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ABSTRACT: This article describes the results of experiments examining the competition between the polymer
interdiffusion and a cross-linking reaction in poly(2-ethylhexyl methacrylate) latex blend films in which the reactive
groups (carboxylic acid and carbodiimide groups) are present in separate latex particles. In this system, polymer
diffusion is necessary to bring the reactive groups into proximity, but the reaction creates long chain branches
and gel that retard or inhibit further polymer diffusion. To enable measuring polymer diffusion rates by the
energy transfer method, the methacrylic acid-containing particles were also labeled with a donor dye, and the
—NCN-containing particles were labeled with an acceptor dye. Along with the extent of polymer diffusion, we
monitored the growth in gel content as well as the consumption of carbodiimide groups. High gel content in the
final film was promoted by factors that maximize the rate of polymer diffusion relative to the rate of the cross-
linking reaction: high annealing temperature, low functional group content, and less reactive carbodiimide groups.

Introduction Chart 1

Environmental considerations are driving the coatings industry
to modify or replace existing technology. The goal is to reduce
and eventually eliminate volatile organic compounds (VOCs) COOH + )—N=C=N-R
from coatings formulations because VOCs lead to smog
formation. Waterborne coatings, along with high solids and
powder coatings, represent attractive solutions to these problems.
Waterborne coatings, including those based upon aqueous
dispersions of latex particles, however, still contain a significant ity. As long as the reactive groups were confined to separate
amount of VOCs. The organic solvents added to latex coatings latex particles, as they would be in the aqueous dispersion, they
formulations serve two functions: to lower the modulus of hard could not react with one another. In principle, these mixtures
latex polymers so that transparent films can form at the could be stored for long periods of time before use. In the film,
application temperature and to promote polymer interdiffusion however, polymer diffusion across interparticle boundaries
across particleparticle boundaries to yield mechanically coher- would bring the reactive groups into contact and allow them to
ent films. Soft latex particles can form films in the absence of react.
VOCs, but because of the loWy of the polymer, the films are In this paper, we consider a candidate system consisting of a
soft and tacky. To remove the tackiness and improve the carbodiimide-containingfNCN—) latex plus a carboxylic acid-
chemical resistance and mechanical performance of these filmscontaining latex. In polymer films, these two groups react to
one can introduce chemistry into the components to undergoform an N-acylureat One of the attractive features of this
cross-linking following application of the coating to a substfate. chemistry is that it converts the polar and prei€OOH group

We are interested in latex coatings containing reactive into the much less polaK-acylurea, as shown in Chart 1. In
functionality. Thermoset latex coatings are not a new topic. this way one hopes that the chemical reaction will not only
Many new developments have occurred since the classic reviewintroduce cross-links into the matrix but also reduce the number
papers by Bufkin and Grawe in 19784any of these new ideas of —COOH groups and thereby lower the sensitivity of the
and new cross-linking chemistries can be found in a recent coating to moisture.
review pape® Various strategies exist for the formulation of We are interested in how the conditions of film formation
these types of coatings. In most commercial coatings, the latexand aging affect the rate and extent of polymer diffusion across
and a second component, a catalyst or a polyfunctional reactantthe boundaries of the cells formed by these latex particles upon
are mixed immediately before use, and the coating is applied drying. In the freshly formed film, as shown in Figure 1, the
during the useful “pot life” of the mixture. These types of reactive particles are randomly distributed, and the reactive
coatings are called “two-pot” or “2K” coatings. One-pot coatings groups are still confined within their own cells. The reaction
exist, and they undergo ambient cure induced by oxygen in the between the-NCN— and —COOH groups occurs only at the
air. A particularly attractive type of coating would be a “two- boundary of different cells, while at the boundary of identical
pack in one-pot” coating. In this strategy, one would mix two cells there is no chemical reaction. One can imagine that if the
latex dispersions containing complementary reactive functional- chemical reaction is faster than polymer interdiffusion, a cross-

linked membrane will form at the interface of different cells.

*To whom correspondence should be addressed. E-mail: mwinnik@ AS @ result, the cross-linked membrane will suppress further

chem.utoronto.ca. diffusion of polymer molecules across it. On the other hand, if
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Figure 1. Competition between the rate of polymer diffusion and the
rate of cross-linking reaction in films formed from a blend of
carboxylated latex and carbodiimide-containing latex. When the
polymer diffusion rate is slower than the cross-linking rate, a barrier
membrane forms at the interface between the two types of polymer.
When the polymer diffusion rate is rapid, the polymers fully mix before
the film gels.

polymer diffusion is much more rapid, complete intermixing
of the two polymers will occur before a substantial amount of
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Table 1. Representative Recipes in the Second Stage of Emulsion
Polymerization to Prepared Labeled Latex

D-MAA-11 A-tBCEMA-5.2
PEHMA seed dispersidr{g) 120.0 60.0
EHMA (g) 66.50 33.14
MAA (g) 3.50
tBCEMA (g) 1.92
PheMMA (g) 0.77
AnMA (g) 0.47
n-C12SH (g) 0.61 0.32
KPS (g) 0.12 0.07
SDS (g) 1.29 0.70
NaHCG; (9) 0.31
H20 (g) 55.00 27.06
temp €C) 80 60
feeding rate (mL/min) 1.24 0.56

25.5% solids content.

mechanical agitation. After the solution was allowed to stabilize
for half an hour at 80C, a solution of potassium persulfate (0.75

g in 10 g of HO) was then injected via a syringe. The solution
became milky white in a few minutes. The reaction mixture was
allowed to stir at 80C for another 2 h. The flask was then cooled

to room temperature, and the aqueous solution was transferred to
a 1 L bottle for future use.

Stage 2To a 250 mL three-neck round-bottom flask, equipped
with a mechanical stirrer, a condenser, a nitrogen outlet, and a
nitrogen inlet, a PEHMA seed dispersion (60.0 g) was added. The
flask was heated to 8@C under mechanical agitation with a gentle

reaction takes place. Under these circumstances, one expectfiow of nitrogen gas. After 10 min, an agueous solution containing

to obtain a uniformly cross-linked polymer film similar to that
cast from a solution of the two polymers. In previous publica-
tion,> we compared the rates of polymer diffusion and cross-
linking for films of a carboxyl plus &ert-butyl-NCN-containing
latex annealed at 60C. For the films described here, we
examine these processes as they are influenced by annealin
temperature, reactive group concentration, and the substituen
on —NCN— moiety.

Experimental Section

The syntheses oftert-butylcarbodiimidoethyl methacrylate
(tBCEMA), cyclohexylcarbodiimidoethyl methacrylate (CCEMA),
9-phenanthrylmethyl methacrylate (PheMMA) and 9-anthryl meth-
acrylate (AnMA) are described elsewhéré.2-Ethylhexyl meth-
acrylate (EHMA, Aldrich) was distilled prior to use. 1-Dodecyl
mercaptan (&SH, Aldrich), potassium persulfate (KPS, Aldrich),
sodium dodecyl sulfate (SDS, Fisher Scientific), aqueous ammonia
(NH3(aq), Fisher Scientific), sodium bicarbonate (NaHC®Id-
rich), and methacrylic acid (MAA, Aldrich) were used as received.
Water was collected from a Milli-Q Water System.

