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INTRODUCTION

This paper describes factors affecling polymer dif-
fusion in filmy prepared from agueous disper-
sioms of partially crosslinked latex particles. Since
the lakex microspheres are prepared by emulsion poly-
merization, they are often referred to as emulsion poly-
mers. These emulsion polytners are used for a varicty of
applications thal require the formatien of a conlinuous
film with good cohesive propertics. These applications
include water-based adhesives, paints, and other water-
borne coatings, In all of these technologics, the aqueous
dispersion is coated omto a solid subsirale and allowed
to dry, typically at a temperature above the minimum
film forming temperature of the particles. Ay the disper-
giom drics, the particles come into contacl and deform
into a void-{ree film consisting of close-packed polvhe-
dral cells. The interdiffusion of polymer molecules across
the bovndary between adjacent cells is ong of the keys lo
ubtain a film with good cohesive strength.!? In some of
these lechnologies, crosslinking is used to improve this
mechanical propertics of the coating, particularly its
toughness and solvent resistance. Crosslinks can be
formed afler the coating 1s applicd to the substrate {post-
application cure}, or a small degree of croaslinking can
be intraduced mto the latex during the particle synthe-
sis. In the latter case, one imagines that much of the
mechanical strength of the film resulls [rom trans-bound-
ary diffusion of long dangling ends of the crosslinked
network.!

while thermoset Jutex systems have a long history,
our understanding of the factors aflecting their proper-
lies retnains pour. This siluation is beginning to change.
Concemn for the environment has stionulated an inleresl
m films formed from soft latex particles that cure at
voom temyperature 5* In the absence of crosslinking, these
films would be tacky to the touch and have poor abra-
sivm resistance. One of the most important confributions
tor our aurenl understanding of thermosel talex [lms is
a recenl paper by Zosel and Ley,” who compared the
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WE describe energy transfer (ET) measurements
to follow polymer diffusion, as well as oscillatory
dynamic mechanical measurements and teusile
measurements, on films prepared from structured
and unstructured latex particles consisting of a
copolymer of butyl methacrylate and butyl acry-
latewitha T,of 20°C. Structure was introduced in
the form of a low level (T mof%a) of crosslinking,
using seeded senii-continuous emulsion polymer-
ization to control the locus of the crosslinking
agent in the particles. Linear dynamic mechanical
weasiirestents showed the G' and G” were sensi-
tive to the particle morphology, with pariicular
sensitivity exhibited by the elastic moduius G
The tensile properties were less sensitive to par-
ticle morphology; sufficient polymer diffusion oc-
cutrs during filtm formation for the films fo acquire
strengthand foughness. Asexpected, crosslinking
increases strength but decreases elonigation fo
break. Sowe inieresting compromises could be
found through control of the location of the
crosstinked regions of the fitm.

tensile strength of latex films formed from crosstinked
pily(butyl methacrylate) (FEMA) tatex with that of [ilms
formed [rom PBMA latex comtaining linear pelyimer. In
the lalter case, the newly formed films were brittle, but
these evolved upon annealing at elevated temperature
ter form mechanically lough fils. Tn contrast, films pre-
pated from latex particles eompaosed of butyl methacry-
late (BMA) copolymerized with 2 mel methally]l meth-
acrylate, which crosslirked during synthesls, remained
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brittle even alter extensive annealing at high tempera-
ture. From these results, one draws the important con-
clusior: that in thermoeset latex [ilms, polymer diffusion
across the inlercellular boundary must procede cure or
the: films will remain weak. Tf crosslinking is confined to
individual cells, cach cell remains an individual microge]
with little adhesion to its neighboriog cells. In this paper
we show Ihat usctul films can be prepared from
crosslinked latex dispersions if the extent of erosslinking
is kept small. At the same Hme, the extent of crosshinking
i5 sufficient lo modify the rmechanical properlics of the
film. We are interesled in exploring how these privper-
fics change if one could prepare structured latex in which
only part of the particle confains a crosslinked polymer.
From. this perspective, one can inagine the following
fonu limiting scenarios to form the basis of this COTTLAT-
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At ome Il (L) # the system consisting of a linear,
uncrosslinked lakese Al the other limil, (X) is a fully
crosslinked latex prepared from a monomer pus s small
ameunt (here L mol %} of difunctional erosslinking agent.
There are lwo other fmiling cases bebween hese ex-
tremes, I Cy5 the core of the particle is crosslinked
{"core-crowslinked” latex). This Lype of particle is tela-

Table 1—Recipes for he Seed Latex Disperslons
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Table 2—Raclpes for the Freparation of Uncrossiinked Latex Samples

tively straighlforward to prepare by a three-slage emul-
givn polymerication reaction in which the seed and sec-
ond stage polymer contain the crosslinked polymer. In
L8y, the core consists of a lincar polymer, bul e shell is
crogslinked. One can imagine preparing such a system
by confining the crasslinking agent to the final stage of
multistage semi-contivuous emudsion polymerization.
Tt, however, the core and shell polymer have similar
compositioms, it is diflieult o conline the s of poly-
merization to the outer regions of the particle. We will
refer tu lalex particles prepared in this wayv as “third-
stage” crosslinked rather than “shell-ceosstinked” labox.
In [hese structured particles, the volume fraction of Lhe
cromslimked component in Uie particles is also an inder-
eating variable. The mode] systems we examine com-
prise a series of acrvlate latexcs, copolymuors of Bhis,
with a small amount of butyl aceylate (3A) Lo lower the
glags transition emperature (1) of the latex polymer,
and ethylene glycol dimethacrylale (EGDMA) as the
crosslinking agent.

Since polymers that are part of a crosslinked network
cannet undergo ranslational diffusion, chain inkerpen-
etration for nelwork chains is limited to the dangling
ends. We examine this aspect of the interdiffusion pro-
cess by labeling the lalex particles with dovor (1) or
acceptor (A) groups suitable for non-rudiative CICERY
transfer cxperiments " We prepared films [rom a 1:1
mixture of doner- and acceptor-labeled particles that are
otherwise similar in size and composition. As the poly-
mer chaing o segments fTom adjacent cells inlerdiffuse,
we detected (he extent of inlerdiffusion by fluorescence
decay meastrement of the growth in energy transfor in
lhe system.

In this paper, we describe the strateey of our experi-
ments and the synthesis and charactertzation of the vari-
ous latex particles prepared. We compare polymer inler-
diffusion in lalex films comprised of uncrosslinked and
unitormly crosslinked polymers with a similar CONVT 35~
fion. These results serve as the basis for understanding
dynamic mechanical'! and tmsile experiments ? on films
prepared from these dispersions. Our latex samples form
fitms wilh a lower T, than those examined by Zosel and
Ley.” We show that tough elastomeric films are formed
on drying, but thal the tensile properties evalve as poly-
mer interdiffusion takes place. We also cxamine strue-
tured lalex in which the core, represenling either 12 or
5% of the particle volume, is crosslinked. Tlere, enery
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\ransler cxperiments on [ilms Propared from these Tatox
help charactorize (he particle morphology, and 1his mog-
Phalogy in turn has a g ghificant effect on the mechani-
cal properties of the film,

EXPERIMENTAL

Materials

A% described previously,'s 9-anthryd methacrylale
(ADMA) and S-vinyl phenanthrenc (V-Phe) were syn-
thesized. BMA, BA “angd HUDMA (all Aldrich) were dis-
Wled under vacuum prior to use. Pokassium persulfate
(KPS), sodimm bicarbonate {Naf1C0,), and sodium
dodecy! sulfate (3DS, Aldrich) were vsed as received.
Distilled water was further purificd through a Millipore
Mli-0O™ syslant.

LaTEx PrepaaTion: All latexes constst of a copolyvmer
of BMA and BA. i lte monomer ratio was choser o vicld
a copolymer with a I's around 20°C. When crosslinking
was required, 1 molt of clhylene glveol dimethacrylate
was added to the monomer. KPS wai used as the radical
initiator and SDS was used as the surlactant. Al latoxes
were synthesized by two- or three-step free radical ema)-
sion polyvmerivalion, Tirsl, latex steds (ca. 37 om in di-
ameler) were prepared by batch emulsion. In each of the
fullowing stops, the particles were Brought to their final
size through @ semi-continnous emulsion polymeriza-
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Liom under monomer-starved comditioms, Tn these sleps
the aqueous phase {eontaining KPS and SD%) and the
SgENIC phase (the monomers) were added separately io
the reactur using two feed pumps. The speed of the
PUMPs was set %o that no accumidation ol the mono-
mers oceurs in the flask in order tn avoid any secomdary
nueleation, Polymetizations were conducted under an
M almosphere at 804, A summary of the recipes used
is presented in fables 1-3.

