methacrylate (BMA) and ethylene glycol
dimethacrylate (EGDMA) by batch emulsion polymerization
at 80 �C. The seeds represent 6 wt% of the final dry polymer.
The recipe for the preparation of seeds (first stage) is summa-
rized in Table 2. The polymerization was carried out under
a nitrogen atmosphere in a 3.0 L three-necked glass reactor,
equipped with a condenser and a mechanical stirrer. The
monomers, water, surfactant and NaHCO3 were deoxygenated
with nitrogen (30 min) while being stirred mechanically, and
then heated to 80 �C. The initiator solution (potassium persul-
fate (KPS) in water) was rapidly added. Stirring was continued
Table 2

Recipe for the synthesis of P(MMA-co-BA) latex particles doubly labeled with

Phe and NBen by semi-continuous emulsion polymerization

First stage Second stage

Seeds e 3 mL

H2O 2280.00 g 98.00 g

KPS 1.67 g 0.073 g

SDS 26.96 g 0.726 g

NaHCO3 1.17 g e

BMA 55.67 g e

EGDMA 58.33 g e
MMA e 12.39 g

BA e 12.38 g

NBenMA e 0.133 g (0.2 mol%)a

PheMMA e 0.304 g (0.5 mol%)a

C12SH e 0.095 mL

Diameter 31 nm 98 nm

a Based on total monomer content.
for another 3 h under a nitrogen atmosphere. An aliquot of
these particles was used as seed for the second stage of
polymerization.

In the second stage of the polymerization, an aqueous solu-
tion containing the surfactant (SDS) and initiator (KPS) and
the organic solution containing the two base monomers
(MMA and BA) and the two fluorescent monomers (PheMMA
and NBen) were fed continuously into the reactor containing
the dispersion of seed particles. The recipe is summarized in
Table 2. An aliquot (3 mL) of the seed dispersion and
64 mL of deionized water were introduced into a 250 mL
three-neck flask equipped with a condenser and a mechanical
stirrer. The dispersion was purged with N2 for 90 min and then
heated at 80 �C, always under N2 atmosphere. The monomer
feed rate was kept at 1.4 mL/h, controlled by metering pumps
(Fluid-Metering Inc Lab Pumps, Motor QSY pump head,
QSYQ for the aqueous solution; Motor QC, pump head
RHOCKC for the monomers). KPS and SDS dissolved in wa-
ter were added into the reactor concurrently. After the addition
was complete, the reaction mixture was stirred and heated for
another 2 h, yielding doubly labeled particles with a mean di-
ameter of 119 nm and 18 wt% of solids. The characteristics of
this latex sample are presented in Table 3.

The distribution of dyes and presence of free dyes in our
doubly labeled latex were checked by GPC measurements, us-
ing tandem UV and RI detectors [4]. These are important re-
quirements in order to support our assumption that donor
and acceptor groups serve only as tracers for the localization
of the polymer. The trace for the polymer, as monitored by
the RI detector, and the trace for the dyes, as monitored by
the UV signal, had similar shapes and eluted at times consis-
tent with the fact that the UV detector precedes the RI detec-
tor. No peaks corresponding to unreacted dye were found. We
conclude that dyes were uniformly incorporated into the co-
polymer and that there are no free dyes in the system.
2.5. Preparation of films for ET measurements
Latex blends were prepared by mixing aliquots of the olig-
omeric P(MMA-co-BA) unlabeled latex (at about 50 wt%
solids) and the doubly labeled P(MMA-co-BA) latex (at about
20 wt% solids). The resulting mixture was gently agitated for
several minutes to promote mixing. Except where indicated,
mixtures were prepared with a 1:1 weight ratio of doubly la-
beled and unlabeled oligomeric latex particles.
Table 3

Physical properties of the latex particles

Latex Label Tg
a

[�C]

Mn

[g/mol]

Solids

[%]

d
[nm]