Particle sizes were determined by dynamic light scattering at an
angle of 90 and at 22°C, employing a Brookhaven BI-90 particle

water-soluble reagents and an organic solution containing a
monomer or a mixture of monomers and a chain transfer reagent
were fed into the flask at a controlled rate via feed pumps (The
FMI Lab Pump, model RP-G6). Both lines were fed in at the same
time, but the aqueous line was adjusted so that the addition finished

queous solution was complete, the flask was allowed to stir for
an additional hour at the reaction temperature before it was cooled
to room temperature. Table 1 lists the recipes used in the second
stage to prepare two types of labeled latex particles, D-MAA-11
and A-tBCEMA-5.2. D-MAA-11 represents latex polymers labeled
with fluorescent donor (D), copolymerized with 11 mol % of
methacrylic acid (MAA). The other carboxylic acid-containing
latexes, D-MAA-5 and D-MAA-20, were also prepared from the
recipe in the second column of Table 1, but with 5 and 20 mol %
of MAA, respectively. These MAA-containing particles were
prepared at 80C in the presence of a chain transfer reagent (1 wt
%) and the fluorescent donor (1 mol %). Note that the amount of
seed particles and ingredients used to prepare these MAA-containing
latexes are doubled compared to that used to prepare K@&N-
containing particles.

The recipe shown in the last column was used to prepare

acceptor-labeled latexes containing 5.2 mol % of tBCEMA,

gbout 15-30 min after the organic line. When the addition of the

sizer. Polymer molecular weights and molecular weight distributions abbreviated as AtBCEMA-5.2. Here A (acceptor) refers to the
were measured by gel permeation chromatography (GPC) at 30fluorescent dye, tBCEMA refers to the reactive comonomer, and
°C, using an instrument equipped with two Styragel columns (HR the number 5.2 refers to the amount (in mol %) of the tBCEMA
3 and 4) and tandem refractive index and fluorescence detectors.used in the recipe. The other acceptor-labeled latex containing
Linear poly(methyl methacrylate) standards were used to calibrate “NCN— groups were also prepared using this recipe. The A-
the columns. Fourier transform infrared (FTIR) measurements were tBCEMA-11 latex dispersion was prepared with 11 mol % of
carried out using a Perkin-Elmer spectrometer 1000 with resolution tBCEMA, whereas the recipes for A-CCEMA-3.2 and A-CCEMA-
of 4 cnmt. 4.6 contained 3.2 and 4.6 mol % of CCEMA, respectively. These
Preparation of Latex Dispersions.All fluorescently labeled —NCN-containing particles were prepared at°@in the presence
PEHMA latexes were prepared by a two-stage emulsion polymer- of NaHCQ; buffer, chain transfer reagent (1 wt %), and the
ization from a common seed with fluorescent and reactive comono- fluorescent acceptor (1 mol %).
mers being introduced only in the second stage under monomer- Preparation of Latex Films. Films were prepared on quartz
starved condition&1° plates for energy transfer (ET), gel content, and swell ratio
Stage 1To a 1 Lthree-neck round-bottom flask equipped with measurements and on Gaftsks for FTIR measurements. To ensure
a mechanical stirrer, a condenser, a nitrogen outlet, and a nitrogenthe results obtained from different methods were comparable, films

inlet, EHMA (40.0 g), SDS (2.52 g), NaHGQ0.5 g), and HO
(740 g) were added. The flask was then heated t6@h an oil
bath while the solution was bubbled with nitrogen gas under

were prepared from the same mixture of reactive latex.
For each mixture of reactive latex dispersions, a carboxylic acid-
containing latex was first neutralized with aqueous ammonia toC%k/
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8 and then mixed with a carbodiimide-containing latex. The Table 2. Typical Characteristics of the Labeled Latex Polymers
dispersion mixture was then divided into two portions. One portion solids

of the latex mixture was used to prepare films cast from an organic diam  content —NCN—
solvent, and the other was cast directly from an aqueous mixture. sample nan®e  (nm) (%) Mw, Mw/Mn  pH (%)
We shall refer to films obtained from the mixed aqueous latex as

o . " . - . D-MAA-5 98 30.5 68000,2.34 5
dispersion-cast” and those obtained from an organic solution as 5 \1aa_11 101 31.2 41000 1.95 5
“solvent-cast”. , , D-MAA-20 113 310 50500,235 5
Preparation of Salent-Cast Films.One portion of the latex A-CCEMA-3.2 97 31.7 69 500, 2.24 8 77
mixture was freeze-dried fd. h toyield a solid powder. A portion A-CCEMA-4.6 107 321 86 000,2.05 8 80
of the freeze-dried powder was mixed with KBr powder and pressed A-tBCEMA-5.2 106 319 63000,3.15 8 98

into a thin pellet. The pellet was examined by FTIR to determine A-tBCEMA-11 102 317 45500,2.39 8 98

the —NCN-— group content of the sample. We assume that this  athe number following the comonomer designation (MAA, CCEMA,

mild treatment results in a negligible loss of carbodiimide groups. tBCEMA) refers to the mol % of this comonomer in the second-stage
Another portion of the freeze-dried powder was dissolved in reaction feed® —~NCN— content (%)= (moles of—~NCN— in the polymer/

tetrahydrofuran (THF). An aliquot of this solution was cast on a moles of ~NCN— monomer used in the synthesig)100, as determined
quartz plate and allowed to dry rapidly in the open air. Fluorescence by FTIR.
decay measurements were carried out, and then these films were
also annealed at 60C for a various lengths of time. efficiency in the system®gr(ty) represents the contribution of
Preparation of Dispersion-Cast Film#&nother portion of the energy transfer across the interparticle boundaries before any
mixed aqueous latex was cast directly onto quartz plates and ontopolymer diffusion takes place. In other systems comprised of
Cak, disks. The disks and plates were then placed under an invertedparticles of similar dimensions and with a similar dye content,
Petri dish at 22°C so that the films would dry in a reproducible  values of ®g1(ty) are found in the range of 0.6%.07 In the
100% humidity atmosphere. The drying time ranged from 5 to 7 experiments described below, we often find larger valuebgfty),
h. All films were transparent and crack-free. Films on quartz plates which we interpret to mean that some polymer diffusion across
were typically 0.10.5 mm thick, whereas those on Gadfisks interparticle boundaries occurs as the films dry. To quantify the
were about +2 um thick. We began the first ET, FTIR, and gel extent of this diffusion, we assume a value®+(to) = 0.06 in
content and swell ratio measurements @dol after the last visible  evaluating eq 2. We also require a value d@g#+(t.,). Experiments
trace of the wet spot in the center of the films disappeared. We based upon solvent-cast films of PEHMA homopolymer latex with
arbitrarily refer to this time a%. a similar dye content lead to a value of agg.) of 21.5 ns, which
Energy Transfer (ET) Measurements and Data Analysis. in conjunction withtp = 44.9 ns leads t@gr(t,) = 0.52510 As
Fluorescence decay measurements were carried out by the singleliscussed in a later section of this paper, this value is more
photon timing techniqué with an excitation wavelength of 300  appropriate than the value obtained from a solvent-cast film formed
nm and an emission wavelength of 350 nm. An interference filter from functional latex for the calculation df, values.
for the emission at 35 5 nm was placed in front of the emission FTIR Measurements and Analysis. We employed FTIR
monochromator to reduce scattering light and to remove emission measurements (a) to quantify thReNCN— content of the latex
from the An chromophore. For these measurements, the quartz platgarticles remaining after emulsion polymerization, (b) to determine
supporting a polymer film was placed in quartz tube and flushed the amount of~NCN— groups lost during the drying of blends of
with N2 gas, and the quartz tube was placed in the sample cell of the —NCN-containing latex dispersion with the carboxyl latex into
the fluorescence decay instrument. After each measurement, thesolid films, and (c) to follow the consumption efNCN— groups
quartz plate was removed from the tube and placed directly on a as these blend films were aged or annealed.
preheated aluminum plate under a Petri dish in a forced-air oven. Tg determine the-NCN— content of—NCN-containing latex
The quartz plates were periodically removed from the oven, cooled particles, a small amount of a carbodiimide-containing latex
to room temperature, and remeasured undeg atMosphere. We  dispersion, for example A-tBCEMA-5.2 latex dispersion, was first
analyzed the diffusion process in terms of the area under the donorfreeze-dried, weighed in a test tube, dissolved in a known amount
fluorescence decay profilds(t). To obtain these areas, we fitted  of CHCI,, and then transferred to a NaCl cell with a 1.0 mm path
each decay curve to an empirical equation as described in ourjength for FTIR measurements. The spectrum of the pure solvent
previous publicatiori$ and then evaluated the integral from the was subtracted from that of the sample solution, and then the
magnitude of the fitting parameters. intensity of the—NCN— absorbance at 2128 cthwas measured
The quantum efficiency of energy transfbg+(t,) for a sample  rejative to the spectrum baseline at 2070-&mThe —NCN—
annealed for a time, is defined by the middle term of the  content of the latex polymer was calculated using the Beambert

