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ABSTRACT: We describe polymer diffusion measurements in poly(butyl acrgied@ethyl methacrylate)
[P(BA—MMA)] copolymer latex films by fluorescence resonance energy transfer (FRET). Four sets of copolymers
were prepared from various weight ratios of butyl acrylate and methyl methacrylate by semicontinuous emulsion
polymerization. Their glass transition temperatures range from 4 toC28 atex particles were labeled with
phenanthrene (Phe) as the donor dye and witN,BHdimethylamino)benzophenone (NBen) as the acceptor dye.
Latex films were cast from a 1:1 mixture of Phe- and NBen-labeled latex samples. Polymer diffusion was monitored
as a function of annealing temperature, and apparent diffusion coefficizpgswWere calculated from the energy
transfer data using a simple diffusion model. These values increased with annealing temperature and decreased
with T,. Rheology measurements recorded the response of the dynamic n@ddi'Y with respect to oscillatory

shear frequency«f) over a range of temperature close to that of the diffusion experiments. The temperature
dependence of polymer dynamics extracted by the rheology experiments is in good agreement with the temperature
dependence ddap, Increasing the BA copolymer content leads to an apparent increase in long-chain branching,
which is reflected in both the time dependenceDaf, and in the dynamic moduli measurements. A greater
degree of branching leads to a broader distribution of polymer diffusion coefficients and a stronger time dependence
of Dapp

Introduction mass. These polymer diffusion rates were studied using the
Environmental considerations are driving changes in the fluorescence resonance energy transfer (FRET) methods devel-

coatings industry.One important change is the replacement of OPed in our laboratory.The influence of temperature on the
solvent-based paints with waterborne (latex) paints. Latex paints,diffusion rates was correlated with the results of rheology
however, still contain significant amounts of volatile organic Measurements on samples of the same composition.
solvents (VOCs¥. These solvents serve as fugitive plasticiz-  Increasing BA content in the latex has two effects on the
ers: They soften the particles so that the forces associated withpolymer diffusion process. First, it reducég. In addition,
drying are sufficient to deform the spherical latex particles into increased BA content leads to changes in the polymer diffusion
polyhedral cells that form a continuous and void-free film. They rates and rheological behavior beyond those expected from the
enhance the rate of the diffusion of polymer molecules across change inTq. These changes can be explained by increases in
the boundaries between these cells. This is the step that lead$he extent of long-chain branching along the polymer backbone.
to the development of good mechanical properties of the latex This branching increase leads to a large broadening of the
film. At this time the polymer film is often soft and tacky. Over distribution of polymer diffusion coefficients in the system. This
time, these VOCs evaporate from the film, increasing its glass result has important implications for low VOC BA/MMA latex
transition temperature and its hardness at room temperature. coatings.

New knowledge is needed to develop latex coatings that do
not require VOCs and which have similar or enhanced perfor- Experimental Section
mance properties to current technology. As a step in this  aterials. Potassium persulfate (KPS), sodium carbonate-(Na
d|reCt|0n, we have undertaken a Study of polymel’ diffusion in (:(:)3)7 and 1-dodecanethiol QQSH) were used as received from
films formed from a series of latex consisting of butyl acrytate  Aldrich. Polystep A-16 (22% solution of dodecylbenzene and
methyl methacrylatemethacrylic acid (BA-MMA —MAA) tridecylbenzenesulfonatéStepan Co., Maywood, NJ) and methyl-
copolymers of different compositions. These acrylic latex are S-cyclodextrin were kindly supplied by Rohm and Haas Co. and
widely used in architectural coatings (house paints). Typical Used as received. Methyl methacrylate (MMA, Aldrich), butyl
coatings in current use consist of BAIMMA weight ratios of acrylate (BA, Aldrich), and methacrylic acid (MAA, Aldrich) were
50/49 with 1 wt % MAA. Increases in the BA content decrease distilled at reduced pressure, and the purified monomers were stored

", - at 0 °C until use. Water was purified by a Milli-Q ion-exchange
the glass transition temperatuf_"@)(of the latex polymer, which filtration system. Phenanthrylmethyl methacrylate (PheMMA) was
should lead to a smaller requirement for added solvent. In the

i used as received from Toronto Research Chemicals lhc. 4
study reported below, we explore how the composition of the pimethylamino-2-methacryloxy-5-methylbenzophenone (NBenMA)
latex polymer affects the rate of polymer diffusion (and its was synthesized as described elsewhére.
temperature dependence) for a series of BA/IMMA latex | atex Preparation. All latex dispersions were prepared by
containing 1 wt % MAA, all with polymers of very similar molar  semicontinuous emulsion polymerization reactions. A typical recipe
for the synthesis of nonlabeled P(BAMMMA) (BA:MMA weight
T University of Toronto. ratio 60:39) latex is shown in Table 1. In the first stage, a dispersion
*Rohm and Haas Company. of seed particles was prepared by batch emulsion polymerization
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Table 1. Typical Recipe for the Synthesis of Nonlabeled
P(BAso—MMA 39)a Latex

ingredients (g) first stage second stage

H>O 3.0
Polystep A-18 0.13
methyl$-cyclodextrin 0.13
NaxCOs3 0.05
KPS 0.06 0.01
monomer preemulsion 0.44 14.25

H20 45

Polystep A-16 0.16

BA 6.0

MMA 3.9

MAA 0.1

C1-SHe 0.025

aThe subscripts refer to the wt % of each monomer. All latex samples
contain 1 wt % MAA.P 22 wt % surfactant solution, primarily sodium
dodecylbenzenesulfonatel-Dodecanethiol, chain transfer agent, used at
0.25 wt % of total monomers.

with 3 wt % of a preemulsion of monomers, surfactant, chain
transfer agent, and water. Water (3.0 g), Polystep A-16 (0.13 g),
and Me$-CD (0.13 g) were added in a 100 mL three-neck flask

equipped with a mechanical stirrer, nitrogen inlet, and condenser.
The flask was immersed in an oil bath. The system was thoroughly

purged with nitrogen while the reaction mixture was heated to 80
°C. After the reactor temperature stabilized at €D, the KPS
solution (0.06 g in water 0.5 g) as an initiator and the,®&;
solution (0.05 g in water 0.5 g) as a pH buffer were added into the
reactor followed by the addition of 3 wt % of monomer preemulsion
(0.44 g). The mixture was stirred for 20 min at 80.
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at room temperature for 24 h. The resulting solution was then
centrifuged at 20 000 rpm for 30 min, and the top transparent layer
was poured off. When gel was present, a precipitate remained. The
precipitate was washed three more times with excess THF to remove
residual sols from the gel. The remaining sample (the gel fraction)
was dried and weighed\;). The gel content (%) was calculated
from the equation

gel content (%) (W,/W,) x 100 (2)