CLEANING OF THE LA 15X ParTicnms: Some latex disper-
1003 were cleanced by ion exch Ange to remove surfaclant
and other water-soluble ionic materigls, Theiun-exchange
resin (Bio-Rad AG¥ S0N-X5) was first washed with hot
deionized water {=8000, methanol, and dejomized water
before tse. Twice the we ght of the resin, based epon the
weight ot solids present in the dispersion to be cleancd,
was added to the diluted Tatex dispersion {solids content
about 3 wi), and then the mixlure was stimed at room
lempcrature for about 24 b, Cheer this tme, Hie viecns by
of the dispersion increased and the dispersion became
opalescent, indicating, formation of colleidal crystalling
domains. The ion-exchange resin was removed by zran-
ity filtration.

Latex Characterization

Particle size and the sive distribution wore measured
by dynamic tight scaticrin g emploving a Brookhaven BI-
90 Particle Sizer. Mokecular wei ghis and molecy|ar weight

Table 3—Recipes for the Mreparction of the Core-Crosslinked Latex Somples
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Table 4—Particle Size and Pobrmer Molecular Welghl of the
Letex Particles
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distributions of the uncrosslinked latex polymets were
determined by gel pcr‘meatiﬂn chrumﬁmgraph}f P
using two Ultrastyragel colurnns (300 + 10t &) with THE
a5 the eluent with a flow rate of 0.8 m./min. These
molecular welghts are “pominal,” based upon
poly{methyl methacrylate) (TMMA) standards. Dual
detectors (rofractive index and Auorcscence detectors)
wore used to detect the presence of the domor and accep-
for dyes and to ensure randomly Iabeling of the polymer
chains. * When secondary nueleation during thix sytithe-
sis wag suspected, the samples were analyced by atomic
force icroscope (AFN). The analysis was made Iy con-
tacl mode vn a freshly formed film, cast on a Square

uariz substrate from a dilute laiex diypersion (aboul &
vt solids). The latex chararctevistics are summmarized in
Tale 4,

Film Formation, Annealing, and
Fluorescance hMedasurements

|.abeled latexes wore used for fluorescence MEasLLTes
ments. Gome experiments nvolved latex disporsions
cleaned by ion exchange. The films used for BT expuri-
ments were prepared as follows: first, a few drops of
latex dispersion (containing, a 1:1 ratio of mised Phe-
and An-labcled particles, 10 Wl salids) wern spread on
a small quartz plate (20 » 10 mm). The plate was then
placed in a covered Petr dish in order to slow down the
drying process and to allow drying to proceed at high
relative humidity, Drying veeurred inan air-flushed aven
pre-warmed o MPC. Under thase conditions {ranspar-
ont films were formed over a perind of scven hours. The
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fitms, on their substrales, were then anncaled at a higher
{emperature for various periods of time, Films to be
annealed for short periods of ilme wete placed directly
on a high-mass allmirum plate in an oven prehested to
the anmealing temperature, Fitms healed for more than
two hours wete heated under nitrogen in guartz lubes
wealed with a seplum, For fluorescence decay measure
moents, the labeled films were placed in a wimdlar quartz
tubc and degassed with N1

The preparation of filmns to be used for the mechanical
cludies was slightly different. Fiest dispersions of both
the Phe- and An-labeled particles were mixed in a1l
ratio. Then the mixed dispersion {solids content 23wt
was degassed by evacualion to 104015 Torr followed by
re-exposure back to atmospheric pressure, This procoss
was reprated a dozen times. Tinally the dispersion was
poured inlo an T-Teflon mold, 20 cm x 12 cin, 6.0 Mm
deep,

The mold was then placed into astill air enyirgrument
in a pre-warmed drying overn (Baxter, vacuum drying
oven model DE-32) at 39°C for a period of 48 hr. The
aven door was kept closed in order o maintain high
humidity in the oven. Slowing doiwn Lhe drying process
in Lhis way is esscntial for ablaining uniform films. The
only venting of the oven t the outside was through the
purt normally used to pull a vacuum in the oven. The
Hilmes obtained were free of air bubliles and presented a
nice and smoolh uniform surface. We prepared fikms
with an average thickness of 0.8 mm. For each type of
morphology asingle large Filrn was prepared. Then three
or four sections were cut from the film and these sections
were armealed for different times ak #0°C, For each an-
nealing lime, a poction of the film was conled to TOOM
termperature and the phenanthrene fluorescence decay
profile was measured in order o assess the extent of
polymer diffusion in the sarmple, From the rost of the
film, we cut test samples for both dynanic mcchanical
analysis and lensile experiments.

Tluorcscence decay measlrements employed the
single photon Hming technigue,™ as described previ-
ously ##16 using a pulsed deuiorivm lamp as the cxcita-
tion source.

Dynarmic Mechanical Analysis

Meazurements of the polymer rodudi (57, G} were
made using 1 Rheometrics Model RAA dynamic me-
chanical analyrer in the parallel plale geomelry 2.5 cmn
digmetet plaies), An oscillabing chear sirain was applied
to the sample via the lower plale, which rotabes slnsoi-
dally about a certain angle, and the resulting shear slross
i« measurcd as the torque at the upper plate. o our
systemn the most interesting part appeared to be located
al high temperature, in the “flow region” (avound the
GG crossover), To focus on this region for each [ype
of latex fitm, we carried out a frequency /temyperatiue
sweep. This test consists of several frequency swoeps at
fixed teraperature. At each pemperature, the frequency o
was varied {rom 107 to 10F rad /s Then, using the limc-
temperature superposition {TTS} principle,’” we con-
shructed a master curve that covers a wider range of
{requencies at a characteristic temperature. In this way




wio were able to observe differences in behavior induced
by the different types of crosslinking morph clogy in owr
sysbems. I order to maintain o torque value within the
gperating range of the maching, it was necassary in some
cases to increase the percent strain as the signal dimin-
jshed with Inereasing temperature {and decreasing fre-
quency}. To ensure linear wi scoclaslic strain behavior, ail
samples were tested by performing a strain swecp ar
both the initial and the final temperature.

Even 5o, for some samples, some of the data collected
at low torque values were at the limit of the rheometer
sensitivity, This sensitivity limit accownls [or the scatter
in the dala points at very low frequency on the master
curves. The sweeps were made at five different tempera-
tures bebwoeen 1007 and 280°C. I'he masler curves were
calcwlated for a reference temperature of 164°C. We were
initially concerned about lhe possibility of sample de-
composition at the high temperature end. We [o und that
once a frequency sweep test was complete, a new fre-
quency sweep on the same sanple at the: same or lower
ternperature gave the same results.

Tensle Testing

Standard tensile test specimens were cut from  the
Jalex [ilms using a metallic dic (similar to that described
in ASTM 12 1707-84). The cut specimens had the follow-
iny shape

20

The: tensile tosls were cartied gut ina room n which
the temperature and humidity were kept constant and
monilored (21°C /30 RH). The test specimens were
placed in the test room 24 he privr to cartying out the
tensile measurements, in order to allow Lhe samples to
cquilibrale with the room temperature and hinidity,
The testing muchine was cquipped with prieumatic
clamps. In this way lhe pressure applied on the speci-
men remained constant throughout the test and cen-
stant from sample to sample.