expression law assuming that the extinction coefficien} ¢f the carbodiimide
group was the same as that for tBCEMA monongictma = 1340
f°°|DA(tn,t) dt areau(t) L mol~t cm™1). From these experiments, we learned that for the
D (t)=1— Ow =1- ALn (1) carbodiimide monomer introduced into the emulsion polymerization
L/; () dt areg 98% of the—NCN— of tBCEMA survived hydrolysis and became

incorporated into the latex, whereas for CCEMAdgma = 2134
. . L mol~* cm™1) a greater amount of hydrolysis occurred. We
Here arega(tn) |s.the area under the normalized fluorescence decay introduced 3.2 mol % CCEMA (of the total weight monomer in
curve of donor in the presence of acceptor after an annealing Athe second stage) and found aNCN— content corresponding to

tirgle tn, an(fj area its th_T_hcorr?spor?ding area qur atsar_nple inlthe only 77% of the total monomer was incorporated into the latex.
absence ot acceptor. The intégral corresponding tpaseaqua The —NCN— content remaining after the particle synthesis of the

;c;r:]h?e:rlﬂgfgigzdnndeoggcri "L?:Tﬁé aﬂgn;enrpains ?gggﬁiﬂt a]:?rr four —NCN-containing latex samples is also shown in Table 2.
exarﬁined here. the Forster' distarR p_ 23 M3 P To determine the amount 6fNCN— group lost during water
As a measur’e of the extent of polyme.r diffuéion in latex films evaporation of a dispersion-cast film, we compared Ithex-/
we evaluate the fraction of mixing paramefar " li3gp ratio in newly formed latex blend films with that in a KBr
gp u pellet containing the pure-NCN— latex polymer.l_ycn- is the
_ _ absorbance of the NCN— peak (2125-2130 cnt?). The intensity
= Perlty) ~ Perlly = arega(ty) — arega(t) ) of this peak can decrease either through reaction wi@OOH
Deq(ty,) — Perlty)  areqa(ty) — arega(ty) groups or by hydrolysislisgo is the intensity of a reference peak
due to a G-H bending vibration of the polymép:16 Its intensity
The termf, represents the fractional growth in energy transfer does not change with consumption of carbodiimide groups. C-,[BQ/
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Table 3. Carbodiimide Group Survival during Particle Synthesis and high molecular weight PEHMA homopolymevi{, = 700 000,

Following Formation of Latex-Blend Films My/Mp = 2_5)_

—NCN- —NCN- —NCN- From these seed particles, we prepared seven batches of

fr?:trzgtipl)g C?{;f;}tg;fpe IateC:tr)lltng:j?iflms labeled latex. Three batches of latex were labeled with phenan-

(mol)2 (mol)P [%]¢ (mol)! [%]¢ threne, the fluorescent donor, and contained different amounts

ACCEMAS32 32 25 [77] 17 52] of —COOH groups. Four batches of latex were Iqbeled_ with
D-MAA-5 anthracene, the acceptor chromophore, and contained different

A-CCEMA-4.6 4.6 3.7[80] 2.5[54] —NCN-containing comonomers, either CCEMA or tBCEMA.

D-MAA-11 The polymer compositions of the individual latex samples are

AIBCEMA-5.2 5.2 5.1[98] 4.2 [80] listed in Table 2, along with their abbreviated names. These
A-tBCEMA-11 11.0 10.8[98] Dé.'\f'?g]ll abbreviated'names contain informat'ion about the dye, the nature

D-MAA-20 of the functional comonomer, and its mol % of the monomer

) . mixture used in the emulsion polymerization. Because these
aMol % of —NCN— groups based on total weight of monomers in the . "
second stage’. Mol % of —NCN— groups that survived after the synthesis reactions were run under monomer'.s'_[arved cqndltlons, we
of —NCN-containing particless From column 6 of Table 2 Mol % of assumed that the copolymer composition remained constant
—NCN- groups that remained after the latex blend dispersions dried to throughout the reaction. In addition, the absence of significant
solids films.®% of “NCN~ groups remaining in the newly formed latex  amounts of acid in the serdifindicates that the MAA content
gfenf films compared to the amount used in the synthesis of tHeN-—- of the latex is very similar to that in the feed. Thus, D-MAA-
11 refers to a donor (Phe)-labeled PEHMA latex containing 11
results for—NCN— group loss during drying and film formation Mol % MAA. A-CCEMA-4.6 refers to an acceptor (An)-labeled
for the four reactive blends are listed in the last column of Table PEHMA containing 4.6 mol % CCEMA in the original recipe.
3. Similarly, A-tBCEMA-5.2 refers to an acceptor (An)-labeled
We then monitored the consumption-6NCN— in solid films PEHMA containing 5.2 mol % tBCEMA in the original recipe.
annealed at different times. Following the FTIR measurement on Note that in each batch of latex dispersion we used 1 wt % of

the newly formed film, which corresponds tg the entire sample 1 _qodecanthiol as a chain transfer reagent and 1 mol % of
holder containing the CaRlisk was removed from the spectrometer fluorescent comonomer. either AAMA or PheMMA

and placed in a preheated forced-air oven for various periods of ) . .
time ;). The holder was then cooled to room temperature before ~ Table 2 summarizes the characteristics of the reactive
the next measurement in the series. We characterize the extent oparticles. All carboxylated latexes prepared in the absence of
carbodiimide reaction in a latex film after various extents of NaHCGQ; result in acidic dispersions with almost identical solids
annealing in terms of the expression content, particle size and narrow size distribution, and similar
polymer molecular weight and molecular weight distributions.
(I -nen-11380%, For each sample, the polymer molecular weight and molecular
Ty | <100 (3 weight distribution were determined by gel permeation chro-
matography (GPC) using an instrument equipped with tandem
where (-nen-/113801 and (-nen-/11380), are the ratios respectively fluorescence (FL) and refractive index (RI) detect§rsrom
of the absorbance intensity 6ENCN— group to that of the the FL and RI chromatograms, we mfer that all quor_escent dyes,
reference peak at 1380 cinof the freshly formed film ) and of either Phe or An, are randomly distributed and fully incorporated
the same film annealed for a tintg into the polymer chains, as well as uniformly distributed
Gel Content and Swell Ratio MeasurementsGel content and throughout each particle.
swell ratios were determined gravime_trical_ly. FiI_ms were prepared  Tgple 2 also provides information about the measured
on quartz plates and annealed for various times in a preheated oven._\cn— group content of the latex polymer compared to that
Individual samples were removed, cooled to room temperature, in the reaction feed. The carbodiimide functionality is known
weighed W), and then immersed in excess 1,4-dioxane for at least - . .
to react with water. We found that during emulsion polymer-

24 h to allow the un-cross-linked component to dissolve. The films .~ -
were then removed from the solvent, touched with a dry filter paper 1Ztion the rate of hydrolysis depended on the pH of the aqueous

—NCN- remaining (%)= |1 —
(I nen-/! 138()tn

to remove liquid solvent on the film surface, weighath), and medium, the temperature of the polymerization, the hydropho-
then allowed to dry further in air for at least another 24 h to remove bicity of the base polymer, and the steric hindrance of the
the remaining solvent. The weight of this dry polymei¥s. The substituent on the carbodiimide gro®ip.Almost all of the

gel content is calculated as carbodiimide groups (98%) survived the reaction when the latex

particles containing carbodiimide groups were prepared in the
presence of NaHCgbuffer at 60°C, using EHMA as the base
monomer and tBCEMA as the carbodiimide comonomer.