Film Formation and Fluorescence Decay Measurements.
Latex films for energy-transfer experiments were prepared from a
1:1 particle mixture of the donor- and acceptor-labeled dispersions.
Several drops of a latex dispersion (about 50 wt % solids content)
was spread on a small quartz plate (208 mm). The film was
allowed to dry uncovered in a refrigerator at’@ to minimize
polymer interdiffusion during the drying process. The film was dry
within 1 h. The films prepared in this way have a thickness of ca.
60 um. Films were transparent for P(B&A-MMA 3g), P(BAss—

MMA 44), and P(BAoc—MMA 49 latex but turbid for P(BAo—
MMA g samples due to its higfy. Solvent-cast films were
prepared from the same polymer mixture. A latex film was allowed
to dry, and the dry film was dissolved in a small amount of THF.
Then the solution was cast onto a small quartz plate and allowed
to dry at room temperature for 24 h.

The films on quartz plates were placed directly on a high mass
(2 cm thick) aluminum plate in an oven preheated to the annealing
temperature and then annealed for various periods of time. Under
these conditions, we estimate that it takes less than 1 min for the
film to reach the preset oven temperature. The annealed films were
taken out of the oven and placed directly on another high mass

In the s_,econd stage of polymerization, th_e remaining monomer zjyminum plate at 4C for 2 min before carrying out fluorescence
preemulsion was fed into the seed latex dispersion together with gecay measurements. Fluorescence decay profiles of the films at
an initiator aqueous solution (0.01 g in water 2.0 g). The monomer 23°C were measured by the time-correlated single photon counting
feeding rate was kept constant (0.1 mL/min), controlled by Fluid techniqué using a nanosecond time-correlated single photon
Metering QG50 pumps, with a total feeding time of 3 h. After the  counting system from IBH with a NanoLEDig = 296 nm) as
addition was completed, the system was maintained &G3fbr the excitation source. Each film was placed in a quartz tube for
0.5 h. Then the reaction was cooled to room temperature. A lateX the measurement. The emission was collected from 335 to 366 nm.
dispersion with ca. 50 wt % solids content was produced. The A 335 nm cutoff filter was mounted in front of the emission
particle size is about 150 nm in diameter with a narrow size monochromator (358 16 nm) to minimize the amount of scattered
distribution. light from the sample entering the detector. Data were collected

Fluorescence dye-labeled latex samples were synthesized in auntil 5000 counts were accumulated in the maximum channel, and
similar fashion. For the donor-labeled particles, 1 mol % PheMMA these data were fitted by nonlinear least-squares using the delta
(based on total monomer) was added into the monomer preemulsionfunction convolution method The instrumental response function
For the acceptor labeled particles, 0.3 mol % NBenMA (based on was obtained by using a degasgeterphenyl solution (0.96 ns
total monomer) was added into the monomer preemulsion. The Jifetime) as a mimic standar.
characteristics of these latex samples are listed in Table 2. Data Analysis. In the absence of benzophenone as an energy-

Characterization of Latex Particles. Particle diameters were  transfer acceptor, for all samples containing 1 mol % donor, the
measured by dynamic light scattering at a fixed scattering angle of phenanthrene decay profiles were exponential, with lifetime=
90° at 23°C with a Brookhaven Instruments model BI-90 particle 44.3 ns. The goodness-of-fit parameter (chi-square) for these single-
sizer equipped with a 10 mW HeNe laser. Particle sizes and size  exponential fits ranged from 1.01 to 1.10. In the presence of an
distributions were also measured by capillary hydrodynamic energy-transfer acceptor, the fluorescence decay curves became
fractionation using a MATEC model 2000 CHDF. The solids nonexponential. The shape of the curve depends on the details of
content of each latex dispersion was determined by gravimetry. the donofr-acceptor (D/A) pair distribution. In a system with
Polymer molecular weight and polydispersity index (PDI) were uniformly distributed donors and acceptors in three dimensions in
measured by gel permeation chromatography (GPC) using athe absence of diffusion, the donor fluorescence intensity decay
Viscotek liquid chromatograph equipped with a Viscotek model Ip(t) following instantaneous excitation is described by thHeskey
2501 UV detector and a Viscotek TDA302 triple detector. Two equation’

Viscotek GMHHR Mixed Bed columns were used with tetrahy-

drofuran (THF) as the elution solvent at a flow rate of 0.6 mL/ () = Aexp{— t P(L)UZ]
min. Polystyrene standards were used for calibration. The glass P Tp T
transition temperaturel§) of copolymers was measured with a TA

Instruments DSC Q100 V7.3 Build 249 differential scanning where

calorimeter over a temperature range-&0 to 150°C at a heating
rate of 10°C/min. Each sample was taken through two rufg. 12
values were calculated from the second run, and the values
determined are shown in Table 2.

