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ABSTRACT: Steady state fluorescence (SSF) technique was used to study the void clo-
sure process during coalescence of hard latex particles. Latex films were prepared by
annealing pyrene (Py ) -labelled poly(methyl methacrylate) particles above the glass
transition temperature. During the annealing processes, the optical clarity of the film
increased considerably. Direct fluorescence emission from excited pyrene was monitored
as a function of annealing temperature to detect these changes. Scanning electron
microscopy in conjunction with Monte Carlo simulations of photon diffusion in latex
film were used to interpret the fluorescence results. Void Closure temperature (Tc ) and
time (tc ) were measured at the point at which the fluorescence emission intensity
becomes maximum. This was associated with the longest optical path of a photon in
latex film. q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 63: 651–659, 1997

INTRODUCTION of mechanical stresses resulting from deforma-
tions of particles.

Latex films are generally formed by coalescence
Coalescence of polymer particles is generally de- of submicron polymer particles in the form of a
scribed by the formation of a uniform, homoge- colloidal dispersion, usually in water. The term
neous film by the merger of particles. Coalescence ‘‘latex film’’ normally refers to a film formed from
of organic polymers is always performed above the soft latex particles (Tg below room temperature)
glass transition temperature (Tg ) and driven by where the forces accompanying the evaporation
many different kinds of forces, either intrinsic, of water are sufficient to compress and deform the
such as surface tension, or externally applied as, particles into transparent, void-free film. How-
for example, in compression molding. Particle co- ever, latex films can also be obtained by com-
alescence in general requires a combination of pression molding of a film of dried latex powder
physical process, such as deformation, interdiffu- composed of relatively hard polymers, such as
sion, and stress relaxation, which can be distin- polystyrene (PS) or poly (methyl methacrylate)
guished in two different categories. First, a void (PMMA), that have Tg above room temperature.
closure process where molecularly contacting in- Aqueous dispersion of soft latex particles are
terfaces between particles can be established.1 called low-T, while nonaqueous dispersions of
Second, interdiffusion of chains across the inter- hard polymer particles are generally referred to
face to establish a uniform distribution of entan- as high-T. High-T latex particles remain essen-
glements, which is also called equilibration of ma- tially discrete and undeformed during drying. The

mechanical properties of such films can be evolvedterial.2 Void closure process is in fact a relaxation
after all the solvent has evaporated by an anneal-
ing process which first leads to void closure and

Correspondence to: Ö. Pekcan then interdiffusion of chains across particle-parti-
q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/050651-09 cle boundaries.
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Over the last several years, it has become possi- employed to quantify the temperature depen-
dence of Iop during latex formation.ble to observe latex film formation at the molecu-

High-T latex particles, with diameters ranginglar level. Small angle neutron scattering (SANS)
from 1 to 3 mm were used. Each particle consistedhas been used to examine deuterated particles in
of 96 mol % PMMA and 4 mol % polyisobutylenea protonated matrix.3 More extensive studies
(PIB), which formed an interpenetrating networkhave been performed using SANS by Sperling and
throughout the particle. The PIB is very solublecoworkers4,5 on compression molded polystyrene
in certain hydrocarbon media. A thin layer of PIBlatex films. These works covered mostly interdif-
serves for stabilization. A pyrene (P ) dye was usedfusion process during film formation. Alterna-
to label the particles.tively, the process of interparticle polymer inter-

diffusion has been studied by direct nonradiative
energy transfer (DET) using fluorescence decay
measurements in conjunction with particles la- THEORETICAL CONSIDERATIONS
beled with appropriate donor and acceptor chro-
mophors.6,7,8,9 This transient fluorescence tech- Photon Diffusion
nique has been used to examine latex film forma-

The journey of an excited or emitted photon to ortion of 1 mm diameter high-T (PMMA) particles6

from a dye molecule in a film formed from an-and of 100 nm diameter low-T poly (buthyl meth-
nealed latex particles can be modeled by photonacrylate) (PBMA) particles.7,8 These studies all
diffusion theory.16 The collision probability p of aindicate that in the particular systems examined,
travelling photon with any scattering center in aannealing the films above Tg leads to polymer in-
film is given byterdiffusion at the particle-particle junction as the

particle interface heals. Stephen Mazur10 has
P Å 1 0 exp(0l / » l … ) (1)written a extensive review on coalescence of poly-

mer particles in which he mainly discussed the
neck growth mechanisms and its several geomet- where l is the distance of a photon between each
rical approximations before interdiffusion of poly- consecutive collision and » l … is defined as the

mean free path of a photon. Here, the film is takenmer chains takes place. Recently, DET and the
as a plane sheet with thickness d , and the direc-steady state fluorescence (SSF) technique have
tion of incident photons is taken perpendicular tobeen used in this laboratory to study interdiffu-
the film surface (in z , the direction).sion processes at the particle-particle junction