Unlabeled P(MMA-co-BA) Mn-2.4 �48 2400b 52 128

Mn-6.4 �1.5 6400b 52 109

Mn-11.3 6.4 11,300b 50 110

Mn-140 18 140,000b 52 110

Doubly labeled P(MMA-co-BA) DL 12 252,000c 19.1 119

a Measured by DSC.
b Mw/Mn z 2.5.
c Mw/Mn> 3.
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Latex films were prepared by spreading 3e4 drops of the
corresponding latex dispersion onto small quartz plates
(2 cm� 1 cm, used for fluorescence decay measurements).
Then, the films were allowed to dry in a cold room (ca.
4 �C) overnight. The dried films, typically 50e100 mm thick-
ness, were transparent and free of cracks. In some cases, the
fresh films were annealed to investigate the influence of tem-
perature on the rate of mixing between latex particles. The
films on their quartz substrates were annealed by placing
them directly onto a high-mass aluminum slab in a preheated
forced air oven. The films were cooled to room temperature
before energy transfer measurements were carried out. We
also studied energy transfer on ‘‘solvent-cast films’’. To pre-
pare these films, we placed a few drops of each mixed disper-
sion on a glass plate and allowed the water to evaporate at
room temperature. The dry film was dissolved in tetrahydrofu-
ran (THF) to form a transparent solution at 2e3 wt% solids. A
few drops of this solution were spread on a quartz plate and
then allowed to dry overnight at room temperature.
2.6. Fluorescence decay measurements
All fluorescence decay profiles were measured by the time-
correlated single photon counting technique, using a deuterium
lamp as the excitation source. The donor (Phe) was excited at
300 nm and the emitted light was collected in the 350e400 nm
range. Two filters, a band-pass (310e400 nm) and a cut-off
(335 nm) were placed in the collection path to minimize the
influence of scattered light. For each measurement, the quartz
plate that supports the film was placed into a quartz tube and
sealed with a rubber septum. The tubes were deoxygenated
with N2 for 5 min prior to measuring the donor fluorescence
decay profile. Measurements were performed at room temper-
ature. Data were collected up to 6000 counts in the channel of
maximum intensity, which usually requires 10e12 min.

3. Data analysis in ET experiments

For a dipoleedipole coupling mechanism, the rate of
energy transfer (ET) between a donor and an acceptor group
depends sensitively on their separation distance r [5].

wðrÞ ¼ 1

tD

�
Ro

r

�6

ð1Þ

where tD is the lifetime of the donor in the absence of accep-
tors, and Ro is the characteristic (Förster) distance over which
ET takes place. The Förster distance for the PheeNBen pair is
2.7 nm [6e8], somewhat larger than that for the phenanthrene/
anthracene pair (Ro¼ 2.3 nm) that we have used in the previ-
ous experiments [9].

The Phe (donor) fluorescence decays in the absence of ac-
ceptors are exponential, but they become non-exponential
when ET acceptors are present in the sample. If the donors
and acceptors are homogeneously distributed in a three-dimen-
sional medium in which edge effects are not important, the
fluorescence donor decay function ID is described by Eq.
(2), first derived by Förster [10].

IDðt0Þ ¼ A exp

�
� t0

tD

�P

�
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tD
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where t0 is the fluorescence decay time and A is a normalization
parameter. The term containing the P parameter accounts for
the influence of ET, and depends on the concentration of ac-
ceptors [A] in the medium, as well as on the averaged relative
orientation of donor and acceptor transition moments hk2i:

P¼ 4

3
p3=2

�
3

2
hk2i

�1=2

NAR3
0½A� ð3Þ

where NA is Avogadro’s number (6.023� 1023 number/mol).
The orientation factor hk2i has a value of 2/3 in fluid solution,
where rotation is rapid. The experiments described here
involve a random distribution of dipoles that are immobile
on the time scale of the donor lifetime. For this case, hk2i ¼
0.476 [11].

The quantum efficiency of ET FET is a useful way to mea-
sure the extent of ET in a system,

FET ¼ 1�

ZN

0

IDðt0Þdt0

tD

ð4Þ

where the integral represents the area under the donor fluores-
cence decay curve obtained for a film labeled with donors and
acceptors. One of the ways to calculate this integral is to fit the
experimental decay to a suitable equation, and then to inte-
grate the equation analytically, from the fitting parameters
obtained.

4. Results and discussion
4.1. Experimental design
In the past, we have been interested in the rate at which
polymers undergo mixing as a consequence of polymer diffu-
sion across the boundary between neighboring cells in a latex
film [12]. To monitor the rate and extent of polymer diffusion
through energy transfer measurements, we labeled the poly-
mers in some of the cells with a donor chromophore D and
the polymer in the remaining cells with an acceptor chromo-
phore A. As diffusion proceeds in this type of experiment, D
and A groups are brought into proximity, and the extent of en-
ergy transfer increases. In the newly formed film, with sharp
boundaries between the cells, FET is very small. Over time,
as polymers diffuse, FET increases to its maximum value, de-
termined by the parameters in Eqs. (2)e(4).