Gel content was measured by the centrifugation method devel- Here, [Q] is the concentration of acceptor (quencher), Brid
oped in our laborator§:A latex sample (1.0 g) was dried to a proportional to [Q].Ry is the critical Forster radius for energy
constant weight\,. The dried polymer was subsequently immersed transfer.N is Avogadro’s number. The orientation factti2(]
in tetrahydrofuran (THF, 10 mL). The mixture was agitated gently describes the average orientation of dipoles of donor and acceptor

@
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Table 2. Characteristics of the Latex Polymers and Particles

latex sample name Mn PDI Tq (°C) da (nm) dn? (M) dw/dn? solids content (%)
P(BAso—MMA 39) 31000 3.7 4 151 156 1.1 48.2
Phe-P(BAo—MMA 39) 31000 3.1 156 166 1.1 44.2
NBen—P(BAso—MMA 39) 29 000 2.1 3 141 159 1.3 54.1
P(BAss—MMA 44) 48 000 2.9 7 152 159 1.2 44.3
Phe-P(BAss—MMA 49) 47 000 3.0 151 163 1.0 43.1
NBen—P(BAss—MMA 44) 46 000 2.8 7 157 142 1.1 41.1
P(BAso—MMA 49) 50 000 2.0 170 150 1.2 42.3
Phe-P(BAo—MMA 49) 45 000 2.7 12 159 146 1.1 40.2
NBen—P(BAso—MMA 4q) 43 000 2.2 191 203 1.1 457
P(BAso—MMA 59) 51 000 2.0 148 152 1.3 47.6
Phe-P(BAsg—MMA s9) 44 000 2.1 28 147 155 1.1 29.4
NBen—P(BAs—MMA 5q) 41 000 3.7 27 152 151 1.2 52.0

a Data for the particle diameterfrom the BI-90 particle size? Number-averagd, and weight-average, diameter data from the CHDF 2000 (MATEC).

molecules#?[has a value of 2/3 in fluid solution, where rotation  using separators between the plates of the press. In this way, samples
is rapid. It takes a value d#?(}= 0.476 for a random distribution  free of bubbles, approximately 25 mm in diameter and 1 mm thick,
of immobile chromophores in three dimensions, a situation typical were obtained.
of dyes in polymer matrice.
To obtain an accurate area for each decay profile, we fitted eachResults
decay curve to the empirical equation (4) and then evaluated the . L
integral analytically from the magnitude of the fitting parameters.  Preparation and Characterization of the Latex Samples
Poly(butyl acrylatezo-methyl methacrylate) [P(BAMMA)]
() = A, ex;{—i— P(L)llj T A, exp(— L) @ was used as the base copolymer in our diffusion study. All
7 75 7p latexes were prepared by semicontinuous emulsion polymeri-
zation. In previous work in our laboratory, in order to obtain
From the calculated area data we can calculate the quantumsimilar size donor- and acceptor-labeled particles, we used the
efficiency of energy transfebe+(t,) for samples aged or annealed  same unlabeled seeds particles for the synthesis of both the
for a timet, donor- and acceptor-labeled latex, and the polymerizable dye
derivative was added only in the second stafeThis is an

meIDA(t) dt areat,) easy and efficient way to control particle size. These seeds
Deq(ty) =1—— =1-— (5) represent ca.-810 wt % of the final latex particles. If the seed
fo Ip(t) dt ° particles are prepared by batch emulsion polymerization, they

normally have a higher molar mass and broader PDI than the
wherelpa(t) andlp(t) refer to the normalized decay functions of second stage polymer. To some extent, this may lead to a
donor fluorescence intensity in the D/A film and in the donor only nonuniform dye distribution in the particles. We have always
film, respectively. Because the unquenched donor decay profile heretreated this as a minor problem.

is exponential, its integral is equal the unquenched donor lifetime . .
P 9 q q Nevertheless, in order to overcome the disadvantage of

TD'The “extent of mixing” parametef, is a useful measure of the ~ Preformed nonlabeled seeds, we used an in-situ seeding process
extent of polymer interdiffusion in the experiments described here. While this is common practice
in industry for large-scale reactions, this is a skill-testing
D (t,) — P(0) area(0)— areaf,) challenge for emulsion polymerization reactions run on the small
fn(tn) = () — Pr(0) - area(0)— areafo) ®) scale (10 g of total monomers) we employ to synthesize labeled

latex. On a small scale, slight variations in particle nucleation

This parameter depicts the fractional growth of energy transfer in can have large consequences for particle size and size distribu-
the D/A films. ®gr(0) refers to the extent of energy transfer across tion. One can also experience problems in matching the polymer

the particle boundaries in the newly formed film, wherdas(c) molar mass and PDI between samples. The challenge for us,
represents the energy transfer efficiency in a fully mixed D/A film,  which in the past led to our use of common unlabeled seeds,
in which the donors and acceptors are randomly distribufed- was the need for the donor- and acceptor-labeled particles to

(to) is the degree of energy transfer in a film annealed for ine  have similar diameters and contain polymers of simiarand
Rheology MeasurementsThe viscoelastic response of P(BA  pp For the latex samples described here, we employed the
MMA) samples was studied at several temperatures abgwath same monomer preemulsion containing: monomers, dye comono-

a Rheometrics RAA instrument in the oscillatory shear mode. We factant. chain t f t and water f King th
employed a pair of parallel plates (25 mm diameter). The frequency mers, surtactant, chain transier agent, and water for making the

was scanned between 0.01 and 100 rad/s at a constant temperatur&€€d particles in the first stage and for particle growth in the
Strain sweeps were employed to ensure that all measurements weré€cond stage as well. These reactions worked well, and we
made in the linear viscoelastic regime. The range of temperatureswere able to achieve reasonable control over particle size and
studied was selected to be as close as possible to the range opolymer molar mass, not only for D- and A-labeled particles
temperature used in the energy transfer experiments performed orof a given composition but also for the entire series of latex
these materials. However, the lowest temperatures used are limitedexamined here.
by the sample modulus at temperatures clos&,to . - .
The following procedure was used to prepgre the samples for All emqlsmn polymerizations contained 1 wt % c.)f MAA' In
the measurements of viscoelastic properties. First, the samples wer ommercial latex, small amounts Of. metha(_:r_yllc acid are
dried under vacuum at 4€C for 12 h to eliminate any trace of normally emp_loyed to_enhance the colloidal s_tablllty of the latex.
volatiles. Then, the samples were pressed between cleaned poly\We follow this practice here. The four pairs of samples we
tetrafluoroethylene (PTFE) sheets in a Carver press at’Co® synthesized had monomer weight ratios of BA:MMA:MAA of
eliminate air bubbles. The thickness of the samples was controlled 60:39:1, 55:44:1, 50:49:1, and 40:59:1. These copolymers are
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Figure 1. Plot of 1M, against concentration ofi&SH of P(BAso—
MMA 39) latex samples.
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named according to their BA:MMA compositions as P@A 4 s 4 3 4 3 4 3 ppm

MMA 39), P(BAss—MMA 44), P(BAso—MMA 49), and P(BAg—
39), P(BAss 40). P(BAso ) (BAo Figure 2. H NMR spectra of (A) P(BA—MMA sq), (B) P(BAss—

MMA s9). The glass transition temperaturdg)(of the copoly- MMA .. (C) P(BA——MMA ) and (D) P(BA—MMA ). CDCE was

mers were measured by DSC, givifigca. 4°C for P(BAso— used gg’s(olzleét.plg%aks a ;?1)(’1 peal(( g C(grr/ggpond tosg[))rotonslgat positions
MMA3g), 7 °C for P(BAss—MMA ), 12 °C for P(BAso— a and b, respectively.