To prepare latex blend films for ET and FTIR measurements,
Neglecting the slight difference in density between dioxane and 4 sample of carboxylated latex was neutralized with aqueous

W,
gel content (%)= (WZ) x 100 4)
0,

the polymer, the swell ratio is given by ammonia to pH 8, mixed with a known amount of-&CN-
W. containing latex. The mixture was then immediately cast on a
swell ratio= — (5) substrate and allowed to dry at 22 under an inverted Petri
W, dish, which slowed the water evaporation rate, so that the film
formed at 100% relative humidity under easily reproducible
Results conditions. The drying process took abottBh. ET and FTIR
Latex Synthesis and Characterization.All latex particles measurements begamn & h after the last visible wet spot on

were synthesized by seeded emulsion polymerization, with thethe film disappeared. We found that some of th&iCN—

fluorescent and functional comonomers being introduced only groups reacted during the drying process for these mixed
in the second stage under monomer-starved conditions. The seedispersions. The results are shown in the fourth column of Table
particles have a mean diameter of about 48 nm and consist of3. The extent o~NCN— remaining does not depend on tPIPDV
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Of the various products that can form in the reaction between
a carboxylic acid and a carbodiimide group, ofyacylurea
formation (Chart 1) will lead to stable cross-linking. In our
system, latex films are prepared at room temperature from a
1:1 mixture of ammonia-neutralized carboxylic acid-containing
latex particles and carbodiimide-containing latex particles. Upon
drying, the ammonia evaporated to regenerate the carboxyl
group in its protonated form. These films were then annealed
at elevated temperature. The growth in gel content and the
decrease in swell ratio that we observed as the films were
annealed provide support for the idea tihaacylurea groups
were formed in this reaction.

We analyze the diffusion process by calculatihgvalues
and monitor the cross-linking reaction by determining the
percentage of~NCN— groups remaining in the sample. We
plot these results in Figure 3a. In the newly formed film,
examine& 1 h after the last visible trace of the wet spot had
disappeared, we fourfgl = 0.11. This value is somewhat larger
than that expected for films in which the only contribution to
ET is on opposite sides of the interparticle boundary. As a
consequence, we believe that both local interdiffusion and cross-

Figure 2. Representative (a) donor fluorescence decay profiles and boundary ET contribute to this value. Because the films were
(b) FTIR spectra, monitored as a function of annealing times for a lateX formed at 22°C. 20-30 °C above the glass transition temper-

film prepared from a 1:1 mixture of the D-MAA-11/A-tBCEMA-5.2
samples. The films were prepared at 22 and annealed at 6TC.

concentration of~-COOH in the complementary latex but does
depend on the alkyl substituent of theNCN— moiety
(CCEMA vs tBCEMA). In control experiments, in which
samples of only A-tBCEMA-5.2 or A-CCEMA-4.6 latex were
allowed to dry into a film, no significant loss efNCN— groups
(3% for CCEMA and 2% for tBCEMA) was detected by
FTIRS7 The reference point for this calculation was the FTIR
signal of ~=NCN— groups relative to the 1380 crhpeak in

KBr pellets of freeze-dried samples. The absorbance at 1380

cm~1, attributed to a GH bending modé®6serves as a useful

internal reference peak, since it was observed not to changey;t,sion. A decrease in the percentage-dfiCN—
during sample drying and annealing. The significant loss of

—NCN- groups in the films formed from mixed latex is likely
due to the chemical reaction betweeiCOOH and—NCN—
groups at the particteparticle boundaries. The reaction occurs
to a greater extent when the substituent of +Hi¢CN— moiety

is the cyclohexyl group.

D-MAA-11/A-tBCEMA-5.2 Latex Blend. As the first

ature {Tqperma = —10 °C) of these latex polymers, it is not
unreasonable that some polymer diffusion takes place during
the drying process. We assign a rangé in Tq values because
the presence of the comonomers, particularOOH groups
from MAA, has an influence on thd&, of the copolymers.
According to the Fox equatiold,incorporation of 11 mol %
MAA into PEHMA should result in an increase in the polymer
Ty from —10 °C to —4 °C.

In Figure 3a, thdy, plot at time zero starts at 0.11, and the
percentage of—-NCN— remaining begins at 82%. As the
annealing time increased, ttig values increased while the
percentage of-NCN— remaining decreased. The increase in
fm indicates more donor and acceptor mixing due to polymer
remaining
shows that more-NCN— groups have reacted. At early times
(<4 h), fr, increased rapidly to 0.65 ové h and then to 0.87,
while over this time, the percentage 6fNCN— remaining
decreased from 82% to 55%; i.e., only 27%-aX{CN— groups
reacted. This result indicates that the rate of molecular mixing
due to diffusion occurs much faster than that of the cross-linking
reaction. The instantaneous rate is represented by the slope of

example of a reactive blend, we examine a latex film formed each plot for a given period of times. The steeper the slope, the
from a dispersion containing a mixture of an equal amount of faster the rate. As the annealing time increasedilf), the slope

ammonia-neutralized D-MAA-11 and A-tBCEMA-5.2 and an-
nealed at 60C. The molar ratio of~-COOH/~NCN-— is about

flattened, and, values increased slowly from 0.87 to 0.98 over

12 h, while the percentage 6fNCN— remaining decreased

2. Representative fluorescence donor decays, measured as fitom 55% to about 30% over the same time. These observations
function of annealing time, are shown in Figure 2a. In the newly at late times indicate that polymer diffusion had slowed to such

formed film, examind 1 h after the drying was complete at 22
°C, we found®e+(tp) = 0.11, consistent with a small extent of
polymer diffusion across the partietgarticle boundary during

an extent that the chemical reaction rate became faster than the
polymer diffusion rate. Once the magnitudef@ieached 0.98,

the donors and acceptors in the film were essentially fully mixed.

drying. The film was then annealed for various periods of times. Further diffusion will not lead to any change in ET signal. We
The areas under the donor fluorescence decay curves decreasedpte that finding a limiting value df, = 1.0 is consistent with

indicating a growth in ET due to polymer diffusion.

a proper choice ofPer(t.). This value was obtained from a

Figure 2b shows the FTIR spectra of a dispersion-cast film, Solvent-cast film prepared from a 1:1 mixture of An- and Phe-
freshly prepared from the same dispersion mixture and annealed@beled PEHMA homopolymer latex with a similar dye content
at the same temperature. Here we found that 18% of the and lacking reactive functionality.