In Monte Carlo simulations, random collisionsduring film formation by PMMA latex particles.11–15

can be determined by choosing p randomly in be-In SSF studies, film thickness is more critical
tween 0 and 1 (0 õ p õ 1). Then after each colli-than in fluorescence decay measurements. Special
sional step, l is calculated using eq. 1 for a givenattention must be paid to understand the effect
» l … value. The z component of the total distanceof optical clarity during the SSF measurements.
that a photon travels in the film is then deter-In this paper, void closure process due to vis-
mined by adding the z components of l values thatcous flow was studied in films formed from high-
are found from each of the collisional steps byT latex particles by monitoring the direct fluores-

cence emission (Iop) intensities from a dye using using the relation Sz Å ∑
n

i

liz , where i labels the
SSF technique. Latex films were annealed during

successive collisions during the journey of a pho-equal time intervals at elevated temperatures
ton. Photons emerging from the back and frontabove Tg . Monte Carlo simulations were carried
surface of the film without interacting with a py-out to calculate the number of scattered (Nsc ) and
rene molecule can be determined by using the fol-emitted (Nop) photons from a film by employing
lowing conditionsphoton diffusion theory.16 The evolution in optical

clarity is modeled by the variation in mean free
sz ú d and sz õ 0 (2)path ( » l … ) of a photon in latex films at each anneal-

ing step. Scanning electron microscopy (SEM)
was used to detect the disappearance of interpar- respectively, where the front surface of the film
ticle voids, which then was related to the variation is taken at the Z Å 0 position. The total number
in optical clarity and path (s ) of a photon in the of photons emerging from the front surface is then

represented by Nsc , which is assumed to be pro-latex film. The Vogel–Fulcher equation17,18 was

3830/ 8e70$$3830 12-03-96 12:01:35 polaa W: Poly Applied



VOID CLOSURE BY VISCOUS FLOW 653

portional to the intensity Isc of the light scattered where g is the surface energy, t is time, and r(r )
is the relative density. It has to be noted that,from latex film during SSF measurements.

In order to derive the relation for the fluores- here, surface energy causes a decrease in void
size, and the term r(r ) varies with the microstruc-cence intensity, Iop emitted from the latex film, we

defined the probability of a photon encountering tural characteristics of the material, such as the
number of voids, the initial particle size, anda pyrene molecule as
packing. Here, r(r ) can be defined as a volume
ratio of polymeric material to voids where, as rq Å 1 0 exp(0s /h ) (3)
goes to zero, r(r ) increases; however for large r
values, r(r ) decreases. Equation (4) is quite simi-Here, s represents the total distance that the pho-
lar to one which was used to explain the timeton travels in the film (optical path), and h is
dependence of the minimum film formation tem-the mean distance the photon travels in the film
perature during latex film formation.1,22 If the vis-before it finds a pyrene molecule. If s is large, the
cosity is constant in time, integration of eq. (4)probability of the photon encountering a pyrene
gives the relation asis high and vice versa. After collision with a py-

rene, the photon travels again (eq. 1). Then d is
compared with the z component of the total dis- t Å 0 2h

g *
r

r0

r(r ) dr (5)
tance sz (eq. 2) to find if the photon is emitted
from the film surfaces. The number of photons

where r0 is the initial void radius at time t Å 0.emitted from the front surface of the film is given
The temperature dependence of viscosity ofby Nop , which is assumed to be proportional to Iop ,

most amorphous polymers near their Tg can bethe fluorescence intensity.
described by Vogel–Fulcher (VF) equation as17,18

In Monte Carlo simulations, h and d were
taken to be fixed parameters with the values of
10 and 140, respectively. Here we have to note h Å A exp S B

T 0 T0
D (6)

that h is considered to be inversely proportional
to the pyrene concentration in latex film (which is
assumed to be constant during the film formation

where A , B , and T0 are the constants for a givenprocesses). The mean free path » l … was varied
polymer. For most glasses, T0 is typically aboutbetween 1 to 20 for a given d ; and for each » l … ,
507K, lower than Tg . Combining eqs. (5) and (6),the number of incident photons was taken to be
the following useful equation is obtained3 1 104 during the simulations. The number of

collisions n is varied so that the conditions in eq.
2 are satisfied. t Å 0 2A

g
exp S B

T 0 T0
D *

r

r0

r(r ) dr (7)