MMA 49), and 27°C for P(BAis—MMA s0). All values are similar
to those estimated values from the Fox equation USj{igBA)
= —47 °C andT¢(PMMA) = 105°C.

Dodecyl mercaptan (zSH) was added in the emulsion
polymerization reactions as a chain-transfer agent both to control
the molecular weight and to limit or suppress gel formation.
Our target in these studies was to obtain high molar mass with
very low gel content. This will serve as a baseline for future
experiments with latex comprised of lower molar mass polymer.
In order to optimize the reaction conditions, a series of RgBA 100 il w I
MMA 39) latex samples were prepared in the presence of various 0 100 200 300
amounts of G-SH. The latex polymer samples obtained were Time (ns)

analyzed by GPC. As shown in Figure 1, the plot fidagainst Figure 3. Phenanthrene (donor) fluorescence decay curi($)][

[C1-SH] was linear, indicating that in the presencefefy- measured at 23C for Phe-P(BAss—MMA 39) latex films: (1) Phe-
clodextrin G>-SH provides good control over polymer molar  labeled latex only, (2) a newly formed film dried at@, consisting of
mass. When the amount of £SH in the reaction was 0.25 wt @ 1:1 ratio of Phe P(BAss—MMA 39) and NBen-P(BAs—MMA 3q),

% based on monomer in the preemulsion, the polymers obtained3) the same film as in (2) aged for 47 min at 23, and (4) a solvent-

o I with lower amounts of chain transfer cast film from a 1:1 mixture of the two freeze-dried polymers dissolved
had less than 5% gel; wi Wer amou ! in THF and then annealed at 120 for 2 h. Note that curves (1) and
agent, the latex formed had a significant gel content. Thus, all (2) overlap. The inset shows curves (1) and (2) at short times on a
the latex samples used in the diffusion experiments were linear scale.
prepared in the presence of 0.25 wt %-SH. The character-
istics of all of the latex particles synthesized are summarized

in Table 2. TheMl, values were in the range of 30 0680 000

104

-
o
w

Intensity (cps)
2

=y
o
=y

Energy-Transfer Studies of Polymer Diffusion Films for
FRET experiments were prepared from a 1:1 mixture Phe- and

. . NBen-labeled latex particles. Several drops of the latex mixture
with a PDI between 2 and 3.7. Comparillg of the dye-labeled was cast onto a small quartz plate (2@ mm) and allowed to

and nonlabeled latex polymers, we infer that the dye monomer dry in a refrigerator at 4C over 1 h. The film thicknesses were

did not significantly affect the polymerization reaction. ca. 60um. The films obtained from P(BA—MMA s5), P(BAgs—

The proton NMR spectra of the four different latex polymer MMA 44), and P(BAo—MMA 40) D/A mixtures were transparent
compositions are compared in Figure 2. From the ratio of and free of cracks. However, the films prepared from P{BA
integrals of peaks a and b, which correspond to protons at MMA sg) latex were turbid and showed some cracks even if they
position a and b, respectively, we calculated the mole ratios of were dried at 23C. We attribute this behavior to the high
BAMMA were 1.5:1.0 for P(BAc—MMA3g), 1.1:1.0 for minimum film formation temperature (MFT) of this sample
P(BAss—MMA 44), 0.8:1.0 for P(BAc—MMA 49), and 0.5:1.0 for  caused by the higfiy of the latex polymers. Freshly formed
P(BAso—MMA sg); the weight ratios of BA:MMA were 65:35  latex films were transfer to the sample chamber of the
for P(BAso—MMA 39), 58:42 for P(BAs—MMA 44), 51:49 for fluorescence decay instrument in a cold quartz tube, and
P(BAso—MMA 49), and 41:59 for P(BA—MMAsg). These  fluorescence decays were measured immediately. This whole
results indicate that the composition of the polymers closely process took less than 2 min. The films were then annealed in
resembled the monomer feed composition in our emulsion a preheated oven for various periods of time at certain
polymerization reactions under monomer-starved conditions. temperatures. The fluorescence decays were monitored as a
The particle size and size distribution were characterized by function of annealing time at a series of temperatures.
both right-angle dynamic light scattering and by CHDF. As Figure 3 shows representative donor fluorescence decays for
shown in Table 2, all samples have particle diameters of ca. a donor-labeled P(B&—MMA 3g) latex film [curve (1)] and a
150 nm. For all latex samples thi/d, values obtained by  D/A mixed P(BAsg—MMA 3) latex film aged for various periods
CHDF are less than 1.3, which indicates a narrow size of time at room temperature (2&) [curves (2-3)]. The decay
distribution. curve (1) in Figure 3 is exponential with a lifetime of 44.3 ns.
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Films of the donor-labeled P(Bf—MMA 39) latex with the (A) 05 Der(0)
other three BA-MMA compositions gave the same lifetimes. i oufim)
For these polymers, we see that the donor lifetime is independent 0.4 r:'EP‘ 70°C l—erim)

of polymer composition. Curve (2) in Figure 3 is the decay 0.3 F:I = 45°c
profile of a newly formed film from a 1:1 D/A mixture. It is Per 0.2 /’”"’T,
not exponential, but the deviation at early times is small (shown

in Figure 3 inset) because very little polymer diffusion has 01
occurred. We assume that the major contribution to the curvature 007
of this plot is energy transfer across the particle boundary. From (B) 10
the decays of a series of similar films, we calculate quantum

efficiency of energy transferd{gr) of 0.06-0.07 in newly 0.8190°C

formed films using eq 5. We take 0.06 as the valuegf(0). 0.6 ?"'*H—'—H_. a5°c
Curve (3) in Figure 3 depicts the decay profile of the film in Jm 0.4 25°C
curve (2) after 47 min aging at Z&. The increased curvature '

at early decay times is an indication that some polymer diffusion 0.2
has taken place, resulting in an increasebigr. 0.0