Here we have a different situation. We are interested in un-
derstanding the interaction of a series of oligomeric polymers
with a high molar mass polymer of a very similar composition.
The system is prepared as a series of latex blend films, and the
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concern is the rate and extent of diffusive mixing across the
boundaries separating high-M and low-M polymers. To sim-
plify the requirements for the synthesis of dye-labeled poly-
mer, we have designed the system in such a way that only
one of the components needs to be labeled. The high-M latex
particles contain a random distribution of both donor and ac-
ceptor groups. Thus, it is doubly labeled. The oligomeric latex
polymers are unlabeled.

The concept of the experiment is depicted in Fig. 1. The
blend in solution consists of a mixture of doubly labeled
high-M particles and unlabeled particles. In the doubly labeled
latex particles, donor (Phe) and acceptor (NBen) dyes are as-
sumed to be attached at random to the polymer. In the newly
formed film, if the particle deformation step is well resolved
from the subsequent diffusion step, D and A groups will be
confined to doubly labeled cells. The extent of energy transfer
FET will be determined by the local concentration of A groups.
This corresponds to the ‘‘no-mixing’’ state shown in Fig. 1. As
the two polymers mix, the labels are diluted by the unlabeled
polymer and the efficiency of ET will decrease.

Fig. 2 shows the expected changes in FET with the acceptor
concentration, calculated using Eqs. (2)e(4), with hk2i ¼
0.476 and a value for Ro¼ 2.7 nm, appropriate for the
NBenePhe pair [6e8]. As shown in Fig. 2, FET increases rap-
idly with increasing acceptor concentration for low concentra-
tions of A, changing sensitively in the range from 0 to 0.02 M,
and then levels off approaching asymptotically 1.0 at high
values of [A]. Our doubly labeled latex contains 0.5 mol%
Phe and 0.2 mol% of NBen. The NBen concentration in the
doubly labeled copolymer (0.2 mol%) corresponds to a con-
centration of 0.02 M in the film. In this way, any decrease in
[A] produced by the dilution with unlabeled polymers will
lie in the range of maximum sensitivity.
D: Donor (Phe)

A: Acceptor (NBen)

Double-Labeled
Latex Particles

Unlabeled Oligomeric
Latex Particles

Latex dispersion

D and A move
apart

Miscible

D and A remain close to 
each other

No Mixing

D A D A

D A

DA DA
DA

DA DA

DA

Fig. 1. Schematic representation of the two limiting cases for the mixing pro-

cess between doubly labeled and unlabeled latex particles. No-mixing state: ET

occurs mostly inside the doubly labeled latex particles. Full-mixing state: the

presence of unlabeled polymer increases the average distance between donors

and acceptors, decreasing the extent of ET.
4.2. Synthesis and properties of the components
The doubly labeled latex was synthesized by seeded emulsion
polymerization under monomer starved conditions, using tiny
(Dn¼ 30.5 nm and Dw¼ 35.9 nm) highly cross-linked particles
as seeds and a 1:1 weight ratio of methyl methacrylate and butyl
acrylate in the main feed. The fluorescent dye co-monomers were
introduced along with the second stage monomers. The seed par-
ticles represent only 6 wt% of the final dry polymer. This latex
polymer was characterized by a single glass transition tempera-
ture of 12 �C, which is in good agreement with that calculated
from the Fox equation (10 �C), assuming random copolymeriza-
tion. The final particle size distribution was narrow, with
Dn¼ 98 nm and Dw¼ 111 nm.

Unlabeled low molecular weight based latex samples of
P(MMA-co-BA), also with a 1:1 monomer weight ratio,
were synthesized using the recipe described in Table 1. A se-
ries of samples were prepared employing a common recipe in
which the only variable was the amount of C12SH added as
a chain transfer agent. The key feature of the synthesis is
the use of methyl-b-cyclodextrin as a carrier and n-dodecyl
mercaptan as the chain transfer agent [13]. All the dispersions
were characterized by narrow particle diameter distributions.
Further characteristics, and our notation for naming the sam-
ples, can be found in Table 3.