Void Closure Kinetics
Equation (7) will be employed to interpret the
fluorescence data to explain the void closureDillon et al.19 were the first to postulate that dry
mechanism in following the sections.sintering of two particles that are contact with

each other occurs through viscous flow of polymer.
Then particle deformation and void closure be-
tween particles can be induced by shearing stress, EXPERIMENTAL
which is generated by surface tension of polymer,
i.e., polymer air interfacial tension. The void clo- P-labeled PMMA-PIB polymer particles were pre-
sure kinetics can determine the time for optical pared separately in a two-step process. First,
clarity and film formation.20 An expression to re- MMA was polymerized to low conversion in cyclo-
late the shrinkage of spherical void of radius r to hexane in the presence of PIB containing 2% iso-
the viscosity of surrounding medium h was de- prene units to promote grafting. The graft copoly-
rived and given by the following relation:21 mer so produced served as a dispersant in the

second stage of polymerization, in which MMA
was polymerized in a cyclohexane solution of the

dr
dt
Å 0 g

2h S 1
r(r ) D (4) polymer. Details have been published else-

where.23 A stable dispersion of spherical polymer
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particles was produced, ranging in radius from
1 to 3 mm. A combination of 1H-NMR (nuclear
magnetic resonance) and ultraviolet (UV) analy-
sis indicated that these particles contain 6 mol %
PIB and 0.037 mmol P groups per gram of poly-
mer. (These particles were prepared by B. Wil-
liamson in Prof. M. A. Winnik’s Laboratory in To-
ronto.)

Latex film preparation was carried out in the
following manner. The P-labeled particles were
dispersed in heptane in a test tube. After complete
mixing, a large drop of the dispersion was dropped
on a round silica window plate with a diameter of
2 cm. The heptane was allowed to evaporate. Then
the films were annealed above the glass transition
temperature of PMMA for 30 min at temperatures
ranging from 110 to 2207C. During annealing,
temperature was maintained within {27C.

Afterwards, fluorescence experiments were
performed. The silica plate was placed in the solid
surface accessory of a Perkin Elmer Model LS-

Figure 1 Emission (Iop ) and scattered (Isc ) spectra of50 fluorescence spectrometer. All measurements
pyrene, after latex film sample was annealed at 100

were carried out in the front face position at room ( ), 170 (----) , and 2007C (rrrrr) for 30 min inter-
temperature. Slit widths were kept at 2.5 mm. vals and excited at 345 nm.
Film thicknesses were measured by weighing the
silica plate before and after the film was cast. P
was excited at 345 nm, and fluorescence emission RESULTS AND DISCUSSION
spectra were detected at room temperature in the
340–500 nm range. Film samples were illumi- Optical Clarity and Void Closure
nated only during the actual fluorescence mea-
surements and at all other times were shielded Typical emission (Iop ) and scattered (Isc ) spectra

of a latex film are shown in Figure 1. Upon anneal-from the light source. In all experiments, maxi-
mum peak heights at 345 and 375 nm were used ing, P intensity (Iop ) first increased and reached

a maximum at 1507C, then decreased. However,for the scattered and P intensities (Isc and Iop) ,
respectively. Peak ratios were always checked in Isc decreased continuously above 1207C with in-

creasing annealing temperature. Iop and Isc versusthe P spectra during the experiments.
In fluorescence measurements, errors originate annealing temperature are plotted in Figure 2(a)

and (b).mostly from the surface inhomogeneities (voids
and cracks) of film samples, which cause variation The variation in Iop depends on the mean opti-

cal path s of a photon in the film. This mean opti-in Isc and Iop intensities. Signal-to-noise ratio in
fluorescence intensities are quite low (1–2%) and cal path is directly proportional to the probability

of the photon encountering a pyrene molecule. Be-can be neglected in error estimations. Here, five
to six samples were run under each set of condi- fore annealing, the photon is scattered from the

particle surfaces. That is, the mean free path ( » l … )tions to test the reproducibility of results. Below
the healing point, errors in fluorescence intensi- is of the order of the size of the particle and inter-

particle voids. After a few steps, the photon re-ties were estimated to be about {10%. Above the
healing point, errors decrease to {5% due to dis- emerges from the front surface of the film. Thus,

the mean optical path s is very short. After theappearance of surface inhomogeneities. Errors in
times simply come from the chronometer, and this void closure process is completed, scattering takes

place predominantly from the interparticle inter-increases at shorter time intervals.
Scanning electron micrographs were taken at faces, and the mean free path is of the order of

the deformed particle size. In this regime, (with10–15 kV in JEOL JSM microscope. A Hummer
VII sputtering system was used for gold coating the same number of rescatterings), a photon will

stay for a much longer time in the film, and Iop willof latex films.
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3(a) and (b). Here, Nop first increases then de-
creases by increasing » l … , which indicates that for
intermediate » l … values, the optical path s of a
photon is longest and the probability of encounter-
ing a pyrene in the film is highest. As a result,
Nop reaches a maximum. However, for shorter and
longer » l … values, the photons can easily escape
from the front and back surfaces of the film, re-
spectively. As a result, the number of back scat-
tered photons Nsc decreases continuously with in-
creasing » l … values.