Curtve (éllt) in FigutrethB ghows m:lchf morf(_aI pron??nced Annealing Time (h)
E:rlIJ_Irga u:ei. relpres?n St e tef(.:lay prt?]' ed ora |mC(|:aS ro;n a Figure 4. Plots of ®gr (A) and f,, (B) vs annealing time for the
solution. In solvent-cast nims, the donor- an a°9ep o_r- P(BAss—MMA 39) latex films annealed at 23, 45, 70, and 9.
labeled polymers may be thought of as randomly mixed in

0 2 4 6 8 10

solution, but can undergo some demixing upon drying, due to 1.0 1.0

correlation hole effects. We refer to thker value obtained

from solvent-cast films aer(lim). It represents the limiting 0.8 - 0.8

maximum value ofPgr that could be obtained from diffusive

mixing. This value can be smaller than, but is often equal to, 0.6 > 0.6

de1(0), the value corresponding to complete randomization of fm @er

the dyes in the system. For latex films formed from linear 04 L 0.4

polymers,®er(lim) and ®gr(0) are commonly very similar in

magnitude, but in latex films consisting of highly branched 0.2 L 0.2

polymers or polymer with a significant gel contedtgr(lim)

= Per(e). 0.0 0.0
Values of ®e1(») were determined in a series of model (i} 8 16 24 32

experiments in which samples of each of the Phe-labeled
polymers were mixed with different amounts of NBenMA as a
low molar mass acceptor. Films were prepared by solvent-
casting, andip(t) decay profiles were measured. Individual

decays were fitted to eq 2, and values of the fitting parameter q> _ _ . s

. - ; . e7(0) = 0.06 and®e1() = 0.5, fraction of mixingf, values
P were p_Iotted against [NBenMA_] (Figure S4 in the Supporting were calculated from the corresponding areas under the donor
Information). These plots were linear and for each polymer led decay profiles using eq 6. In Figure 4B, we plggs a function

toa yalue ofR = 2'.5 nm, consistent with the.\{alue reported of annealing time. The curves have a similar shape to those in

previously® From' this value and the composition of the 1:1 Figure 4A. At 90°C, maximum mixing of donor and acceptor

Phe/NBen latex films, we calculated valuesiir(e) = 0.50. was achieved in 90 min witiPer(lim) = 0.38 andfy, = 0.75.

We used this value in all of our calculations ff(eq 6). For architectural coatings, one of the most important con-
Polymer Diffusion in P(BAso—MMA 39) Films at Different siderations is the time scale for polymer diffusion at room

Temperatures. A series of Phe- and NBen-labeled P(&A temperature. In our laboratory, this is 23. To emphasize that

MMA 39) latex films were cast at 4C and dried for 1 h. The  the polymer molecules in films of the P(Bé&MMA 30) latex
films were annealed at various temperatures, and their fluores-yyith Ty = 4 °C undergo substantial diffusion at room temper-

cence decay curves were measured at different periods ofature, we plot the evolution obgr andfy, in Figure 5.

annealing time. From the newly formed films we found the ¢ quantitatively compare polymer diffusion rates at different
quantum efficiency before annealinBer(0) = 0.06-0.07. The  temperatures, one needs to be able to compute diffusion
maximum®er value was obtained from fully mixed D/Afilms  coefficientsD. Because there is no proper way to calculate
which were cast from a THF solution of 1:1 Phe- and NBen- apsolute values ob for mixtures of polymers of different
labeled P(BAoc—MMA 30) polymers. Theder value for this  |engths and extents and distribution of branches, we resort to a
newly formed solvent cast film was 0.42. Annealing this film  prescription that has served us well in the past: we calculate
at 120°C for 2 h lead to a decrease of tHe:r value t0 0.38,  apparentdiffusion coefficientsDqp, by fitting fy, data to a
and there was no additional decrease with further annealing. Fickian diffusion modep:11-12
We take®er(lim) = 0.38. In Figure 6, values oD,ppcalculated in this way for P(B&—

The calculatedPer values are plotted against annealing time  MMA 39) films are plotted againg, values for various annealing
in Figure 4A for experiments at different temperatures ranging temperatures. At each temperature, thBgg values decrease
from 23 to 90°C. The curves show a large increasedmr with increasing annealing time as slower diffusing species make
values at early stages and a smaller increase at longer timestheir contribution to the growth ibgr. The plot also shows
The plot shows tha®er has a strong temperature dependence. that the diffusion rate is faster at higher temperature for the
From 23 to 9C°C, not only the platead®er values but also the  samef,, value. For example, dt, = 0.59, the annealed film
growth rate ofer increased significantly. Since we know that  sample gave a value &f,,,= 0.007 nni/s at 23°C, 0.16 nnd/s

Annealing Time (h)

Figure 5. Plots of ®gr and f, vs annealing time for the P(B#—
MMA 30) latex films annealed at 23C.
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102 Polymer Diffusion in Different Composition P(BA—MMA)
101 4 60°C Films. To compare the polymer diffusion in P(BAMMA) latex
0 ‘AA films with various polymer compositions, we monitored the
s 100 * Y e = 3 increase inbgr for a series of latex films of each composition,
< ot « "y each annealed at a series of temperatures. In Figure 7, these
o% 23°C % = 45°C der values are plotted as a function of annealing time at their
102 . corresponding temperatures. Figure 7A shows that &CXBree
103 . . . . of the four latex films of different composition undergo a
0 02 04 06 08 1 significant extent of diffusion on the time scale of tens of hours.
o The Ty values of these polymer compositions range from 3 to