The deformation was [ollowed by recording the cross-
head displacemenl, employing a displacement speed of
19 mum/min. For each type of film, lor each annealing
lime, tensile tests wore repealed at least on four sampes
to assess the reproducibility and to calculate the stan-
dard deviations [or the messurement. Unfortunately,
duc to some sample imperfoctions (hat led to a mnaterial
shorlage (failure in the film formation), we sanetimes
had to limit ourselves to lests on two or three samples,

FLUORESCENCE DATA AND DATA ANALYSIS

Many experiments described are based wpon Férster
nem-radiative energy transfer™" between a donor dye
D, which is scleclively excited, and a sccond dye, the
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acoeptor A, The attractive feature of this process is that
the rale of energy transfer wir) depends sensitively on
the distance 1 botween he donor and acceptor chro-
mophores, wiry =11 AoniRe/ 08, in which o is the donoer
fluorescence lifetime in the absence of acceptors, and R.,
is the characteristic distance fthe Forster dislance) over
which F'T takes place. Typical values of R, are 2 to 5vm.
Thus ET measurements represent a powerful method to
measute distances, or the distribution of distances, in
complex senples. In our experiments, the Drand A groups
arc atlached to the backbome of individial polymer mok
ecules, ET experiments measure the rate or cxtend of
processes that bring, D and A groups together, or cause
them to move apart. For the phenanthrene-anthracene
pair employed here, Bo = 2.3 nm. &

In a system wilh uniformly distributed donors and
acceplors in three dimensions, the donor Auorescence
intensity decay Ipft), following a d-pulse cxcitation, is
described by equalion (13, where P is proportional to the
accoplor {quencher) comeentration (] 4512
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In cqualion (2), v is an orientation factor, and Ny is
Avogadro’s number. B, the pre-exponential tem, repre-
semts the flucrescence intensity at t” = .

The quantwun efficiency of energy transfer drer is de-
fined as®”

P=x

J“}D(_r*}dr

Ger -1 ﬂuo
1Bt
.[:: it

where Ioit) and Ip(t) are the decay functions of donay
fuorescence in the presence and absence of acceptor,
respectively. The integrals of the donor emisgion in cqua-
tion {3) can be evaluated from the arcas oblained expreti-
mentatly under the donor decay curves (normalizing the
decay curves at decay time zero) M giving

{3)

My =1- Amar’t‘}.-‘ﬂreaa* {4}

where Arealt] and Arean® are the areas under Lhe normal-
ized decay curves of donor fluorescence in the presence
and absence of acceptor, respectively. The () i Ares()
refers to the sample annealing titne. 1t is importanl 1o
note that the inlegrated area under the fluorescence de-
cay profile has units of Bme {ns}. The decay profile of the
phenanthrene donor employed here is exponential in
the absence of acceplors, and the denominakar in cqua-
tion (2} is cqual o o

W monitored the polymer diffusion process by mea-
suring changes in the extent of cnergy transfer between
denors and acceptors allached o the polymers origi-
nally scparated in individual particles, Fluorescence de-
cay measurements were carried out on our film samples
a5 4 means of assessing the extent of energy transfer ard
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polymer diffusion as a function of the thermal history.
To tharacierize the diffusion process, we calculated the
exlent of mixing due to diffusion by comparison of the
fluorescence decay curves, In simple systems where nne
cxamines small molecule diffusion in pelymers, oF the
diffusion of polymers it a sample with a very natrow
molecular weight distribution, this caleulation cant be
dome in & rigorous manner, so that vne can calculale the
conter of mass diffusion coefficients of the diffusing
species 09 Here, the situalion is much more complex.
The polymers themselves have a relatively broad distel-
bution of chain lengtlis and the molecular weight of the
sample increases 1o mfinity for the cromslinked particles.

A simple measure of the fraction of mixing, fadti, is
the normalized growth in cnergy [panster efficioney!®

Oerit)—®er(0) _ Arsal0) - Area(t)

fn = balfh = — = ; it
=l i) q:,lr{m;._mlr{ﬂ] Arealss)— Arealt] !

where |[Dgr(t) - Der(l}] represends the change in energy
{ransfer efficency between the initally prepa_rcd film
and that aged for time £ In our experience, the mosl
reliable way to obtain D7 is from the area under the
normalized fluorescence decay curve. To obtain an aco-
rate area for cach decay prolile, we [it the profile ko a not
entirely arbitrary mathematical function:

Ioft’) = A exp[t ol 1+ As expl-ti-a) {6

The physical meaning of the fitting parameters (A,
Az, P inequation (6) are nof imporkant hore, but ot can
use these paramelers to calculate the arca under the
normalized decay profile by inkegraling In(t"y from time
sevo Lo infinity. The (1) values are oblam ed by compat-
ing areas under the measured decay profiles for films
without agng [Areafil)], aged fur cortain limes LArealts],
and aged for a sufficlently long time Lo approach a mind-
mutn, value of area [Areel=]], Here we obiained the
Areatzt value using 1 solvent-cast flm, prf.*parcd from a
model latex with no crosslinking,.

RESULTS AND DISCUSSION

Design, Preparation, and Characterization
of Latex Somples

By sceded emulsion polymerization wnder monomer-
slarved conditions, we prepared a scries of acrylate co-
polyiner latex samples in which the fundamental mono-
mer composition was BMA plas bulyl acrylate (BAY,
with a BMA/BA ratio of aboul 10/1. Crosslinked par-
Hicles were obtained by adding 1 mal% of KGDMA to the
monomer feed. In all of these samples, the T, of the
copolymer is approximately 20°C. To oblain struciured
Jakex in which the reliculation was eonfined to only a
portion of the particle, ihe emulsion polymerization was
carried putin three successive stages. FGDMA was added
to the secd-plus-second-siage to obtaim corc-crosslinked
particles, Alternatively, the seed and scoond stage of the
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polymetization was free of difunctional monomer, and
the ECUMA was incorporated only inio the thivd stage
of the reaction,

All the cxperiments described involve pairs of latex
prepared from a eomgnim secd latex, The seed s unla-
beled and represents as much as 33% of the particle
volume for two-stage polymerizations, and a signifi-
cently smaller fractlon in the three-slage emulsion poly-
mets. In cach pair, onc s labeled with phenanthrenc
{Phe) as the donor (D) chromophore, and the other is
lubeled with enthracene (An) as the acceptor A% chro-
mephore for direct non-radialive KT experiments. The
phenanthrene  group i introduced using 2-
vinylphenanthrene as & COMONOICT The puthracens
oroup is ntroduced bsing g_anthryl methacrylate as a
comonorneT. In some instances whore this monomer was
used, the particle size was somewhat synaller fhan that
anticipated {rom the size of the sped particles and the
amount of monomer added

Through ET experiments, we hoped to examine three
foatures of the fibms produced from these crosslinked or
partially crosslinked latex. Our first eoncern is the infu-
aqce of uniform crosslinking on polymer difilsion in
latex films. The second topic is the influence of the loca-
tiom of crosslinks in a cove-shell latex on polymer diffu-
sion. The third featate concevns the influcrce of mor-
phology on EL in core-shell Iatex {ilms. We wished to
examing whether TT experiments on films prepared [rom
sclectively labeled latex can provide insights inte the
particle morpholagy.

To oxamine the influence of crosslinking on palymer
diffusion in lalex Alms, we synthesized bwo bypes of
lalex particles by hwo-stage emulsion polymerization.
One pair of latexes consists of linear polymer; the other,
of uniformly crosslinked polymer. Their parlicle stroc-
ture is indicated in the drawings below, In this nofation,
1D refers to a lalex consisting of linear uncrosslinked
polymer, and XY refors to uniformly crosslinked pav-
ticles. The superscript (™) refers to the Augrescont label.
With the exceplion of the seed, whicl is unlabeled, the
labvel distribution is vniform across the particles.

L'l L.l'-. x:\ }(A

In most of the latex samples described here the extent
of labeling is 1 mol® in the labeled domains, In the
wtruchured latex described in the {ollowing, only the
crosslinked component is labeled, the chiromo phore con-
lont of (his domain is 1 mol%. In the latex samples
composed of a linear polymer, the noneseed portion
containg a lowet amount of chromophore. In one pai of
dispersions, the label contenl is (.13 mol'f. Since this 1s
about a factor of 7 smaller than 1 mol%, we refor ti the
Phe- and An-abeled samples as L7 and LAY, respec-
tively. Another pair of uncrosslinked latex comtains (0.5
mol% latex, We rofet to these samples as LP? and L2,
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To examine the issuc of how the locus of crosshinking
affects polymer interdiffusion in latex films, we synthe-
sized two pairs of latox by thice-slage emulsion poly-
merization, in which the sced and the second stage con-
tain 1 mol% BGDMA to crosslink the core, In CrsnS, th
core represents 50% of the particle volume, whereas in
CyunS, the cone is much smalles, Here it comprises only
12% of the particle velume, Both the sccond-stage core
and the third-stage shell contain a similar extent of chro-
maphore label.