—NCN-— groups reacted during the drying process. As the

annealing time increased, the intensity at 2128 trassociated
with the —NCN— group, decreased. When a film of the

In Figure 3b, we show plots df, and the amount of NCN—
remaining for films formed from the same dispersion at@2
but annealed at 40C. In the newly formed film, the initial

A-tBCEMA-5.2 latex alone was annealed under similar condi- value offy,, was 0.17 and the percentage-eICN— remaining

tions, the peak intensity at 2128 chremained constast’

was 82%. Here we see that the growthfinand the rate of

Cbv
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Figure 3. Plots off, (®) and the percentage 6fNCN— groups remaining in the samplé&)vs annealing times of latex films annealed at (a) 60
°C and (b) 40°C for latex films prepared from a 1:1 mixture of the D-MAA-11/A-tBCEMA-5.2 samples. Plots of the growth in gel co®ent (
and decrease of the swell ratin)(vs annealing times at (c) 6@ and (d) 40°C.

disappearance of the carbodiimide band in the IR spectrum are2% of the originaNCN-— groups reacted, whilg, increased
slower than at 60°C. As at the higher temperature, at early to about 0.4. Upon longer annealing, the gel content slowly
annealing times<12 h), the rate of polymer diffusion was faster increased to 60% over 21 h and then to 77% over 48 h. During
than that of the cross-linking reaction. At longer annealing times, this time, f, reached 0.70, and the amount efNCN—
one sees a marked decrease in the growth,ofrhich appears remaining decreased to 52%, whereas the swell ratio dropped
to cease for annealing times45 h. These results suggest that below 10 and decreased slowly after that. With further annealing
the polymer diffusion rate is more sensitive than the chemical (to 98 h), there was no significant increase in the measured gel
reaction rate to the reduction in temperature. content, even though the amount efNCN— remaining

We follow the growth in the extent of cross-linking at 60 decreased to 47%. During this time, there was no significant
and 40°C by measuring the gel content and the swell ratio of change infy,.
films prepared from the same mixture of labeled latex particles. It is useful to compare the rate of polymer diffusion in this
The results are plotted in parts ¢ and d of Figure 3, respectively. reactive latex film to a film that does not have reactive groups,
At 60 °C, no gel was detected uhti h of annealing, when we  where no cross-linking can occur. In a previous publication,
found 11% insoluble polymer. During this time only 8% of the we described the preparation of donor-labeled PEHMA
—NCN-— groups present in the original latex underwent reaction. (PEHMA-D) and acceptor-labeled PEHMA (PEHMA-A) latex
We obtain this value of 8% by taking the difference between dispersion$:1°To capture the early stages of polymer diffusion,
the 82% of —NCN— groups that remained in the initial film  these films were prepared at°€ in a cold room because we
and the 74% remaining aftd h annealing at 60C. Over this had prior evidence that polymer diffusion in acetoacetoxy-
time, fy, reached 0.65. containing PEHMA copolymer latex films takes place at a

After 3 h annealing at 60C, the gel content increased to  significant rate at room temperature (22) 2° For films prepared
77%, accompanied by a drastic decrease in the swell ratio to 5.at 4 °C, we obtain®gr(0) = 0.06. These films were then
During this time f,, reached 0.80, while the amount-eNCN— annealed at either 40 or 6C. We plot the values df, obtained
remaining decreased from 74% to 60%. Upon longer annealingat various annealing times in Figure 4. Polymer diffusion is
(15 h), the swell ratio decreased to 2, and the gel content more rapid here than in the films containing reactive functional-
increased to 92%. Theoretically, this is the value expected for ity. Over a time scale of minutef; values reach unity, whereas
full gel formation, since the linear polymer in the seed polymers in the D-MAA-11/A-tBCEMA-5.2 latex films (Figure 3a,b),
represents 8% of the polymer mass. The seed polymer doespolymer diffusion takes hours.
not contain reactive groups and thus does not become part of D-MAA-20/A-tBCEMA-11 Latex Blend. We next examine
the cross-linked network. The result of the gel content measure-what happens to the polymer diffusion rate and the extent of
ments is a strong indication that polymer diffusion is complete, cross-linking when we doubled the amount of the reactive
because in order for the system to reach 100% gel, every comonomers in individual latex samples, from 11 to 20 mol %
polymer chain containingCOOH and—NCN-— groups must for MAA and from 5.2 to 11 mol % for tBCEMA. We plot the
be close enough for these group to react. We found that whenf,, data for these films in Figure 5a, along with the percentage
the gel formation reached its full exterif, was greater than  of —NCN— remaining. These films were prepared af22rom
0.98. Of the —NCN— groups present at the time of film the blend of (D-MAA-20+ A-tBCEMA-11) latex and then
formation, 28% of these remain unreacted after 15 h annealing.annealed at 660C. The molar ratio of~-COOH/-NCN- in this

At 40 °C, the gel content and swell ratio measurements show blend is also about 2. We see that the initial valué,pf0.03)
different results. No gel formation could be detected until the was much smaller than that (0.11) in the films of (D-MAA-11
films were annealed for 4 h, and the amount of gel detected at + A-tBCEMA-5.2) described above. The percentage-bICN—
that point was very small (4%). During this time, only about remaining in the initial film was similar to that of the (D-MAA&DV
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1.0¢ thatfy, values obtained from the film prepared from the D-MAA-
3 20/A-tBCEMA-11 dispersion reached 0.22 over 0.5 h, a value
08¢ much lower than that obtained (0.45) from the film prepared
3 from the D-MAA-11/A-tBCEMA-5.2 dispersion. This result
fn o6t indicates that the increase in the concentration of reactive
04; comonomers led to a decrease in the initial rate of polymer
E diffusion. We find that a similar fraction of NCN— groups
0.2 : are lost from both films during the evaporation of water (16%

for the D-MAA-20/A-tBCEMA-11 film and 18% for the
00k D-MAA-11/A-tBCEMA-5.2 film). This result implies that twice
R TN RN T TN R T T the number of reactive groups was consumed in the D-MAA-
20 60 100 140 180 20/A-tBCEMA-11 film. As a result, more polymer coupling
annealing time (min) occurred and more branches formed in the D-MAA-20/A-

Figure 4. Plots off,, vs annealing time of a latex film prepared from tBCEMA-11 film, which in turn decreased the rate of polymer
a 1:1 mixture of the PEHMA-D/PEHMA-A latex dispersions and diffusion.

%nnf ﬂgﬁtﬁf&ﬁ (zl)ma ni?] llt?]é: ((%)d Trr;%:gtea); dziépe;ﬂg nfh\gf ri dged We follow the extent of cross-linking in the D-MAA-20/A-

measurement was taken immediately after the sample was dry. tBCEMA-11 blend at 60C by measuring gel content and swell
ratio and plot these values in Figure 5b. There was no gel
formation in the freshly formed film and in the film annealed

1.0 10

a s
o8 | 320 g for 0.5 h. When the film was annealed for 1 h, we detected a
' Jm 172 20% gel fraction. The gel fraction increased rapidly to 65%
06k 140 £ over 4.5 h. During this timef, reached 0.51 and the amount of
£ ] E —NCN- remaining decreased from 84% to 65% of that present
04 160 3 in the original latex, i.e., 19% of NCN— groups reacted. When
1 & the same film was annealed for longer times, the gel content
0.2 60°C j80 § continued to build, to 79% over 19 h. As the annealing time
D was increased to 38 h, the gel content remained unchanged at
b ] 80%. During this time (1936 h), f, increased slightly, from
8ok 120 0.62 to 0.70, and the amount ©NCN— remaining decreased
S f gel content ] from 48% to 40%. Here the gel content did not reach 100%.
:‘E’ 60 - ' 15 o D-MAA-11/A-CCEMA-4.6 Latex Blend. In this section we
2 : 60°C 1 £ examine what happens to the polymer diffusion and cross-
g 4ot 710 2 linking reaction processes when we replace tBCEMA with
T b N CCEMA as the reactive comonomer. One should note that the
> Ty swell ratio CCEMA and tBCEMA comonomer differ only in the substituent
obde v v a1y attached to the “other end” of theNCN— group, the cyclo-
0 10 20 30 40 hexyl group vs theert-butyl group. One should also note that
annealing time (h) the CCEMA group undergoes patrtial hydrolysis during emulsion