These unlabeled P(MMA-co-BA) latex samples have mo-
lecular weights in the range where Tg varies sensitively with
chain length. A plot of Tg vs. molecular weight for these sam-
ples, measured by DSC, is shown in Fig. 3. This plot shows the
typical behavior expected for linear polymers, and predicted
by the FoxeFlory equation [14]. For low molecular weights,
Tg increases sharply with increasing molecular weight and
then levels off to a limiting value. The filled symbols represent
the latex particles used in this study. As shown in Table 3, the
lowest molecular weight polymer used in this work (Mn-2.4)
has a Tg well below room temperature (�48 �C). Samples
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with intermediate molecular weights (Mn-6.4 and Mn-11.3)
have Tgs at around 0 �C (�1.5 and 6.4 �C, respectively). The
highest molecular weight sample (Mn-140) has a Tg compara-
ble to that of the doubly labeled copolymer. We used this sam-
ple as model to establish a reference point for the no-mixing
and fully mixed states as shown in Fig. 1.
4.3. Energy transfer in latex blend films with the Mn-140
sample
The doubly labeled latex polymer and the unlabeled Mn-
140 sample both consist of relatively high molar mass poly-
mer. They have slightly different compositions (the Mn-140
sample contains 1 wt% methacrylic acid and no dye label)
and similar Tg values. Blends of the two types of particles
formed clear and crack-free films when dried in a cold room
overnight at 4 �C. Because these films were formed below
the Tg of the dry polymer, we anticipate that very little poly-
mer diffusion occurred during film preparation [15]. The films
were stored in the cold room except during fluorescent decay
measurements, which were performed at room temperature.
Curve (1) in Fig. 4 shows a typical fluorescence decay corre-
sponding to a film dried as described above, prepared from
a latex blend containing a 1:1 w/w mixture of the doubly la-
beled (DL) target and the Mn-140 particles. The fluorescence
decay is non-exponential, a signature that ET has occurred.

We fitted the experimental decay to Eq. (2), using tD¼ 46.5
[16]. A good-quality fit was obtained, as reflected by the ran-
domly distributed weighted residuals and by a c2 value less
than 1.3. This fit yielded P¼ 0.22 and FET¼ 0.67. We explored
a more extended range of latex blend compositions (from 1:3 to
3:1 w/w DL:Mn-140). These films gave almost identical fluores-
cence decay profiles, with similar fitting parameters and
FET¼ 0.67, irrespective of mixture composition. This is the re-
sult expected for the case of ‘‘no mixing’’ as indicated in Fig. 1.
The acceptor concentration is determined only by the level of la-
beling in the doubly labeled latex. We refer to the ET efficiency
in the no-mixing state as FET(0).
We use a solvent-cast film of the latex blend as a model for
the fully mixed state. The key assumption here is that the two
polymers mix completely when dissolved in a solvent like
THF and that they do not demix upon drying. To prepare these
model films, we dried 1:1 mixtures of the unlabeled high mo-
lecular weight latex particles (Mn-140) and the doubly labeled
latex target. This mixture was dissolved in THF and cast as
a film on a quartz substrate. The measured fluorescence decay
profile for this film is shown as the middle curve (2) in Fig. 4.
This decay also fit well to the Förster equation (Eq. (2)), yield-
ing P¼ 0.12. From the area under this decay profile, we cal-
culated the quantum efficiency of ET for full mixing,
FET(N), obtaining a value of 0.49. This value is lower than
FET(0) and reflects the diluting effect of the unlabeled poly-
mer molecules on the extent of ET. When we prepared
THF-cast films with increased proportions of the Mn-140 sam-
ple in the mixture, the extent of ET decreased even more.
Curve (3) in Fig. 4 is the fluorescence decay profile corre-
sponding to a 1:2 w/w DL:Mn-140 latex blends. The Förster
fit for this latex blend gave P¼ 0.085 and FET(N)¼ 0.41.