One normally uses transmission eleckron microscopy
{TEM) {0 examine the morphology of latex parlicles de-
signed w have a core-shell strachure. To obtain contrast,
ong has to be able Lo slain one of the components seloc-
lively. The small amwnmt of crosslinking agenl we use lo
crosslink the second-stage polyimer does nol provide
comtrast fur TEM experiments. In order to examine
whether ET experiments coupled with sclective labeling
ol the core can provide information on the morphology
of the particles, wo prepared parlicles analogous to CeanS
and Cyen S, In which only the crosslinked core is labeled
with 4 donor or acceptor dye.

Cuxr_.—'njs CAx.;S:uS I::::lx-:lm5 Cﬁ'xuzys

In all syntheses, the final lalex dispersion was ob-
tamned with a solids content of about 23 wt', with par-
ticle diamcters in Lhe range of 14 nm, with a narrow
size distribution. The uncrosslinked parlicles have a
molecular weight M., = BIL000 and M. ;= 4 These
vharacterishcs, for cach lalex, are swnmanized in Fible A
In some systems, the final particle stxe was smaller than.
expected, We suspected that some sccondary nucleation
may have sccurred during the lalex synthesis. To inves-
tigake this matter furlher, these samples were analyred
by alomic force microscopy. The analysis indicated that
the particles were munodisperse in size and showed no
evidence for small particles that would be produced
through sccondary nucleation, These AFM images also
confinmed the diameter previously measured by dy-
namic light seatbering

PFolymer Diffuslon In Films Formed from Lightly
Crosslinked Lobex

In {films prepared from unerosslinked latex, little or
no inferdiffusion occurs during film formation. Diffu-
siom is accelerated by an increase in temperature. AtHFC,
in films prepared from a 11 mixture of TP7 and L7,
mterdiffusion ocours om a tme scale of houes, The extend
of mixing (£} approaches 1.0 after about 60 he. The data
are presented in Vigure 1, and we see relatively little
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difference between films formed [rom the as-prepared
samples that contain the salts and SIS surfactant from
the cmulsion polymerization, and [atex cleaned with
ion-exchange resin prior to film formation. Tor reasons
to be discussed i a later seclion of this paper, the chro-
mophore conlert for this pair of latex is lower, .15
muol%, than that in other systems wo cxamined. Tn past
experiments carvied out in this laboratory,* we had
Little opportunily o exainine the effect label conlent on
fr. According to equatioms (1) and (2), the rate of donor
flucrescence decay 1pdt") is sensilive to the local concen-
tration of acceplors around each excited dunor, As dilfu-
sion proceeds, one expects that the efficiency ol ET (@rr,
equation (3)), including the limiting quantum yield, will
be smaller in this system than in systems with a higher
chromophore content, In Figure 1b we sec thal he value
of @©rr in the freshly prepated film is cose to zero, but
after a fow minules of annealing at 80YC, it increascs to
less than 001, The subsequent srowth in BT is slow, and
after about 4 by, gy approaches its limiting value of
(.35, As oxpected, Py reaches its limiting vahae as £,
approaches 1. Full mixing corresponds to polymer diffu-
sion over a distance comparable to a parlicle radius,

Torstudy interditlusion in films prepared from lightly
crosslinked lakex, we examine films propared from a
sample of (XY and XA} (open civeles in Figrres 2 and 3) as
well as from a sample of the second-stage polymer used
to symthesize core-crosslinked particles. ' hese latex par-
1icles (XT and X&) have a diameter of 55 nm and contain
1 mol% chremophore. Here the early stages of snnealing
exhibit somae features in common with those n Figere 1
a gapid growth in @er and in fp over the first hour al
80°C {Figare 2). Promounced differences appear at lnnger
annealing times. The most striking {feature of the data in
Pignres 2 and 3 is Lhat the extent of miving appears to
level off after about two howrs. For (X'™ and X4, the

Table 5—Reclpes for the Preparation of the Unlabaled Third-
shage (Shelly-Crosslinked Paricles and the Labeled Fully
Crosslinked Partlcles

Moterals 9 "o x> i
Shap 2: Fead
Beods .. ... 1087 45,10 2180503 21 7¢50)
15,4182 &6.37 &.373
1.523 0,634 0525
— 0.107 01149
23 —
D-ArhALL — — LA
Wator 475 14 1756
[ 1,254 0.02& 0.2y
S0E e 0,05 0,053 1,034
Slap 3 Faed
Soodd .. L ADER 158 Y
a8 28475 17.4
.28 2,793 1711
C. 14 0.447 0,281
— 045\3 —
— — [.355
20 £2.5 38,3
Doz .54 0.oae
0.z 0.623 0.384

421 Wiakght ot SlspErlar of tha sses sarfizles, The sges SIEoeEler smpoyves
therc 31105 rdisatad o porsritesss. Sl a—ounsz ara Inogram:
oo Jalars o e wie it o hofles e ngee o s ray oz stap.
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Figure 1—{a) Piot of the exdent of rmbing for V5
arnacling tme ot 80P C for ilms preparad farm
a 1:1 mixture of Pha- and An- laobgled
unerassinked latex porticlas (187 + LA7). par-
Jicles. (o) Plot of the quanturn efficiency of
energy fransfer Mg v anneaiing fime for this
firn, Coen points refer o fims formed friom the
rowe it Clased soints refer fa o film ot tained
from lotex dispersions treated with on ion-ex-
change resin to remave sotts and ionic surfas-
fant, Cleaning the lofex In Hhis way hos O neg-
ligible effect on the rote of polymer ifusion.

limiting value of fx is about 0.45 and the linniting value
of by — U.45. For (XP and X%, fhe limiting fr va lue is loss
fhan 0.3. These results provide clear evidence that
croaslinking limits the extent of interdiffusion. Since the
gel content of Lhe fatex particles is high (ca. B4, miximg
cemmot be due only to translational diffusion of enhite
polymer molecules. A significant portion of the growlh
in ET is due to the diffusion of long ends dangling from
the network in one cell, penctrating indo the network of
the neighboring cell. One imagines that the extent of this
interdflusion will be a function of the crosslink dersity.
This is an important topic to Investigate in fulure experi-
ments.

In Figuire 3, one scos another intercsting feature of the
data. In the newly formed Hlm, prior lo ammealing, et =
0.18. Since little or no potymer diffusion vecurs ander
these conditioms, we atiribute this resull o Bl actoss the
interparticle boundaries between adjacent Phe- and An-
labeled cells® Yory little BT was observed for the na-
scent film in Figure 1. There are two differences between
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and i fhe quanium efiiciency ol anargy troans-
far a5 o function of annedling fime at 80P C. far
Mims prepored from a 17 mixture of FPhe- and
At labeled orosslinked particles with a diant-
atarof &8 1m. (X0 « XA and for sirilar panicles
(XD + XA with o diamefer of 145 nrm {open
circles), Open points refer fo films formed from
the row latex; Closed points refer fo film ob-
toinent from lolex dispersions freafed with O
isn-exchange rasin fo remove solfs and ol
surfoctant,

the wamples, First, the particles used to prepare the filons
described in Figures 2 and 3 ate significantly smaller, Bh
am versus 140 nm for the uncrosslinked latex. These
films have a much higher surface-to-volume ratio. In
addition, these particles have a higher chrgmophore comn-
tent. The Phe-groups adjacent to the cell boundary scise
much higher local concentration of An-groups on the
other side of the inferface.

Polyrmet Diffusion in Flims Formed from
Core-Crosslinked Lafex

Cowe-LABELED: Sirn. UNLaBeLEr: We firsl comsidered
the cxarmple of a film prepared from cote-crosshnked
latex, in. which the crosslinked core is small {12% of the
particle volume), and only the core is labeled (i +
ChxaxnS). In designing Lhis experiment, we thought that
we woldd observe no energy transfer in the newly foroed
film if the crosshinked eores were completely encapsu-




lated by the uncrosslinked (and on-
labeled) shell. Under these crocum-
stancos, ind{vidual coves, labeled Lo
tho extenil of 1 mol® with cither The-
or An- would be isoladed from one
another. As seen In Figure 4, Dy is
voro in the newly formed film and
remains zero even as lhe film s an-
nealed for many hours at K0°C.