12 °C (Table 2), and the rate of diffusion at room temperature
increases with decreasing samplg
Only the P(BAo—MMA 59) film showed no detectable dif-
fusion at this temperature. It hasTg slightly above room
temperature, 28C. There are several noteworthy features of
this particular set of films. When these films were cast and dried
at 4 °C, well below the MFT, they were turbid and cracked.
Better films for polymer diffusion studies were obtained by
casting and drying at room temperature although they were still
not clear and crack free due to their high MFT. Upon annealing
at higher temperature, the films became more transparent, but
. . the film became fully transparent only after it was annealed for
0 5 10 15 20 25 ca. 1 h at 9C°C. Thus, dry sintering plays a role in particle
Annealing Time (h) coalescence in these film3An increase inPgt in these films
0.6 due to polymer diffusion could be measured at°@(Figure
B P(BA-MMA) 70 °C 7B). This occurred over the first hour and then appeared to
55/44 cease. We speculate that this increasebi is due to the
contribution of diffusion of low molar mass chains in the sample.
For the remainder of the experiment, polymer diffusion was
very slow at this temperature but became more pronounced at
90 °C (Figure 7C).
The other samples underwent rapid polymer diffusion at
70 °C. For the P(BA;—MMA 39) film, @1 approachedbger-
(lim) (0.38) in a few minutes. The P(BA-MMA ) and

Figure 6. Plots of the apparent diffusion coefficieDtp,as a function
of f, for P(BAso—MMA 39) latex films annealed at various temperatures.

0.4

A P(BA-MMA) 23°C
0.3 60/39

ET 0.2

0.1

0.0

Annealing Time (h) P(BAso—MMA 49) latex film samples exhibited a behavior
0.6 analogous to that of the highysample: rapid diffusion at early
c P(BA-MMA) 90 °C times, which appeared to level off atlar value less thader-

(lim) [®gr(lim) = 0.50 for P(BAs—MMA 44 and 0.52 for
P(BAsoc—MMA 49)]. These two films reached somewhat higher
values of®gr values when annealed for several hours at@0

It is noteworthy that®e(lim) values for P(BAs—MMA 44)
and for P(BAoc—MMA 49) are higher than that for P(Bs#—
MMA 30) and indistinguishable fromPgr(co). This result suggests
that there is a higher degree of branching or some undetected
microgel in this P(BAo—MMA 39) sample that limits the extent
to which donor- and acceptor-labeled polymers can interpen-
etrate.

Dapp values for these films were calculated as a function of

0 1 2 3 4 5
Annealing Time (h)

Figure 7. Plot of the ®gr for films formed from D/A labeled latex
mixtures annealed for various periods of time at (A) 23, (B) 70, and

(C) 90°C: (a) P(BAso—MMA 39), () P(BAss—MMA 45), (@) P(BAso— fm at each temperature. These plots are presented in Figure 6
MMA 40), and @) P(BAs—MMA sg). and Figure S2 in the Supporting Information. From Arrhenius

plots of Dapp Values as described above, apparent activation
at 45°C, and 4.4 nrifs at 60°C. energies were computed. The value€ghnd the temperature

ranges for which they were obtained are listed in Table 3. These

Arrhenius-type plots (IDappvs 1/T) of the data in Figure 6 |\ o then used as shift factors to create master curves of the

are linear forDapp values atf, = 0.59. These plots are shown  qiss1sion data. as shown in Figure 8.
in Figure S1 in the Supporting Information. From the slopes of Temperature Dependence of the Viscoelastic Properties

these plots, we obtained an apparent activation enBrgy of P(BA—MMA) Films . The Williams-Landel-Ferry (WLF)
33.4 keal/mol over the temperature range-88 °C. Since  equatiod is widely employed to describe the temperature
temperature affects the rate of diffusion by a change in the gependence of polymer diffusion using parameters obtained
monomeric friction factor, the magnitude &, should be  from viscoelastic relaxation measuremeht&15To describe

independent of.. Therefore, we used this valueBfas a shift  polymer diffusion, the WLF equation takes the following form
factor to create a master curve Dfpp values at 23C. The
DTO) C(T—Ty)

shifted values calculated in this way are shown in Figure 8.
The success in generating the master curve serves as strong log (a;) = log oTl= CcrT-T @
support for the validity of our analysis to obtaldy,, values. 0 2 0
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Figure 8. Master curves 0Dqp, values for (A) P(BAc—MMA 39) at 23°C (calculated usindea = 33.4 kcal/mol as a shift factor), (B) P(B&-
MMA 44) at 23°C (calculated usindes = 39.1 kcal/mol as a shift factor), (C) P(B&MMA 49) at 23°C (calculated using, = 45.2 kcal/mol as
a shift factor), and (D) P(BA—MMA sg) at 70°C (calculated usinde, = 64.1 kcal/mol as a shift factor).

Table 3.E, Values of the Latex Polymers

energy-transfer experiments

rheological measurements

latex Ea(kcal/mol) temp range®C) Ea(kcal/mol) temp range®C) To(°C) C Cz(K)
P(BAso—MMA 39) 334 23-60 28.7 2570 25 10.0 114.9
P(BAss—MMA 44) 39.1 23-60 34.2 56-70 50 9.1 112.6
P(BAso—MMA 49) 45.2 23-90 50.3 86-180 80 14.2 107.1
P(BA4w—MMA 59) 64.1 96-120 65.6 96-130 90 16.3 120.4

where Dy is the diffusion coefficient at an arbitrary chosen
reference temperatuii®. C; andC; are parameters that depend
on the choice of th@y, and they are easily transferred to other
reference temperatures.

For each composition, we carried out oscillatory shear

cedure of overlaying plots of tad) (G'"/G') for data at different

temperatures. The rheological response of all four samples is

consistent with what is normally found in entangled polymer
melts, in particular, thatG' > G" over the portion of the
relaxation spectrum that is usually associated with the plateau

measurements as a function of frequency over a range offégime. As observed in this figure, good matching between
temperature close to that of the energy transfer experiments.curves was obtained.

Nonlabeled samples, which have similar molecular weight and

PDI to dye-labeled samples (see Table 2), were used for Discussion

viscoelastic measurements.