A closer examination of the values obtained for the P pa-
rameter for the sample described above shows that they are ap-
proximately equal to those expected based on Eq. (3) and the
level of dye label in the DL sample. For 1:1 mixtures, P should
change by a factor of 0.5 considering the diluting effect of the
unlabeled chains. In our experiments with 1:1 DL:Mn-140
mixtures, we obtained P¼ 0.22 for fresh films and P¼ 0.12
for THF-cast films. Thus, the observed change in P (0.12/
1.22¼ 0.54) is in good agreement with our expectations.
The small difference between the expected factor of 0.5 and
the experimental result of 0.54 is probably within experimen-
tal error, but may also be due to a small amount of polymer
mixing during the preparation of the model latex films used
to determine FET(0). Similarly, we obtained P¼ 0.085 for
THF-cast films prepared from 1:2 DL:Mn-140 mixtures. In
this case, the expected change is by a factor of 0.33 with
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respect to the unmixed state and by a factor of 0.67 with re-
spect to the random state in a 1:1 mixture. The observed
changes, 0.085/0.22¼ 0.39 and 0.085/0.12¼ 0.71, are also
in agreement with those predictions. Similar conclusions can
be drawn by comparing measured values of FET with those ex-
pected based on Fig. 2. We conclude that the magnitude of the
P parameter properly reflects the change in the local concen-
tration of acceptors in the model system. Based on these
results, we can safely assume that the no-mixing state is char-
acterized by FET(0)¼ 0.67 and the fully mixed state by
FET(N)¼ 0.49 for 1:1 latex blend films.
4.4. Energy transfer in blend latex dispersions with low
molecular weight latex components
In this section, we examine polymer mixing in films formed
from blends of oligomeric latex particles and the doubly la-
beled latex target. We prepared a series of latex blends with
each of the unlabeled oligomeric latex samples (Mn-2.4, Mn-
6.4 and Mn-11.3). In most of the cases, the latex blend compo-
sition was 1:1 by weight of the latex polymer. We first describe
the extent of ET in THF-cast films as a way of investigating
whether any factors could limit the mixing between compo-
nents. We fitted the donor fluorescence decays from these
films to Eqs. (2)e(4). The values obtained for FET(N) for
all these films are shown in Fig. 5, where a text label on the
x-axis of the plot identifies each of the four mixtures studied
(we included the model DL:Mn-140 latex blend for compari-
son). The open circles refer to the dry as-cast blend films
and the filled circles refer to the same films after they were an-
nealed for 3 h at 75 �C.

In the three mixtures examined, the FET(N) values were
similar to those obtained for the model DL:Mn-140 blend.
Some local phase segregation in the solvent-cast film may ex-
plain the slightly higher FET values observed in the mixtures
containing the two lowest molecular weight components
(Mn-2.4 and Mn-6.4). This effect might be caused by the chain
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and full-mixing limits, respectively.
ends originating from the chain transfer agent. However, upon
annealing at 75 �C, any remaining phase segregation was over-
come, and FET reached the values obtained for the model sys-
tem. These results indicate that the full-mixing state can be
reached in all these mixtures.

In the next set of experiments, we examined the amount of
polymer mixing that took place as the latex blend films were
formed in freshly prepared films. For these measurements, we
prepared films by drying 1:1 latex blends at 4 �C for 12 h. Fluo-
rescence decay curves were then measured for each film. The
films were kept at 4 �C except for the time needed (ca. 12e
15 min) to carry out the fluorescence decay measurements at
room temperature. All of the experimental fluorescence decays
for these fresh films were well fitted to the Förster equation (c2

less than 1.3). Using Eq. (4) and the Förster fitting parameters,
FET(0) values were calculated for each latex blend. These re-
sults are plotted as open triangles in Fig. 5. Values of FET(0)
ranged from 0.62 (DL:Mn-11.3) to 0.49 (DL:Mn-2.4). These
values are much lower than those obtained for the model system
(FET(0)¼ 0.67), indicating that significant mixing between the
oligomeric particles and the doubly labeled latex target took
place during the film formation step. The degree of mixing
was different for each latex blend, increasing with the decrease
of the oligomer molar mass. Remarkably, a state of full mixing
was reached in the DL:Mn-2.4 blend.

As a test of miscibility in this blend, we carried out a differ-
ential scanning calorimetric (DSC) experiment to determine
the Tg of the blend, taking advantage of the contrast between
the Tg of the Mn-2.4 polymer and that of the DL polymer. To
prepare a sample for this experiment, a few drops of the 1:1
DL:Mn-2.4 latex blend were deposited onto a glass plate and
allowed to dry at 4 �C. After drying, the sample (w7 mg)
was quickly transferred to the DSC pan and rapidly cooled
to �70 �C. It was then heated from �70 �C with a heating
rate of 10 �C/min. The corresponding DSC run (heating
step) is shown in Fig. 6. The upper and lower DSC traces cor-
respond to the pure Mn-2.4 and DL components. Fresh films of
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the 1:1 DL:Mn-2.4 latex blend exhibit only a single Tg (Fig. 6).
Its value (�24 �C) is in good agreement with that calculated
from the Fox equation (�22 �C) assuming full mixing between
the Mn-2.4 and the DL polymer. Single values of Tg were also
found when we examined a wider range of blend composi-
tions. These values were sensitive to blend composition, and
they could be nicely described using the Fox equation [17].