The core of lhis latex is labeled
with 1 mol% chromophore, In the
cvent that there was uniform mix-
ing of the core polymer with the
uncrosslinked shell, the cheo-
mophore would be diluled by a fac-
tor of about 8 1 this wers to ocour,
the chromophore concenlration
would e similar to that of the
uncrosslinked latex examined n Fig-
ure 1. The dala In Figurs 1 indicales
that cven with this low concentra-
lion of acceptors, a significant and
medsurable amount of BT would oc-
ur.

The second example we comsider
is & film prepared from core-
crogsslinked latex, in which the
crogalinked core is substantial (50%
of the particle volume), and only the
core is labeled (008 1| Clvan Sl
Here we find that there is no energy
transfer in the newly formed flm.
e romains zern for films annealed
for up to an howur at 80°C, and then
one observes the onset of encrgy
transfor, Dignre 3 provides an inter-
esting comparison of the behavior
of [[lms formed from the core-
crosslinked  latex  and  from
uncrosslinked  partticles,  The
crosslinked core contains 1 mol®:
chromophuore. Since lhese groups
would be diluted by a factor of two
if uniform mixing between the core
and shell took place, we chose to
make the comparisen with an
unerosshinked latex in which the ox-
temt of labeling is (L5 mod't, Both
pairs of particles have diameters of
ca. 140 nm. Cne sees in Figure B that
@1 in the nascent wneresshinked la-
tex film is close to wero. Polymer
diftusion occurs on heating, and ®rr
=012 after anmealing the filon at 80°C
for approximately 20 min. Further
annealing keads to an increase in ET
(Figures 3 and &}, with fy, approach-
ing 1.0 and Dy approaching a Liamit-
ing value of 045, In contrast, the
[ilm combaining core-crosslinked
polymer reaches a limiting value of
Py = 012, The limiting [ value,
caleulated using the data from the
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fully mixed uncrosslinked Tatex {ilm s a measure of full
mixing (equation (3]}, i 0.3,

W interpret these results fo indicate thatin the newly
formed film, the crosslinked cores are essentially s0-
lated from one another, As the films arc annealed, some
mixing occurs. Some of this mixing i due to the approxd-
matcly 20wt of the core that is not crosstinked, and
some of the mibxing may be duc w coagulation of cores M
adjacent patticles. '

o -CROSSLINKED; CORE AND SHELL. LABELLIR Expuri-
ments [0 examine the extent of diffusion in films pee-
parcd from the (Cx5)F and {CxS1* sories of latexes were
carried put ditferently than those described carlier., These
latexes were desioned to allow s to compare lhe growth
in tensile properties of the films with the cxtent of inter-
diffusion. Fluorescence decay measurements were car-
ried out v the same samples used {or tensile tosting, As
a consequence, much thicker films (0.3 to (8 mm) werc
prispured, and these required much longer drying (days)
at a slightly higher temperature {39°C). Some interdiffu-
siom ocewrred during film preparation. To caleulate Lo
we need a value of Arenff) {equation (3)). To obtain this
valug, we prepaved thinner letex [ilns at 30°C similat to
those desgribed provionsly, These 50 wm thick fitrms dry
in a malter of hours, conditions ynder which little cor mue
interdiffusion oceurs. We use the area under the Init")
decay curves of these newly formed films Lo calculate
Areail,

At early fimes, plots of fn versus anncaling [ime for
films prepared from core-rosslinked latex, in which
both the core and shell are fabeled, resemble the cLrves
obtained for the uncrosslinked latex with 1 mol% label,
There is an immediale increase in fu, which reaches 0.3
(@, = (1.3} In about 20 min at 807C. At later times, the
behavior s different: the systems reach ¥miling values
of fu-. =03 I:':IJEI - '|:|'4] fir [I:er_su]ﬁ}"“-r f_Cm‘,-_-U]S}Dl and fr =

e T o ATy
A @ r@- : B+ i
.\.:-./__‘ +I'\_'_/'| e '\__ﬂ_f,
—
0.4
0.3 \
Dy &
1 -
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8.1 ‘ &
1] A“_HL_ | 1
it a0 1K} 50 00
Time (min}
L Figure 6—Pich of the guanturr: efficisncy ot

¢ from Figure 5 on an expanded time scale,
The open clcles refer tathe uncrossinked [fnr=t
(L2 + [A2).
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{has [’-DET = EI.5]I for [I:Cxugj.s_}"\ + {C}:HEJSJDI, The corre-
sponding limiling value for thick flms of the fully
cromslinked latex is fn, — 0.4 Unfortunalely, we do nol
have data Lo reporl on interdiffasion n tbms prepared
from third-stage crosslinked latex,

Dynami¢c Mechanlcal Properties

Oscillatory shear measurcrents of G and G were
carried oul for film samples in the parallel plate geom-
ptry. Individual experiments involved vatialion of fre-
quency at comstant temperalure. The working lempera-
ture range for these expeviments was 1007 to 2807, and
cach messurement lasted about 2.5 br. Under these con-
ditions, oxiensive polymer diffusion takes place. ndi-
vidual measurements gave resubts thal were ndepen-
deat of thermal history for samples avnealed at 80,
the conditions of the LT cxperiments reporicd previ-
ously.
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Figure 7—Mastsr curves for G and =" gener

ated from lsothermal expeniments, colouloted
for crefarenca lemperafure of 1848 C W oot
as & and G va frequency (rad/s) Tor filrms
preparad fram o) the Lrterossinkect othex par-
Hiotes (187 + 1A), andd (B) the fully crossinked
lotex porhicles (0 + X0, In these and offrer
exomoles reported here (with the exception
of the third-stage crosslinked lofex), cfynamic
mechonical measuremenis ond tersle wers
~omled out on a BT eikture of Phe- and An-
Iahaledt latax in which bofh the second- and
thirc-stoge polymer hove @ simitor level (1
Frocd % of fobae




For cach of the samples examined, master curves were
caleulated fromn the set of frequency/temperature ex-
periments. The shapes of these curves depend vpon the
presence and localion of crnsslinking in the sample. We
first consider the two extreme silualions: latex films
formed from uncrosslinked and fully crosshinked par-
ticles. The masler curves for these two systoms are pro-
senled in Fignres 7a and 7h, respectvely.,

For films formed [rom the unerosslinked particles,
the behaviar observed for G and G s typical of (hat
observed for unorosslinked polymer with a beoad mo-
lecular weight distribulion. At low frequency, the me
chanical properlies are governed by viscous flow, One
expects a power law dependence of G and G in the
stress-strein behavion, willh G ~ «f and GY - o at low
frequency.™ In our experiments on the uncrosslinked
lalex films, G" exhibits an @' dependence in the low
fregquency range, whereas over the ramge of froquencies
that were accessible, G varies as m'7. For {47 measure-
menis, we wete himited by the sensilivity of the trans-
ducer and were unable o obtain deta at frequencies
which exhibit an e? dependence. A ling showing the e’
slope is shown in Figure 7a as a dotted line.

In the case of films [ormed from fully crosslinked
particles (Cigure 7b), the behavior i quite different. C
reaches a constant valoe fea. 7.7 « 107 Pa) in the lirnit of
low frequency, and G is much smaller than 71 his
polymer exhibits rubber-like elasticity, and O and O
ehave as predicted by the theory of rubber elasticity.