We measured the storage modul@ @nd loss modulusx”)
as a function of frequencyy| at a series of temperatures ranging
from 25 to 100°C for P(BAso—MMA 30), from 50 to 120°C
for P(BAss—MMA 44), from 80 to 180°C for P(BAsg—MMA 49),
and from 130 to 200C for P(BAsps—MMA 5) (not shown). We
used the timetemperature superposition principle (TTS) to
obtain the shift factorsaf) of the temperature dependence.
Strictly speaking, the TTS principle can be only applied to a
system in which the various relaxation times belonging to a

Comparison between Different ExperimentsValues of the
apparent activation energy in the range of temperatures studied
can be obtained by plotting laf) in Arrhenius fashion against
the inverse of the absolute temperature, as empty squares shown
in Figure 10. Normally the Irg;) vs 17T plot is curved, but
when the data are limited over a relatively narrow range of
temperatures, the plot appears linear. The activation erigrgy
for viscoelastic relaxation can be calculated from the slope of
this linear fraction of the plot. The magnitude of tBg value
will increase as the measurement temperature approdghes

given relaxation process have the same temperature dependencé&rom Figure 10 average valuesigffor each latex sample were

such as linear amorphous polymers abdyeP(BA—-MMA)
copolymer is composed of polydisperse chains with various
degrees of branchin§. It is well-known that branching may
affect slightly the temperature sensitivity of the viscoelastic
response, but TTS basically hoRiS.In Figure 9A-D, we show

the G' andG" master curves after applying TTS, by choosing
To = 25 °C for P(BAso—MMA 39), To = 50 °C for P(BAss—
MMA 44), To = 80 °C for P(BAso—MMA 49), and To = 90 °C

for P(BAso—MMA s9) as the reference temperatures. Only shifts
in the horizontal scale were applied. Shift factors at each

calculated over the temperature range close to energy transfer
experiments. We compare thefg values as well as their
corresponding temperature ranges with those obtained from
energy transfer experiments in Table 3. It can be clearly
observed that the, values from the two different methods are
in good agreement when a similar temperature range was
chosen.

In Figure 10, we make a direct comparison between data
obtained from rheological measurements and from diffusion
experiments. We plotted both data sets in the same graph, where

temperature were extracted using the generally accepted proshift factors obtained from rheology are shown as empty squares
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Figure 9. Plots of master curves @' andG" for (A) P(BAsc—MMA 39), (B) P(BAss—MMA 44), (C) P(BAso—MMA 49), and (D) P(BAc—MMA sg)
latex films atTo, = 25, 50, 80, and 90C, respectively.
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Figure 10. Plots of shiftedDappand logér) against the inverse of the absolute temperatures for (A) RBMMA 39), (B) P(BAss—MMA 44), (C)
P(BAsc—MMA 49), and (D) P(BAo—MMA sq) latex films.

and those from the diffusion experiments are shown as filled D, there is a sharp drop D, for values offy, less than about
squares. The diffusion data used in Figure 10A were taken from 0.2; the high initial rate of diffusion made it impossible for us
Figure S1 (Supporting Information) and then shifted vertically to capture the short time behavior in the P@BAMMA 39)
to compensate for the reference temperature. The full line sample (Figure 8A), as we could not make measuremerits at
represents the WLF fitting, calculated using @eandC; listed values less than 0.2 in this sample. This sharp initial drop in
in Table 3. Parts B D of Figure 10 were plotted using the same Dgpp in Figure 8B-D is of great interest to us, and we are
process. The diffusion data and rheology data appear to trackcurrently conducting experiments to determine its origin.
together with changing temperature. Our focus here is on the changeDnpp over the range iffin
Effect of Long Chain Branching on the Time Dependence  values from 0.2 to 0.8. For P(Bf—MMA 39), Dagp drops by
of Dapp. One of the striking features of our data is the time about a factor of 100. For P(BA-MMA 44), there is roughly a
dependence dd,pp This effect is best appreciated by examining factor of 50-100 reduction irDapp There is a significant amount
the master curves of the shiftddh,, vs f, in Figure 8.Dapp of scatter in the data for the P(Bf&MMA 49) master curve
decreases by several orders of magnitude over the course oflata atfy, = 0.2; taking this into account, we find th&ty,
the experiment for each of the four copolymers. In Figure-8B  decreases over the relevapi range by a factor of 1650.
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Again, there is scatter in the data in the P@GAMMA s) master
curve atfy, = 0.2, but we estimate an overall dropnp,of a
factor of 5-10. point2° This is not to say that P(B&—MMA 30) and P(BAs—

We rationalize the decrease Bf,,, with increasing time in ~ MMA44) are in fact gels, but they likely share some limited
terms of the distribution of diffusion coefficients of various Structural similarities. In particular, the very broad distribution
species in the system. We consider a simple example to illustrate®f Mechanical relaxation times suggests a high degree of
how this might occur. Imagine a system consisting of two branching yv|th aW]de range of branch lengths. We believe that
species: one witlD = 1 nn?/s and a second with = 0.01 a substantial fraction of the P(B&~MMA 39) and P(BAs—
nn¥/s. Calculations indicate the effect of a diffusing species on MMA 1) samples are made up of branched polymer. The data
the time dependencBer is greatly diminished once that species O P(BAso~MMA 45) and P(BAo—MMA 5q) are quite different
has diffused over some characteristic distance in the sample (Figure 9C,D) and show crossovers betwé&randG" in the
The actual distance involved for a particular experiment will interval between the rubbery zone and the terminal zone of the
depend on details such as the latex particle sizes and the ratighaster curve. This response is typical for linear polymers of
of donor-labeled particles to acceptor-labeled particles. Assign- Unimodal molecular weight distributions of moderate PDI and
ing a number to this distance does not concern us here; the!S anticipated by theor3t Solely on the basis of the rheological
important fact is that for both species in our hypothetical sample "€SPonse of P(B&—~MMA 49) and P(BAo—MMAsg), we sus- -
this distance is the same. This means that in our example theP€ct that chalns_wnh significant degrees of long chain brapchlng
slower moving species will take 100 times longer to diffuse mal§e up a relatively small amount of the overall population of
over this characteristic distance. In an energy transfer experi-¢hains in the system. _
ment, we measure the changedir vs time and convert this It is well-established that chain transfer to polymer often
information intoDppwith a diffusion modek® Over the course ~ Produces highly branched structures in the emulsion polymer-
of an experiment on our hypothetical system, Mg, value ization of butyl acrylaté?23 This is consistent with what we
extracted will be some sort of weighted average of the apparentinfer from rheology experiments, where evidence suggests that
diffusion coefficients of the two species in the system. Early in & greater degree of long chain branching is present in B{BA
the experimentD,will be weighted more heavily toward the ~ MMA 39) and P(BAs—MMA 44). This accounts for the broader
diffusion of the faster moving species, as the motion of the faster distribution of diffusion coefficients in these samples that is
moving species is largely what causes the changegin Once  inferred from the time dependence Dfpp _
the fast moving species has diffused over a characteristic AN altérnate explanation for the time dependenc®gpin
distance, its contribution to the increase in energy transfer has€nergy-transfer experiments has been advanced by O'Neil and
reached its maximum value. The experiment is no longer Torkelson?* They propose that ignoring interchain correlation
sensitive to the faster species diffusion, and the ratef effects (i.e., “correlation hole” effecf)in the energy transfer
increase will drop significantly. The result of this is that the Model for polymer diffusion can lead to the erroneous conclu-
extractedDppvalue will now be weighted more heavily toward ~ SIon thatDapp decreases with increasirfg. While we accept
the diffusion coefficient of the slower moving species. Of course, this possibility in principle, we believe that this effect is not