In order to support these findings, scanning
electron micrographs (SEM) of latex films were
taken before and after annealing above Tg for 30
min. Figure 4(a) shows the SEM result of a pow-
der film before annealing; Figure 4(b) presents a
micrograph of a film annealed at 1407C, at whichFigure 2 Normalized a 0 Iop and b 0 Isc intensities
voids have disappeared, but with some structureversus annealing temperature for latex film samples.
related to particle interfaces. A transparent film
obtained by annealing at 1807C is shown in Fig-
ure 4(c) .increase. After the completion of the void closure

SEM results are found to be consistent withprocess, these interfaces are removed by inter-
the photon diffusion model. Schematic figures ofdiffusion of chains.10,11 The film becomes essen-
film formation by high-T latex particles and itstially transparent to the photon, the mean free
relationships with the mean free and opticalpath diverges, and s is of the order of the film
paths ( » l … and s ) are presented in Figure 5. Thethickness d .
early stage of film formation is shown in FigureThe maximum in Iop can be explained by the
5(a), where close packed particles form a powdervoid closure process at the interparticle interface.
film that includes many voids. This film yields lowThe time (30 min) can be referred to as the void
Iop and high Isc values due to short » l … and sclosure time (tc ) at 1507C, during which polymeric
lengths. Figure 5(b) presents a film on which, duematerial occupies the interparticle voids. At this
to annealing, interparticle voids start to disap-temperature (Tc ) and time, tc interparticle voids

disappear, and the latex film starts to become
semitransparent to the exciting light for P mole-
cules. As a result, the emission intensity Iop

reaches a maximum. At 2107C, complete trans-
parency is reached due to complete annealing of
latex film with the disappearance of all interparti-
cle interfaces. It is here that the Iop decreases once
more.10,11

We have demonstrated, by means of Monte
Carlo simulations to be discussed below, that
merely the film thickness represents a much
shorter value then the optical path, that obtained
by multiple scattering from interparticle inter-
faces after the void closure process is completed.

Simulation of Photon Diffusion in Latex Film

These speculations can be modeled and the behav-
ior of Iop and Isc can be interpreted by results of Figure 3 Plot of Monte Carlo simulations: (a) Nop and
Monte Carlo simulations. Nop and Nsc are plotted (b) Nsc versus mean free path » l … of a photon in film of

thickness d Å 100.versus mean free path » l … of a photon in Figure
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evolution of the optical clarity during film forma-
tion from high-T latex particles is related to the
void closure process. It is possible to obtain a
quantitative value from these observations. A
similar behavior for Iop was observed for other la-
tex film samples that were annealed at other time
intervals. However, the maximum in Iop is shifted
to higher temperatures for shorter annealing
times. When the film was annealed for 90 min,
the maximum in Iop appeared at 1307C. However,
as the annealing time decreased (40, 30, 15, 10,
and 5 minutes), the temperature for the maxi-
mum in Iop increased (140, 150, 160, 180, and
2107C, respectively). Figure 6(a) – (c) presents
the results for samples annealed at elevated tem-
peratures for 15, 10, and 5 min.

In the previous section, the maximum in Iop

was already explained in terms of the void closure
process, where polymeric material flows and fills
up the interparticle voids. The maximum in each
experimental set corresponds to the void closure
time (tc ) for a given temperature or the void clo-
sure temperature (Tc ) for the time required for
the polymeric material to flow into the voids. For
instance, at 160, 180, and 2107C, tc values were

Figure 4 Scanning electron micrographs of latex
films, annealed for 30 min at (a) 25, (b) 140, and (c)
1807C.

pear, which gives rise to higher » l … and the longest
s values. In such a film, one can observe high Iop

and low Isc intensities. Finally, Figure 5(c) shows
a fully transparent film with the longest » l … but
smaller s values. This film has low Iop and Isc in-
tensities. Figure 5 Schematic illustration of the (I) film forma-

tion from high-T latex particles and (II) variation in
Void Closure During Latex Film Formation mean free and optical paths ( » l … and s ) during film
Based upon SSF and SEM results in conjunction formation; (a), (b), and (c) correspond to the film for-

mation stages explained in the text.with Monte Carlo simulations, it appears that the