Tor lay the: basis for understanding the dynamic me-
chanigal behavior of the films prepared from partially
crosslinked latex, we comsidered the conseqLences of
introducing crosslinks into an uncrosslinked matrix. We
pictured these effects in the drawing in Figure 8, in which
we goncralize the data in Fiyure 7a to represent the
general case of an entangled but uncrosslinked polymer
film. As one introduces crosslinks, the film becomes
more clastic. € increases, particularly in the low fre-
quency ragime, since the crosslinks suppress polymer
[low. G also increases at low frequency. At higher fre-
quencies, one expects an increase in the plateau modu-
lus G0 [n lerms of the simple theory of nabber elaslicily,
(G~ is proportional to the number of mechanically active
chaing, which n lum dc‘pcnds upon the sum of the
mumber of chemical crosslinks m the systom. phas the
number of physical crosslinks due ho ¢ntanglemenls,

The linear dynamic mechanical properties of the films
formed from the slructured latex i intermoediabe be-
twien that of the uncrosslinked and fully crosslinked
latex [ilms. The data are shown in fiqure 9. In Figure 9a
the films formoed from the core-crosslinked particles
Ty, in which the crosslinked eore represents only
12% of the particle volume, resemble films of
uncrosslinked latex. The (37/0" crossover s shiffed to
somewhat higher frequency and higher modulus, Ome
still vbserves viscous flow atlow frequency, bat here G
docreases as 0" and G decreases as w7, Because only
a small [raction of the total pu!}'mcr volume is
crosslinked, one cbserves mainly he response of the
unerimslmked matri:,

There is a significantly grealer effect in films= of CyeeS.
in which the crosslinked core comprises 50% of the par-

Polymer Diffusion and Mechanical Praperties of Films

s +

W T

madufus {Fa)

Wl o+

P " L

-3 ladl 19
Trognemcy o0 [raedfst

Figiire 8—A representative plot of 5 and &7 v,
! frequgncy for gnuncrossinked enfonglaed poh-
mear of broad maleculor weight disfibution
wifh arrowes indicafing fhe change anticipated
in = ond S at o fraquency 0s crossinks ars
infroduced Infs the sikstem,

ticle volume (Figure 9b). The film gainy resistance Lo
deformation, particularly at low froquencies, The G"and
G7 curves lie virtually on top of one another and both
become proportional Lo @<=, Polymers near the gel point
commonly exhibit such a power-law dependence in this
frequency range 2+

m contrast lo the [(ilms prepared from the core-
crosslinked latex, the films prepared from the third-
stage {(shell)-cromslinked Tatex (Chxsm, Figrore 9c) are more
rigid. ‘There is still a tendency for viscous flow at low
frequency. There is no clear expression of a plateau modu-
lus al high Irequenu and weno lknger obsorve a G/ GY
crossover. Tlere, in the low frequency limit, we observe
anincrease of G wilh ot and G with ™. Comparing
the data in Figires 9b and 9¢, we note that the frequency
dependence of G does not seem to be allected by the
difference of morphology, which would sugyest that G~
i primarily sensilive {o the global extent of crossinking
in Lhe [l The G data are very difforent, ]:nrucn.ﬂ’ul} at
low frequency. 'The importance of this result is that it
demomstrates that In lalex flms formed from partially
crosslinked parlicles, the elastic modulus depends not
only on the extent of crosslinking but the particle mor-
phology as well.

The sensitivity of G and G™ to the morphology of the
latex used to formea film is not vnespected. Our observa-
tions remind us of the classic work of Lambla et al.,*
who prepared a scrics of lalexes from a commaon mx-
ture of acrylale monomers {methy] methacrylate + butyl
acrylate). Depending on the nature of the monomer feed
info the reactiom (staged foed, starved feed, power feed),
particles of different {but wncharacterized) morphology
were formed. Filins formed {rom these various particles
had very different dynamic mechamical properties. These
authors wera primari]x- mterested in the lemperahire
dependence of G, 3”, and tan &, since the position of Eher
glass transition was an important signature of the film
maorphology for these copolymer films.
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‘There 75 an intercsting comparison between two of
their experiments and our experiments with core-
crosslinked and third-slage crosshinked particles. Lamibsla
ct a1 compared the properties of films prepared {rom
lalex resulting from bwo ditferent two-stage ermalsion
polymerizations. In one, BA was polymerized in the
presence of a PAMMA seed; inihe other WMDWVA was poly-
merized in {he presence of u BA secd. Although no
morphological characterization is reported, one antici-
pates a hard-core/soft shell structure for the latex pro-
duced from the TMMA sced. The second reaction with
the PBA sved mighi give the inverse structure, with a
hard shell and a soft core. Both lataxes contaim 50%, of
each component. The authors find that the high T, poly-
mer formed in the final stage of the emulsion polymer-
ization is more offective at Increasing the film vaodulus
ot room temperalure than if the high Ty polymer forms
the core. We find that introducing crosslinks i the final
slage of the emulsion pulymerization has a much more
impaortant cffect on G at low frequency than the same
volume of crosslinked polymer present in the core. The
dynamic mechanical data for this system ave in fact quite

unusual in that G remaing above G” at all frequencies,
but the cuarve exhibits a kink which vittually touches the
G erve al amodulus of 102 Pa and a frequency near 1
Lrad /s, The system behaves like an vnerosslinked bot
enlangled polymer above the Link, with a crossover th a
crosslimk-dominated behavior at lowoer frequendies.

> O

Dispersed phase  Swollen crosslinked
core

Saimi-IPM

While we do mot bave cvidence about fhe morphol-
gy of the particles formed when the crosslinked poly-
mer is added in the final stage of the polymenization, we
doubt that a sepatale crosshinked shell phase is formed.
For our system in which the final stage polymer is chemi-
cally almost jdentical to the polymer already present, it
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Figure Y—hastar curves for G7and G gen etated from sothernal experiments, calculated for o reference
femperature of 1840, We plot as G and G vs, frequency (rclds) for fims prepored rom §op fhe core-
crosstinked [12%) latex parficles. (b) the core-crosshinked (50%) lotex parficles, ond (o) the third-stoge-
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Figpuee 1—Strass-sfroin plotsfor four fitr sarmplas
af the care-crossinkec (80%) fatex annealed
for twio hours gt 8'C, codlad fo room tar-
parature, and aquiibrafed 24 hr of 50% A
bhafore tensie tests were corlted ouf The
sample-to-sample diferences chenved fiare
are hpicol {(rather than best-case) of the tan-
sife expariments on the varaus fotes firms ra-
potad,

is likely Lhat the monomer sorbs into the seeds, and that
polymerization takes place within the existing particles.
Lwen in the case of redox initialion and polymerization
at room femperature, the polvmerizaon takes place
above the T, of the seed phase. If polymerization occurs
uniformly in Whe patticle, a scmi-interpenelrating net-
work (semi-TPN) will form. If the crosslinked polymer
phuase separates #s it fornns, dispersed droplets of the
crossiinked phase will form in the particle interior. We
depict these tiwo possibilities in he drawings, We would
like to emphasize thal there should be a significant dif-
ferenpe in properties between the semi-IFN morphology
and the case of a “core-crosslinked” steuciure with the
core stromgly swollen by the third-stage uncrosslinked
polvimer, When the crosslinked core is formed first, swell-
ing of the core by the linear polymer is resisted by e
deformation ealropy of the crosshinked network. In the
semi-1P™ structure, the crosslinked network is formed
in the presence of the linear polymer. This promokes a
looser struciure, with linear polymer entangled into the
chemically crosslinked network.

The rheological behavior observed in Fiyure 9 is temi-
niscent of that reported by Cavailld ct al¥ for films
prepared from a blend of hard snd soft latex particles.
This kind of siress-strain behavier wus attributed to a
percolation of the hard polystyrene particles in the soft
polylbulbyl acrylate} matrix Uhe similarity in stress-strain
behavior may favin a morphology for our third-slage
crosslinked lalex of a dispersed crosslinked phase that
formoed a percolation netwnek wpon annealing,

We dwoell oo these arpuments because we find the
mechanical properties of this systern teuly fascinating,
From a technological point of wiew, the results we de-
scribe suggest that one may oblain more effeclive con-
tenl over thi mechanical behavior of a film-forming Jatex
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L Figiure 1 T—8fress-shain plots for four samplas of - L
fafey fitns prepared fram he uncrossivied o
e (LU + LAT), bt subiected to difersnt ther-
ml histones: fo) hof annealed (fa = 0.1, An-
moeacted of B8P C o) 23 rdfn =030 o) 124
(Ten = Q) () 108.2 hr (T = 00.8). In these g
other examples reporfad. fangile fesfs wate
carried out an o LT miture of Phe- ond An-
lobated fufex In which befh the sscong- and
third-sfoge polymer fove o similar lovel {1 mal
Sar af Jafe!,

system using by varying the extent of crosslinking and
confining the ceosslinking agent Lo the final stage of the
cmudsion polymetization. This is a lopic well worlhy of
a more detailed investigalion.