These results suggest that rapid interdiffusion of the polymer
components takes place during the drying step. In polymer
blends, the kinetics of mixing is controlled by parameters such
as molecular weight and chemical composition of the polymers,
thermodynamic factors and kinetic issues, represented by the
monomeric friction coefficient [18]. The latter parameter is
very sensitive to the T� Tg difference and to the chemical struc-
ture of the monomer unit [19]. In the case considered here, ex-
cept for the presence of initiator or CTA groups attached to the
ends of the oligomeric chains, there are no differences in chem-
ical composition between the latex target and the oligomeric par-
ticles. As long as there is no energetic barrier associated with an
unfavorable thermodynamic interaction parameter, polymer dif-
fusion will be controlled by entropic and kinetic factors. Since
the Mn-2.4 sample consists of low molecular weight polymer,
a large entropy of mixing is expected. In addition, the polymer
in this latex sample has an extremely low Tg (close to
�50 �C). At the temperature of the drying process (4 �C), the
T� Tg difference is 55 �C. Based on our previous experience,
this difference is large enough to produce significant amounts
of polymer mixing even in latex polymers with higher molecular
weight. Therefore, the combination of a large entropy of mixing
and a large T� Tg difference may explain the extremely fast rate
of polymer mixing observed in this blend that leads to the full-
mixing state observed in its fresh films. In other cases
(DL:Mn-6.4 and DL:Mn-11.3 mixtures), even though a large en-
tropy of mixing is expected, the difference T� Tg (at the temper-
ature of the drying process) is modest, which may explain the
intermediate degrees of mixing we found in their fresh films.
4.5. Homogenization times in the latex blend films
The effectiveness of the oligomeric latexes as diffusion pro-
moters will depend on how fast they become distributed in the
latex target. In this context, we measured the time required for
oligomers to reach the full-mixing state in each of the blends.
As full mixing implies a homogeneous distribution of oligo-
mers, we refer to this time as ‘‘homogenization time’’. For
these measurements, we prepared fresh films for each of the
1:1 latex blends, by drying the films on quartz substrates at
4 �C for 12 h. Then, the films were annealed at a constant tem-
perature, and their fluorescence decay curves were measured
in order to follow the evolution of FET with annealing time.
We performed these experiments at slightly above ambient
temperature (35 �C). Fig. 7 shows a plot of the evolution of
FET with annealing time for all the latex blends studied. In
this plot, the FET value at zero time corresponds to the mea-
surement carried out on the fresh film.

In the 1:1 DL:Mn-2.4 latex blend (filled circles), the initial
value of FET corresponds to the full-mixing state
(FET¼ 0.49), which was reached during the film drying
step. Further annealing did not affect FET and the values
remained unchanged after more than 24 h at 35 �C. We can
consider that the oligomeric polymer chains contained in the
Mn-2.4 latex sample reached a homogeneous distribution in
the latex target almost instantaneously. In the 1:1 DL:Mn-6.4
latex blend (open triangles), FET, evolved from an initial value
of 0.59, and reached the characteristic value for full mixing in
less than 1 h at 35 �C. For the 1:1 DL:Mn-11.3 latex blend
(filled squares), the homogenization time was much longer,
consistent with the higher Tg and molar mass of the Mn-11.3
latex polymer. From an initial value of 0.625, FET for this
film decreased progressively to a steady value close to that
characteristic of full mixing.