Figure 5. (a) Plots off,, (®) and the percentage 6fNCN— groups polymerization, resulting in the loss of ca. 20% of thBICN—
remaining in the samplé) vs annealing times of latex films annealed  groups introduced in the particle synthesis reaction.

at 60°C for latex films prepared from a 1:1 mixture of the D-MAA- ; . .
20/A-tBCEMA-11 samples. (b) Plots of the growth in gel conte® ( .lee the other plends, we prepared films at*Z2from a 1:1
and decrease of the swell ratin)(vs annealing times at 61C. mixture of neutralized D-MAA-11 and A-CCEMA-4.6 latex and

carried out ET and FTIR measurements on films annealed at

11+ A-tBCEMA-5.2) film (82%). The much smaller extentof ~ 60 °C. In Figure 6a, we ploky vs time for this film as well as
polymer diffusion in the latex film formed from (D-MAA-20 the percentage 6fNCN— remaining. During the transformation
+ A-tBCEMA-11) can be attributed in part to the highgyof of the latex dispersion into a solid film, we fouqd that 32% of
the D-MAA-20 component. According to the Fox equation, an the “NCN— groups were lost, a value much higher than that
increase in the amount of MAA comonomer from 11 to 20 mol (18%) for the film prepared from the D-MAA-11/A-tBCEMA-
% in a PEHMA polymer Should result in an increase in polymer 5.2 |ateX diSperSion. In the nery fOI‘med diSperSiOn'CaSt f|lm,
T, value from—4 °C to +3 °C 10 we obtainedy, = 0.04, a smaller value compared to that (0.11)
The time evolution of,, and the~NCN— signal inthe FTIR ~ obtained for the film prepared from the D-MAA-11/
spectra for (D-MAA-20/A-tBCEMA-11) at 60C (Figure 5a) A-tBCEMA-5.2 sample. The increase in the loss-eCN—
at early times resembles the corresponding behavior of thesedroup during drying, in conjunction with the lofi(to) value,
values for the (D-MAA-11+ A-tBCEMA-5.2) film annealed suggests that some high molar mass molecules are formed due
at 40°C (Figure 3b). The initial rate of polymer diffusion was o the cross-linking reaction at the parti¢igarticle boundary.
rapid compared to the rate of carbodiimide group consumption, When this film was then annealed at 60, fr, increased to
but after a few hours at 60C, the diffusion rate became 0.46 over 0.5 h and then to 0.64 over 2 h. During this time, the
significantly slower. When the film was annealed for longer Percentage of NCN— remaining decreased from 68% to 44%.
times, f,, values increased and theNCN— continued to react, ~ Upon longer annealingy continued to increase, reaching 0.75
but the growth inf, was reduced to a greater extent than the Over 15 h, and the amount of NCN— remaining slowly
rate of —~NCN— consumption. decreased.
To examine the consequences of increasing the reactant There are several interesting features that become apparent
concentration on the diffusiefreaction system, we compare when we compare the data in Figure 6a to those in Figure 3a.
the data in Figure 5a to those in Figure 3a. In Figure 5a, we seeThe cross-linking reaction occurs faster in the D'MAA'lllébV
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1.0 10 = increased rapidly to 79%, corresponding to a rapid increase in
0.8F 120 < fm to 0.65. Upon longer annealing, the gel content increased
12 only slightly to 83% over 15 h. During this timé, increased
0.6F J40 to 0.75.
me_ 160 % D-MAA-5/A-CCEMA-3.2 Blend. We next examine what
i = happens to the system when we decreased the amount of the
0.2t 1985 reactive comonomers, from 11 to 5 mol % for MAA and from
PRI . 50°C ] ZI 4.6 to 3.2 mol % for CCEMA. For the-NCN-containing latex,
* b 12 3.2 mol % CCEMA was used in the original recipe, but the
= 8of gelcontent 1 fraction of total monomer that survived the particle synthesis
§ 6ok N ) was 2.5 mol %, and only 1.7 mol % remained after film
5 60°C 8 formation in the presence of D-MAA-5. In Figure 7a, we plot
O 4ot 1° 3 fm and the percentage efNCN— remaining, monitored in latex
S 20k sweliratio 14 2 films prepared from a 1:1 mixture of D-MAA-5 and A-CCEMA-
32 3.2 particles. In the freshly formed film cast from a mixture of
0 02468101214160 latex dispersions at 22C, we foundfy,, = 0. When this film

was annealed at 6TC, f, rapidly increased to 0.68 over 0.25

) h and then to 0.78 over 0.5 h. Over this time, the percent of
Figure 6. (a) Plots offr (@) and the percentage 6fNCN— groups —NCN- groups present in the original latex decreased from
remaining in the samplé&d) vs annealing times of latex films annealed o o . . T
at 60°C for latex films prepared from a 1:1 mixture of the D-MAA- ~ 68% to 48%. Upon annealing for 6 f, increased to 0.96; i.e.,
11/A-CCEMA-4.6 samples. (b) Plots of the growth in gel conte} ( essentially full diffusive mixing took place. During this time,
and decrease of the swell ratin)(vs annealing times at 6TC. the amount of~NCN-— remaining decreased from 48% to 12%.
From these results we deduce that one method to increase the

CCEMA-4.6 film than in the D-MAA-11/A-tBCEMA-5.2 film rate of polymer diffusion in a system in which the functional
implying that the —~NCN— group of the CCEMA ié mor,e groups are very reactive is to reduce the reactant concentration

. = in the polymer. For example, in the latex blend of D-MAA-
reactive than the-NCN— group of_the tBCI_EMA toward the 11/A-CCEMA-4.6, it took 15 h for the system to reath=
—COOH group of the MAA. During the first half hour of 0.75 By reducing the amount of both MAA and CCEMA in
annealing, 11% of the-NCN— groups in the D-MAA-11/A- 9. By 9