Tensile Properfies of the Flims

Almewst all of [he films wused in the tensile experimearnts
were prepared {rom a T:1 mixture of Phee and Ana-
heled lalex. With these samples, we could measure the
corresponding extent of interdiffusion that toek place,
Tensile. measurcmoents were carried ont on thicker films
{5 1o 0.8 mm} than those used for many of the ET
cxperiments described previously. In order to cbiain
smooth and defect-tree films, the dispersions were dried
slowly (uver three days) at 35°C, After dog bone samples
were cul from the film, these samples were agad for 24
hr ut 20°C and 50% RH. Under this combination of cit-
cumstances, a small but significant extent of polymer
diffusion across the intercellular boundaries lakes place,
and we find that [, = 0 in the unammealed {lms. We
measured the evolution of tensile strength and the ox-
tent of interdiffusion that occurred as the films were
subsequently anncaled at 50°C,

Tensilc measurements require greal cate since defocts
In the sample can lead to premature rupture. The films
formed from the fully crosslinked latex were the most
delicake. For each sct of five samples examined, ooe or
twor had a significantly lower strain-at-break than the
others. Here we discarded the data {rom these samplos
and averaged the results of the remaining three or four
samples. We should emphasize, however, that nome of
the samples were brittle. (hey formed tough clastonmeric
films. Lven the worst case sample, a premature break in
a fully crosslinked film, cxhibited a strain-at-break of
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Table d—Young's Modulus Yaives (E, MPo) Dalarminad from Tensile Meao-
suraments on Lafex Films Prepared from Structured and Unshuctured Latex

a factor of b, the width and thickness cach

decrease by afactor ol & - Thus, Ay = Agh. The

Lextenx
ATH"Iiﬂ'H‘Ig R L_ _'l:-:tuiﬁ _‘Cxﬂs‘ - Es_n_ o
Mong o, Ta+7a BE 1 120+ 10 1o+ 18
WM arv gl 80T ., &d £ 200+£15 70115 13020

W O ateradond deelotine,
L TELE me for gk, V195 brisa -he st sar-ploy

disadvantage of pioting Fo/ A, versus A is
that the vield point is difficult to discetn in the

b . ; .
——  plot. Since we are more interested in compar-
220- 21 ing relative values of the yield shress and ten-
1901 15 sile strength, and (hese events occur at similar

values of &, we prefer to teport uncorrecied
“engineering” valoes of oy and oy, and “ap-

over 150%. A more typical example is shown in Hgnre
), wheve we present stress-strain plots for four samples
of a film annealed for 2 hr at 80°C, prepated from a core-
crosslinked latex (51% core valumed, For each curve, we
determine theo stress-at-break (o, the tonsile strengthy,
the strain-at-break (z.), the stress al the yicld point (Gy),
and the slope of the stress-strain plat at Jow deformation
(L, Younig's modulus). We also caleulate the toughness
W, the atea under the stress-straln curve, Typical star-
dard deviation values are found to be around £%, excopt
in the case of the Young's modubus where the standard
deviation values are found to be aroond 15%.

In Figures 10-12, we plot the data using as the y-axis
[(measured force}/(initial cross-soction area) = B/AL
Since the films underge elongation, the cross-section
area decreases with increasing strain. For elongation by

10
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P: s fe)
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%2 4 4
E ; (hj
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tress (MPa)

—~
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Strain (%)

= Figure T2—Sfress-sirain plofs o) for fims Dre- -

pared fom core~crossindied {12%) iotex 1]
mixture of (Crnns® ond (xS for diffarent
themnal histarias: (a) not annealed (F. = 0.25),
Annaated at 30 C for () 20 min (f. = 0.3 ()
1193 tw (fon = 0.65). Bottom: for fims praporent
from third-stage-crosslinkedd (60%) lctex for Gif-
ferent thesmal histories: (00 not orneglad, Ar-
frealed ot BIPC fordbd 2 fw (o) 2T e ol 179 3 B,
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parent” valuers of W,

EFFECIS OF ANNEsLNG: W ficsl considercd “enginecr-
ng” values of 6. and G, and “spparent” values of W,
ard the influence of anncaling on the cvolution of film
propertes. In Figure 11 wo present a stross-strain curve
tor cach of several annesling times for films prepared
from wncrosslinked latex. The curve labeled {a) 1s the
unannealed Glm. For this film, £, = 0.1, implying that
some inferdiflusion occurred during sample prepara-
tion, The stress-straln curve is typleal of an elastomer,
oxhibiting a strain-at-break of 375%, a lensile strength of
5 MPa, and atoughness of 12.6 MPa, When the films are
heated al 81°C, polymer ddlusion occurs. For curve (b
{23 hy), fm = OL3; Jor curve (o) (12 hel, fa = 0.4, for curve

o
z
£ (a)
g
=
2
=
=
0.8

1
[Ares - T
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T t i
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L_{ Figure 13—Flot of fim foughness (Q) vs. £, for ||
fifrns anneated at 8 C. for four diffarent types
of latfex Mirms: () uncrossinked lates: ) core -
crogsinked (12} lotax, (A) core-crossiniced
[50%, lorew: and (4 by Grossiinked lothaxs. 1 (5)
wa ot the same data v, annealing tme ard
Inciude datar for filrms of the third-sfage-
crosshnieed iotex (O}, Error bars reprasant one
standare deviafion,




{d] {105 hr), £, = 0.6, Lpon annealing, the stress-at-break
dppears to decrease slightly hefore increasing. These
changes arcsmall and may not be significant. The strain-
at-braak exhibits a small but slgnificont increase, but the
toughness does not chamge very much, Most of the
strength is developed as the films are formed,

This general conclusion applics o all the latex flms
W Exanﬂﬂed: ['Dugh {‘:]E{-’:ﬁﬁ fl]..l'.'l.\f'r fﬂl‘mr 3TN | 'l.-".-"it]'.'l.DLll'
annealing. Lponannealing, enly relatively small changes
in fensile strongth and toughness vccur. The most sub-
stantial changes occurred for the corc-crosslinked latex
{corc + shell labeled) where the cure represents 12%, of
the particle volume. The data are shown in Fignre 124,
Although only one trace is shown for cach annealing
lime, the differant samples ateach time were in cxcellert
dgreement with one anolher, The mitially formed film
(fw= 1.2} had a latge elongation-to-break but 4 refatively
woak bensile strenglh {co. 3 MPa). Small changoes oe-
curred following annealing at 80°C. for 20 min (f,, = (.3),
bt after exlensive amnealing (119 hr, £, = L65Y, the [(lns
exchibited 5 large increasc in yield stress, lensile stremgth,
Dut a decrease instrain-al-break. The toughness incroased
from abaul 10 Mg teurves (a} and (b)) to 18 MDa {curvg
fc)).

For the third-stage crosslinked sample, where we do
vt have ET data, we present the ovalution of the tensile
properties as a fluncbon of srnealing time. We see many
of the features exhibited in the core-crosslinked (12%)
samples, The imitially formed film exhilits Stthstantial
toughaess, with a yield stress of ca, 4 MPa. At the early
stages of annealing (2 hr), the toughness of the film
temains rather constan! at 14 MPa. When anncaled for
20 e, the film still presents similar charactetistics, For
much longer anncaling (119 ht} there is a significant
Increase in the yield stress and the stress-at-break. In
spite ol asmall decrease in (he stepin-a t-break, the lough-
ness of the flm has increased to 18 Mg,

Ereects on Latix MoreHoLocy: From the slopes of the
stressstraln curves at small deformation, we caloulated
values of Young's Modulus H.