this drop inDppis Not expected to be sudden for the hypothetical the pPrimary source of the change@fypwith fm shown in Figure
system but instead occurs gradually. 8. We base this belief on two things. First, according to O’Neil

. . . and Torkelson’s calculation®appis nearly constant untfl, >
On the basis of this argument, we suspect t_hat the time 0.8. We have restricted our analysisftpvalues less than 0.8;
dependence dD,pp betweenfy,, = 0.2 andf, = 0.8 is mostly

o e -, the change iDapp 0CCUrs over the entire range faf. Second,
e 10 broad it o s coeffcens forpobmerhe magniucde e decreaseag i ONe and Torkclson'
. ) o calculations is relatively small; u = 0.9 they only report
in P(BAso—MMA 30) and P(BAs—MMA ) than it is in P(BAq— y p o y on'y rep

. . afactor of 2 decrease in the calculategh, Of course, their
MMA 40) and P(BAo—MMA o), based on the relative magni-  oq 45 are for a system that is somewhat different from-eurs
tudes in the change @f,ppWwith . We cannot rationalize these

. ; . their model treats linear chains with a single donor or acceptor
differences in terms of sample PDI, as no trend in the PDI values label at one end. Still, it is hard to rationalize that merely

in Table 2 e.X'StS.' Insteaq,'we suspect that ('1|fferences. In thechanging the labeling scheme could have such a big effect so

brea_dth of diffusion coeffments are due to differences in the as to account for the results in Figure 8.

details of molecular architecture between samples. In particular,

the presence of long chain branching can dramatically decreaseSummary

the diffusion coefficient of a polyméf, a sample consisting of We synthesized donor- and acceptor-labeled P{BIMA)

a range of branching architectures would be expected to havecopolymer latex particles by semicontinuous emulsion polym-

a broad distribution of diffusion coefficients and a time- grization in the presence of 0.25 wt % £SH. Four sets of

dependenDapp copolymers were prepared from various weight ratios of BA
It is difficult to make quantitative determinations about the and MMA. Weight ratios of BA:MMA:MAA for these latexes

relative degree of long chain branching for polymers studied are 60:39:1, 55:44:1, 50:49:1, and 40:59:1. Their glass transition

here, but we can make some general qualitative comments basetemperaturesT() are 4, 7, 12, and 28C, respectively. Donor-

on the rheology data in Figure 9. The rheological responses oflabeled latex samples were prepared in the presence of 1 mol

MMA 30) and P(BAs—MMA 44) are strikingly similar to what
is reported for a cross-linking polymer in the vicinity of the gel

P(BAso—MMA 30) and P(BAs—MMA 44) are clearly quite dif-
ferent from P(BAo—MMA 49) and P(BAg—MMA sg). The most
obvious difference is the lack of any terminal regime in the
P(BAso—MMA 39) and P(BAs—MMA 44) data, despite the fact

% of PheMMA as the dye-containing comonomer. Acceptor-
labeled latex samples were prepared in the presence of 0.3 mol
% of NBenMA. The latex particles had diameters of ca. 150
nm with narrow size distribution. FRET experiments were used

that the data is over a similar range of reduced frequencies. Weto determine the apparent polymer diffusion coefficients as a
believe that the differences in mechanical response betweenfunction of temperature for each of the latex samples.
samples are due to differences in molecular architecture. We Analysis of the diffusion data gave apparent activation energy

cannot help but notice that the rheological responses of R(BA

E, values of ca. 33 kcal/mol for P(Bf—MMA 3g), 39 kcal/
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mol for P(BAss—MMA 44), 45 kcal/mol for P(BAoc—MMA 49), (5) Oh, J. K;; Wu, J.; Winnik, M. A.; Craun, G. P.; Rademacher, J.;
and 64 kcal/mol for P(BA—MMAsg). The temperature de- fanwaha, RJ. Polym. Sci., Part A: Polym. Cher002 40, 3001
pendence of the polymer diffusion coefficients closely matches ©) Tmm’:’ F.: Liu, R.; Winnik, M. A.; Eckersley, S. T.; Rose, G. D.:
the temperature dependence extracted from a master curve  weishuhn, J. M.; Meunier, D. Ml. Polym. Sci., Part A: Polym. Chem.
analysis of the rheology data for each latex. The rheology data 2002 40, 2609-2625.

lead us to conclude that latex polymers with increasing BA (7) O’Connor, D. V.; Phillips, DTime-Correlated Single Photon Count-

_ . . e ing; Academic Press: New York, 1984.
content have a greater degree of long-chain branching. Differ (8) James, D. R.: Demmer, D. R. M.. Verrall, R. E. Steer, RR&. Sci.

ences in long-chain branching also show up in the diffusion Instrum.1983 54, 1121-1130.
measurements, which indicate a larger distribution of polymer (9) Bartels, C. R.; Buckley, C.; Graessley, W. Wacromoleculed984
diffusion coefficients in samples with higher BA content. These 17, 2702-2708.

results will guide the development of the next generation of (10) Lakowicz, J. RPrinciples of Fluorescence Spectroscp@fenum:

low VOC coatings New York, 1983.
gs. (11) Wu, J.; Tomba, J. P.; Winnik, M. A.; Farwaha, R.; Rademacher, J.

Macromolecule2004 37, 2299-2306.
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