CCEMA-4.6 film reacted (only 57% of the original carbodiimide geMg?Alyg;:rCévENf&ugdz tfrlllﬁqt tI(t) trcéglf:r:esssirt:i?;rf O\.ISaISefor the
groups remained at this point), whereas only 4% ofttNCN— ) ) m :
groups reacted in the D-MAA-11/A-tBCEMA-5.2 film (Figure I_n Figure 7c, we plot Fhe results of gel content and swell
3a), and 78% of these groups initially present in the latex ratio measurements on films prepared from the D-MAA-5/A-
remained intact. This result is consistent with our earlier finding CCEMA-3.2 blend. There was no measurable geha¥vhen
that the—NCN— groups of tBCEMA-containing latex particles ~ the films were annealed at 6%, the gel content rapidly
are more stable to hydrolysis on storage than those containingincreased to 56% over 0.5 h and then to 77% over 2 h. Upon
CCEMA groups’ longer annealing (7 h), we pbtamed 92% gel. This corresponds
To compare interdiffusion rates in the two systems, we begin © complete gel formation if we take into account the amount
by noting that the polymer molecular weight of A-CCEMA- of linear polymer present in the seed Iatex._O_ver this tifpe,
4.6 (My, = 86 000) is somewhat larger than that of AtBCEMA-  97€W to 0.96, and the amount 6NCN— remaining decreased
5.2 (My = 63 000). The same D-MAA-11 latex polymer was © @bout 9%.
used in both systems. At early stages of film annealing at 60 To examine the effect of temperature on these processes, we
°C, polymer diffusion was faster in the D-MAA-11/A-tBCEMA-  repeated ET and FTIR measurements on films formed from the
5.2 film than in the D-MAA-11/A-CCEMA-4.6 sample. For ~same mixture of latex dispersions annealed at’@0In the
examplef,, of the D-MAA-11/A-tBCEMA-5.2 sample (Figure  freshly formed film cast from the mixed dispersions at’22
3a) reached 0.65 over only 1 h, wherda®f the D-MAA-11/ we foundfy, = 0.15. We plotfy, values and the percentage of
A-CCEMA-4.6 sample (Figure 6a) requite h toincrease to ~ —NCN-— remaining in Figure 7b. When the annealing temper-
a similar value. Upon longer annealirfg, of the D-MAA-11/ ature was decreased from 6C to 40°C, both the polymer
A-tBCEMA-5.2 sample reached 0.98 over 12 h, whereas over diffusion rate and the carbodiimide group reaction rate were
this time f,, of the D-MAA-11/A-CCEMA-4.6 film increased reduced, but the rate of polymer diffusion appears to be retarded
only to 0.7. Part of this difference, particularly at early times, more than the rate of cross-linking. Upon longer annealing (
is due to the higher average molecular weight of the A-CCEMA h), little further polymer diffusion took place, but the chemical
latex sample. At later times, the reduction of interdiffusion rate reaction continued to proceed.
of the D-MAA-11/A-CCEMA-4.6 sample is caused by the more  Some further insights into the behavior of the system are
rapid reaction between theNCN— group of the CCEMA and  possible through a temperature-jump experiment. In Figure 7b,
the —COOH of the D-labeled latex polymer. we show what happens for a film annealed for a substantial
We follow the extent of cross-linking in the D-MAA-11/A-  time at 40°C and then suddenly heated to BD. The extent of
CCEMA-4.6 blend at 60C by measuring gel content and swell polymer interdiffusion, which had appeared to level off, again
ratio and plot these values in Figure 6b. In the newly formed increased, and there was an increase in the rateNEN—
film, we obtain 20% of insoluble polymers. We note that 32% group consumption. Following the temperature jump, the initial
of —NCN— groups of the original latex are lost during the rate of polymer diffusion at 60C appeared to be faster than
evaporation of water leading to film formation. We believe that the rate of cross-linking. At longer times, the rates were reversed,
most of this loss is due to the cross-linking reaction, and that such that the rate of the reaction was faster than that of polymer
this reaction occurs primarily at the partielparticle boundary. diffusion. We also observe that a large increask,iffrom 0.50
When these films were annealed over 2 h, the gel contentto 0.80) occurred when the temperature was raised tOCG%DV

annealing time (h)



Macromolecules, Vol. 39, No. 4, 2006 Carboxylic Acid—Carbodiimide Latex Films 1433

1.0 [ . 10~
[ 1 40@@2 ] X
0.8 120 4
F 1 =
C N- 1 =
0.6 | NC ja £
Ja f ] E
m L 4
0.4 f S Jeo @
; ] 5
0.2: —:80 >
1
s dlaaaal AN 1
60 d |
~ 80 ¢ 1%
£ ‘// ER
£ 60 ] 8
3 415 ©
c ] —
g 110 g
et 7
e of . L ] m
= swell ratio 7 " 15
o PR, S 1 11 PR TN ST T T U N U W N U A N Y PR PR RREEE R aaalaa s a1 el |l||||:0
0 2 4 6 8 10 0 5 10 15 20 25 30 35 40

annealing time (h) annealing time (h)

Figure 7. Plots off, (®) and the percentage 6fNCN— groups remaining in the samplel)vs annealing times of latex films annealed at (a) 60
°C and (b) 40°C for latex films prepared from a 1:1 mixture of the D-MAA-5/A-CCEMA-3.2 samples. Plots of the growth in gel co#teand
decrease of the swell ratia] vs annealing times at (c) 6@ and (d) 40°C. The samples annealed at 4Dwere, after 15 h, subjected to a sudden
increase in annealing temperature, as indicated by the vertical line in (b) and (d).

Polymer diffusion of mobile polymers and the local diffusion 0.6
of branches contribute to this increasefinvalues. —
The results of gel content and swell ratio measurements, on ]
films annealed at 40C and on films then heated at 8C, are 0.4
plotted in Figure 7d. In the newly formed film, we obtained a -
small fraction (7%) of insoluble polymers. When the films were
annealed at 40C, the gel fraction increased to 54% over 5 h 0.2}
and then to 60% over 15 h. During this tinfg,reached about
0.48, and the amount 6f NCN— remaining decreased from S
68% to 40%. When the temperature was suddenly increased to ) ) ) ) ) )
60 °C, the gel fraction also increased to 77% over the next 8 h °'°0 4 8 12
(15 h to 23 h). annealing time (h)
. . Figure 8. Plots of ®gr vs time for a latex film and a THF-cast film
Discussion prepared from the D-MAA-11/A-tBCEMA-5.2 blend. Both films were

The competition between polymer diffusion and the cross- then annealed at 6C. The arrow atber = 0.52 corresponds fo the
linking reaction in the latex blend films examined here is a IE-tI; elfné:len;:y expected for uniform mixing of the donor- and acceptor-
abele olymer.
complex process. The two processes are coupled. Polymer poly

diffusion is necessary to bring the functional groups into close over, and the system evolves to full mixing. Miscibility is likely
enough proximity for them to react, but the formation of driven by two effects: formation of graft copolymer and the
branches and the increase in polymer molecular weight reducereduction of the number of free COOH groups through their
the rate of further polymer diffusion. In addition, there is another conversion taN-acylurea groups.
complication. As we reported previous§the PEHMA-MAA In the latex film, the consequences of limited miscibility are
copolymers have only limited miscibility with the PEHMA not immediately obvious in th&, vs annealing time curve in
NCN copolymers, and there is less miscibility for the PEHMA  Figure 3a. Nevertheless, this effect must play an important role
MAA polymer with the higher—COOH group content. As the  in determining the polymer interdiffusion rate. In the dispersion-
reaction between the carboxylic acid and carbodiimide groups cast film, where reactive polymers are initially confined within
proceeds, the polymers are rendered miscible. their own cells, the limited miscibility hinders polymer diffusion
We can demonstrate this effect here for the mixture of across the particle interfaces at early stages of the healing
D-MAA-11/A-tBCEMA-5.2 latex by comparing in Figure 8  process. However, when the reaction betweent8®©0OH and
values of the quantum efficiency of ETpEr) measured as a  the —NCN-— groups occurs, generatiidracylurea bonds, the
function of annealing times at 6@ for a dispersion-cast latex  branched polymers formed become compatibilizers. Bonner and
film and for a solvent-cast film. The solvent-cast film is the Hope have reviewed the topic of compatibilizers produced in
more interesting. One imagines that the mixture of polymers situ by chemical reactions in polymer blerfdsin a simple
present in a THF solution is intimate and uniform. The fact picture of this process in our system, the domains containing
that the value ofPgr for the solvent-cast film is less than 0.52  the branched polymers (and even cross-linked polymers) provide
indicates that polymer demixing has occurred as the solventregions for the mobile MAA-containing polymers and tBCEMA-
evaporated, and thdecreasein this value upon annealing containing polymers to mix.
indicates that heating initially enhances demixing. Eventually =~ The next level of complication is that as the reaction proceeds,
the reaction between theCOOH and—NCN-— groups takes the polymer molecular weight increases; branched ponmer&Br\g
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formed, and the system begins to gel. It is well-known that the
rate of polymer diffusion varies with chain length and is
sensitive to the presence of branching. For linear polymers
shorter than the entanglement molecular weight, the diffusion
coefficientD;, characterizing the diffusion of a given chain of
lengthN;, decrease approximately Bst, and for chains longer
than the entanglement lengfb, is predicted to decrease Ms2.