Polymer Diffusion and Mechanical Properties of Films

TLi

004

Strain al hreak (%)

240

30 B t10

Aunealing time  [hy

1 ¥ L40)

Figuire T4—Plot of sfrain-at-break vs, arneaiing
firme ot 857 C for diferent Wes of iotax firms:
®) Uncrossiinked fotex: M) core Crossiinked
(12%) lotex, (&) core-crossinked (o058 iotex;
and (A} fully crossinked latsx: fhirg-stogre
crossinksd fotey (0,

bodh Csy® and C5,, the modulus mereases, but the
value for he core~rosslinked latox film s still largesr.
Somne of the differences here border on CRperimental
error. The most profound offect is on {ilms prepared.
from lhe Cinz$ Jutex, The wnamnealed film shows g)-
most 1o reinforcement from the presence of the small
crosshinked copa, Upon amm ealing, the modulus doubiles,
tobe comparable: to that of latex il with a 0% crosslink
comtent,

In Figure 13, we show two different ways of present-
ing the data on the avolution of film toughness for fitms
prepared fTom particles with difforent marphologies, In
Figure 13a, we plot tou glness versus f,, fur four ditferent
lypes of lates, For the uncrosslinked and corc-crosshivked
(12%) Intex films, the initial trnghmess is relatively low

The presence of erosslinks in
the latex has a substantial ef-
feet on the magnilde of E, (1) (b
which range from 76 Pa fow
the newly formed films of the ILE 11 7
unernsslinked latex by 2% Pa ’- ’-
for those of he uniformly =87 =87
. - -4 =
crosslinked polymer. For Bl B
unannealed films prepared | & =
frarm the slructured latex, the vyl 5,1
E wvalues increase with 1
crosslink content {Table 63, One 2T z+
sees, hovwever, that the mody-
lus of the third-stage cross- a t +— t —+  n f f + t
linked latex films is lower than o 0.2 0.4 i 0.8 ) 2 0.4 L& (1§
ihat of the core-crosslinked f f
CasnS latex films, even though ™ n
the crosslink content s identi-
E;;ti?aﬁgfﬁgﬂlﬁﬁaﬂlzf | Fgure 15&—~Fiots of m}. fen:-:r'r:e sf{snth {'rr.l,;,_ MPa) and (b)) yisio stress —
the uniform latex, but \riter- (o MPa} vs.lexfenr of interciffusion f. fc:l{ differant froes of lotex films:
, o (%) Lhcrosslinked lokex; (W} covg-crosslinked | 12%) lotex: (&) coro-
esting effects on films formed crossiinked (50%) latax; and (7} fully crossinied lotey,
from the struclured fatex. For
Yol. 72, Ne. 903, April 2000 5%
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{ra. 10 MPa), dips somewhat as the films ate annealed,
and then increases significantly for fy, greater than (0.6,
The core-crosslinked {50%) and fully crosslinked latex
give lougher llms withow armealing [Wh = 16 to 18
MFa}, and the toughness doees not increase very much
with armealing, cven though t, increases from an initial
value of 1.2 to a imiting value close 4o 0.5. In Figure 135
we see [he same dala plotted as a function of annealing
thrnee. Tlere the data for the third-stage crosslinked films
arc included. The data are more difficult to interpret,
although it is clear that extensive annealing leads to an
increase in toughness for some of the samples.

A more inleresting insight into the special propertics
of the third-stage-crosslinked latex films is provided by
the data on elongation-to-break presented in Fignre 14
As ome mipht expect, the films prepared {rom
uncrasslinked latex show the greatest elongation at break,
nearly 400%; and films of the fully crosshinked latex
exhibit the simallest sirain at break {20%). The core-
crosshinked {50%} latex forms films with a behavior simi-
far to that of the fully crosslinked latex, In cuntrast the
third-stage-crosslinked (304) latex forms {ilms thal have
sirain-at-break behavior almost identical to the films
formed from the latex in which the crosslinked core
comprises only a small fraction (12%) of the particle
volume. It is remarkable that films formed from these
latex particles exhibit high elashicity at low strain rates in
the osallatory shear experiments, facile film formation,
and high clongation 1o break that persisls even upon
profonged anncalimg.

Values of the tensile strength o and he yield stress &,
as a funclion of fr for different (il morphologics are
plotted in Figure 15. The films preparcd from
uncrosslinked latex and from core-crosslinked (12%) la-
tex have [ower values of oy, and gy, for films of the CxanS
sample appears o increasi with long annealing, Tor the
other samples, the stress-al-break does not change much
with anmealing leading to increased polymer interdiffi-
sion. Tilms prepared from the core-crosslinked (30%)
and fully crosslinked lalex have a higher tensile strength
and yield stress than the other two samples shown in
Figire 15. For these samples, the magnitude of ow is ondy
slightly larger than 6, As a comparison, o, is 7= 1 MPa
in the wnanncaled film of €5, , and evelves to 8.2 £ 0.4
MPa after prolonged annealing {119 hr) at 80°C. The
vield stress oy 1s 3.8 + (L3 MPa in the unannealed film of
CS, and evolves to 4.6+ 0.1 MPa after prelonged anneal-
ing.

CONCLUSIONS

We have carried out oscillatory dynamic mechanical
measurements and tensile measurements on films pre-
pared from structured and unstructured latex particles.
All the parlicles had the same global chemical composi-
tion. "The base polymer was a copolymer of butyl mth-
actylate and bukyl acrylate with a [y of 20°C. Structure
was introduced in the form of a low level {1 mol®) of
crosslinking, using sceded semi-continuous ermulsion
polymerization to control the locus of the crosslinking
agent in the particles, Most of the samples were also

50 Journal of Coatings Technolagy

labeled with donor or acceptor dyes so that encrgy trans-
fer experiments could be canded oul. In this way we
could monitor the extent of interdiffusion that occurred
in cach of the latex films as a function of annealing
history. ‘These ET experiments proved to be particularly
useful [or determining parlicle morphology for cove-
crosslinked particles in which enly the core was labeled.

The hinear dynamic mechanical measurements shinwed
that & and (" wore sensitive fo the particle morphol-
ogy, with particular sensitivity exhibited by the elastic
modulug G The tensile properties were less sensitive to
particle morpholegy. Films [or tensile experiments were
substantially thicker (0.8 mum}) thar those commonly vsed
for ET studies of polymer diffusion in latex films. Film
thickness has no effect on the polymer diffusion rate, bul
the films for tensile testing were subjected to prolonged
drying at 39°C. Under these conditions, sulficient poly-
mer interdiffusion vccurs during film formation far the
films to acquive substential sirength and loughness, Some
differences due to morphology are apparent. Fibms
formed from fully crosslinked latex and from corce
crosslinked latex with a large core fraction (50 vol%)
have somewhat larger tensile sirengths, yicld strengths,
and toughness than those formed from uncrosstinked
latex or latex with a small {129, crosslinked core. These
differences become less pronounced when the samples
arc annealed for long periods of lime {100+ hr} at A0°C.

Some of the most mteresting resulls were oblained on
films prepared from third-stage-crosslinked latex, These
fibmy exhibil vrusual dynamic mechanical propertics,
with high elaslicity at low shear rates. The systom forms
toupgh elashic films with a large clongation at break, nearly
350%. The latexes Lhemselves are vnlikely to have a
corcshell morphology with a crosshinked sheli. Rather,
we anticipate a semi-ivker penetrating nebwork-lilke stewc-
ture: in which the uncrosslinked component is free to
diffuse across the intercellular boundaries in the latex
tilm. This is a system which merits further attontion ip
future cxperiments.

We would like to emphasize that our results for the
films formed from the fully crosslinked latex are very
different than those reporled by Zasel and Ley™® for
films of PBM A copolymer latex crosslinked with 2 mal%
methallyl methacrylate. Their [ilms, which have a (%
somcwhatabove room temperature (ca. 30 C), are brittle,
even when annealed extensively at 90°C. They exhibit
oo yield and have a ensile strength close to zero, They
have argued that the crossover from tough to brittle
behavior ocours when the mean molecular weight be-
tween crosshinks M, beeomes smaller than the entangle-
ment melecular weight M., determined {roun the platean
modulus of the: corresponding lincar polymer.

Recently de Cermes and his co-workers™9- have de-
veloped a madel for adhesion behween crosslinked ¢las-
tomers, The model focuses on e role of connector mol-
coules such as the dangling ends of crosslinked network,
In this model, the energy of crack propagalion is op-
posed by the wark niecessary to overcome the frictinnal
resistance to pull-out of the connector chains. Tor con-
nactor molecules that traverse the interface scveral timoes,
this work can be greater than that necessary to brealk a
backbome bond in the conneclor chain.® The authors



commenl hat in glassy polymers, chain cleavage mav
oceur in preference to chain pull-out. While this model
dewes nat explain the change in behavior found bw Zosel
and Ley for PBMA networks when M. becomes less than
M., it does suggest that the differemce between our re-
sults wnd theirs may be due to a difference in rlass
transition temperature as well as a difference in crosslink
density. Resulis which support the itmportance of T, on
the behavior of adhesion in latex films prepared From
crisslinked particles is provided by the recent publica-
tion of Tamat el at,®
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