To evaluate the efficiency of the oligomeric latex particles
as diffusion promoters for the latex target, we have to compare
their homogenization times with the time scale for polymer
diffusion within the target. The latter process can be character-
ized by preparing a set of unlabeled latex particles that match
the molecular weight and the Tg of the doubly labeled target,
and by performing the same kind of experiments described
above. Although the Mn-140 sample does not match exactly
with the molecular weight of the target, it has similar charac-
teristics in terms of Tg and particle diameter that make the
samples comparable. Thus, useful information can be obtained
by examining its rate of diffusive mixing with the doubly la-
beled target. The uppermost curve in Fig. 7 (inverted open tri-
angles) shows the evolution of FET with annealing time in the
1:1 DL:Mn-140 latex blend. Here FET evolves slowly with
time, from an initial value of 0.67, corresponding to no mixing
between the latex polymers. Compared with the times for olig-
omer homogenization, the time scale for polymer diffusion in
the 1:1 DL:Mn-140 latex blend is much longer.
5. Summary

We have examined hardesoft latex blend films in which
both components have the same chemical composition (1:1
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MMA:BA by weight) but different mean molar masses. As
a consequence of the differences in molar mass, the latex poly-
mers have different glass transition temperatures. In the most ex-
treme case, the latex polymer with Mn¼ 2400 g/mol has
Tg¼�48 �C, whereas the doubly labeled sample with
Mn¼ 252,000 g/mol has Tg¼ 11 �C. We showed using energy
transfer experiments that the various oligomeric latex polymers
were completely miscible with the highest molar mass sample.
These experiments were carried out in a novel way. We synthe-
sized a single sample of doubly labeled high molar mass
P(MMA-co-BA) latex. We used this latex as a probe of its inter-
action with the unlabeled lower M polymer latex samples.

To establish a baseline for our experiments, we examined
films of the blend of the doubly labeled high-M latex polymer
with an unlabeled latex with a polymer molecular weight of
Mn¼ 140,000 g/mol. Here, the blend dried to form a transpar-
ent film, with little or no diffusive mixing. Polymer diffusion
was accelerated when the film was annealed at 35 �C, but
the system was far from full mixing even after 5 h at that tem-
perature. Polymer diffusion and mixing was more effective for
the oligomeric latex samples, and the effectiveness increased
as the mean molar mass and Tg of the latex polymer were de-
creased. For the lowest M oligomeric latex, we found that the
two polymers underwent complete mixing at the molecular
level in the time necessary for the latex blend dispersion to
dry into a transparent film.

The interesting feature of this experiment is that the two
polymers that interdiffuse in the latex film have very different
Tg values. For this diffusion to take place rapidly, the low-M
polymer must serve as a plasticizer for the higher M polymer.
There have been a number of experiments and several theoret-
ical treatments of polymer diffusion across an interface in
which the two diffusing species had very different Tg values.
For the most part, these examples involve miscible blends
(like polystyreneþ poly(phenylene oxide) or polystyre-
neþ poly(vinyl methyl ether)) [20,21]. In these examples,
the diffusion between the components is characterized by
very asymmetric concentration profiles. This asymmetry is
due to the large changes in molecular mobility experienced
by the polymer chains along the diffusion path, associated
with large gradients in Tg and monomeric friction coefficients
across the interphase.

We end the paper with one final comment about the sensi-
tivity of energy transfer experiments carried out by diffusion
of an unlabeled polymer into a doubly labeled matrix. This
diffusive mixing increases the mean separation between donor
and acceptor groups. This dilution is easily detected by a de-
crease in the quantum efficiency of ET. From this perspective,
this experimental strategy produced useful data with a mini-
mum demand on the synthesis of many labeled polymer sam-
ples. From another perspective, experiments carried out in this
way are less sensitive to the details of the polymer concentra-
tion profile across the interphase. In some experiments pub-
lished by our research group, we have used the detailed
shape of the donor fluorescence decay profile (ID(t0)) to obtain
information about the polymer distribution profile across an
interface. This information was accessible, because the models
used to fit the ID(t0) profiles were able to distinguish between
uniform and non-uniform donor and acceptor distributions. In
the experiments described above, we found that all of the ID(t0)
decays gave reasonable fits to Eqs. (2)e(4), even when there
was a good reason to expect a non-uniform distribution of
low- and high-M polymer in the interphase. We interpret
this result to mean that the dilution experiment, which exam-
ines a blend of an unlabeled polymer with a doubly labeled
polymer, does not lead to a sufficiently large change in the lo-
cal donoreacceptor distribution. Thus, this particular experi-
ment does not have the sensitivity to yield information about
the polymer concentration profile along the diffusion path.
We would like to explore in the future the possibility that a dif-
ferent experimental design will provide information about the
evolution of the polymer concentration profile at the inter-
phase in this kind of systems.
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