22 |In all blends examined here, the polymer chains before
reaction are linear, with an average chain leniily & 60 000)

on the order of twice the entanglement molar mass. When the
reaction between the-COOH groups and-NCN— groups
occurs, the linear polymers couple to form branches. As a result,
the rate of polymer diffusion decreases substantially. When the
rate of polymer diffusion decreases, the rate of cross-linking

also decreases because both polymer diffusion and polymer
segment diffusion are necessary to bring the reactive groups

close enough to react.
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Table 4. Summary of the Time It Took for Individual Films To
Reachfy, = 0.6 When Annealed at 60°C

time to 0.60f (min)

PEHMA-D/PEHMA-A (Figure 4) 1.3
D-MAA-11/A-tBCEMA-5.2 (Figure 3a) 60
D-MAA-11/A-CCEMA-4.6 (Figure 6a) 120
D-MAA-5/A-CCEMA-3.2 (Figure 7a) 15
D-MAA-20/A-tBCEMA-11 (Figure 5a) 960

for the gel content to reach 80% (Figure 5b). Comparing the
data obtained from the D-MAA-5/A-CCEMA-3.2 samples
(Figure 7) to those obtained at the same annealing temperature
from the D-MAA-11/A-CCEMA-4.6 samples (Figure 6), we
see a similar result. In the film containing the lower amount of
the reactive comonomers, polymer diffusion was rapid in the
early stages, and the films reached full gelation, whereas in the
film containing the higher the reactant concentrations, inter-
diffusion was slow, and only 80% gel was obtained. From the

One of the interesting discoveries made in the course of theseresults of the two examples, we learn that as the concentration

experiments is the relationship between the extent of polymer of the reactant groups is increased, the extent of polymer
diffusion and the extent of gel formation. In all samples (jffusion in the initial stage of sample annealing decreases, and
examined here, for all for the reactive polymer to be converted the annealed films have a lower gel content. It is possible that
to gel, complete mixing of the reactive polymers was necessary. the films at less than full gel content may eventually reach 92%
We measure the extent of mixing through theparameter. For  ge| content because polymer segment diffusion can still occurs,
this value to approach unity, the polymers must diffuse over a byt at a slow rate.

length comparable to radius of a latex particle (i.e., half the T4 see the effect of the increase in the reactivity of the
cell cross se_ction). We found only two systems in which_films reaction on the initial rate of polymer diffusion and its
evolve to this extent. In the D-MAA-11/A-tBCEMA-5.2 flm  ¢onsequences on the cross-linked network, we compare the

examined at 60C, we see that, for this film reached 0.98 D-MAA-11/A-tBCEMA-5.2 system to the D-MAA-11/A-
over 12 h (Figure 3a), and gel formation reache®%%h later. CCEMA-4.6 system. The reaction is faster in the film containing
Recall that when the gel content plot reached 92%, the systemccgMA than in the film containing tBCEMA. In the D-MAA-
was at full gelation because the seed latex in the particle 11/A-tBCEMA-5.2 sample annealed at 8G, f, increases to
synthesis COﬂSiS’[e.d of linear polymer. Similarly, for.the D-MAA- 065 ove 1 h (Figure 3a). In the D-MAA-11/A-CCEMA-4.6
5/A-CCEMA-3.2 films, fr, reached 0.96 oves h (Figure 78),  sample annealed at the same temperature, the film requires 2 h
whereas it require 7 h for the system to undergo full gelation oy £, to reach to an identical value (Figure 6a). The gel content
(Figure 7c). From these results we learn that polymer diffusion of this film increased to 80% over 15 h (Figure 6b), the same
must be complete prior to the system reaching its maximum amount of time needed for the gel content of the D-MAA-11/
possible gel content. A-tBCEMA-5.2 system to reach 92%. From these results, we
Three factors reduce the rate of polymer diffusion at the early see that as the functional group reactivity is increased, the overall
stages of film annealing: a decrease in the annealing temper-rate of polymer interdiffusion decreases substantially, such that
ature, an increase in the reactant concentration, and an increasthe system does not develop a fully cross-linked network.
in the reactivity of the cross-linking reactant. The D-MAA-5/ To facilitate comparison of the polymer diffusion rates for
A-CCEMA-3.2 films provide an example showing that a the various samples described in this paper, we created Table
reduction in the annealing temperature causes a decrease in thé, which summarizes the amount of time required for each
initial rate of interdiffusion and its consequence on the extent system to reacli, = 0.6 when annealed at 6TC. For the
of gel formation. When this film was annealed at 8D, fn, PEHMA-D/PEHMA-A film, without reactive functionality, the
increased rapidly to 0.68 over only 15 min (Figure 7a). Atlonger polymer diffusion is so fast that this extent of polymer diffusion
annealing timesfy, reached close to unity over 6 h. At an takes place while the film prepared af@ is heated to 60C.
annealing temperature of £C (Figure 7b),f, for this film We estimate a time of only-12 min by interpolation of the
reached only 0.34 ovel h and then 0.50 over 19 h. Over this data in Figure 4. In contrast, it t&d h for films containing 11
time, the gel content reached only about 60%. The gel that mol % MAA and 5.2 mol % tBCEMA to reach, = 0.6. The
formed over this time limited the amount of mixing that could film containing latex polymer with the cyclohexyl moiety on
take place in this film. For example, when this film after 19 h the —NCN-— functionality required twice as long (120 min) to
at 40°C was suddenly heated to 8G, the gel contentincreased reachf,, = 0.6 as that with theert-butyl-NCN—. A decrease
to 79% over the next 8 h. This amount of time is similar to that in MAA from 11 to 5 mol % and CCEMA from 4.6 to 3.2 mol
needed for the same type of film, not preannealed &tGlGo % led to a decrease in the annealing time needed to 15 min.
develop to a fully cross-linked network (92% gel). An increase in the reactive group concentration of MAA from
We find two examples which show that an increase in the 11 t0 20 mol % and of tSCEMA from 5.2 to 11 mol % increased
reactant concentrations leads to a cross-linked network with lessSignificantly the annealing time needed to 960 min (16 h). This
than full gel formation. In the D-MAA-11/A-tBCEMA-5.2 is the film in which it took the longest time to reath = 0.6.
samples annealed at 6C, f, rapidly reached 0.65 over 1 h

(Figure 3a) and full gel content over 15 h (Figure 3c). In
contrast, for the D-MAA-20/A-tBCEMA-11 film, which con-
tains a higher concentration of the reactive comonontgys,
reached only 0.3 ovel h (Figure 5a), and it took 39 h annealing

Summary

In thermoset latex films formed from a blend of carbodiimide-
containing PEHMA latex and carboxylic acid-containing

PEHMA latex, the reaction between thR&NCN— and—COOH CDV
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groups to form arN-acylurea is coupled to the intercellular
diffusion of the two polymers. High gel content in the final

film was promoted by factors that maximize the rate of polymer
diffusion relative to the rate of the cross-linking reaction: high
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reactive carbodiimide groups.
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