3830/ 8e70$$3830 12-03-96 12:01:35 polaa W: Poly Applied



VOID CLOSURE BY VISCOUS FLOW 657

intensity. This picture can also be visualized by
Frenkel’s neck formation model,24 which takes
into account the identical contacting spheres un-
der the influence of surface tension. Frenkel’s
model assumes that the displaced volume is redis-
tributed uniformally such that the remaining sur-
faces keep their spherical shapes but of larger ra-
dii, which offers a larger mean free path » l … of a
photon during its journey in the latex film. Figure
7 illustrates Frenkel’s picture for neck formation
process from latex particles. If the assumption is
made that Iop is inversely proportional to the void
radius r , then eq. (8) can be written as

t Å 2AC
g

expS B
T 0 T0

D I2
op (9)

Here, r 02
0 is omitted from the relation since it is

very small compared to r02 values after void clo-
sure processes start. Equation (9) can be solved
for Iop to interpret the results in Figure 6, as

Iop Å S (t ) expS0 B
2(T 0 T0)D (10)

Figure 6 Plot of Iop versus annealing temperature for
films annealed in (a) 15, (b) 10, and (c) 5 min intervals. where S (t ) Å (gt /2AC )1/2 . For a given time, the

logarithmic form of eq. (10) is given as follows:

found to be 15, 10, and 5 min, respectively. At
1307C, the maxima in Iop for the corresponding lnIop Å lnS (t ) 0 B

2(T 0 T0)
(11)

time intervals does not differ. This may indicate
that, at this temperature, the void closure times
do not change when the time intervals are in-
creased.14,15 In other words, 1307C is the minimum
required temperature for the void closure in high-
T latex particles during film formation. For a
given tc and Tc , interparticle voids completely dis-
appear due to viscous flow. As a result, Iop reaches
a maximum.

In order to quantify the above results, eq. (7)
can be employed by assuming that the interparti-
cle voids are in equal size and the number of voids
stays constant during film formation (i.e., r(r )
} r03) , integration of eq. (7) gives the relation

t Å 2AC
g

expS B
T 0 T0

DS 1
r2 0

1
r 2

0
D (8)

Figure 7 Geometrical illustration of Frenkel’s neck
growth model between identical particles: (a) beforewhere C is a constant related to relative density
and (b) after neck growth. R0 , R , and r0 are the particle

r(r ) . As we stated before, a decrease in void size
and void radii before and after neck growth, where R

(r ) causes an increase in mean free path » l … of ú R0 and r0 ú r .
a photon, which then results an increase in Iop
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Figure 8 Fit of the data in Figure 6 to eq. (11). Slopes
of the curves produce B values.

Data in Figure 6 are fitted to eq. (11), and B
values are obtained from the slopes of the straight Figure 9 Plot of annealing time versus temperature
lines in Figure 8. The averaged B value is found for the maxima of Iop intensities.
to be 16 1 103 7K, which is four times larger than
that found for an acrylic25 (41 103 7K), and eighty

pret this difference between B values. However,times larger than that found for waterborne
one may argue that B value found from eq. (12)acrylic latices.20,26 The smaller value for a copoly-
may be the critical one at the final stage of themer of MMA and 2-ethyl hexyl acrylate latices
void closure process where the polymeric materialwas attributed to the plasticizing effect of water.20

In our case, no such plasticizing effect is expected
because our PMMA latex has glass transition of
3807K, which is very high compare to waterborne
acrylic latices (TgÉ 2807K). As a result, the value
of B Å 16 1 103 7K for our system seems to be
quite reasonable for hard latex particles. Here, it
has to be noted that curves in Figure 8 are plotted
up to the maxima, i.e., void closure temperature
Tc . The right-hand side of the curves in Figure 6
present the interdiffusion processes during film
formation.

The maximum values of Iop in Figure 6 corre-
spond to the (tc , Tc ) pairs, at which eq. (8) can be
written as

tc Å S (rc )expS B
Tc 0 T0

D (12)

where S (rc ) Å 2AC /gr 2
0 . Here, rc is the critical

void radius at which optical path of a photon be-
comes longest in the latex film. As soon as rc

reaches zero, chain interdiffusion (i.e., equilibra-
tion) starts at deformed particle-particle inter-
faceses.14,15 (tc , Tc ) data are plotted in Figure 9
and fitted to the logarithmic form of eq. (12). B
is produced from the slope of the straight line in Figure 10 Data in Figure 9 are fitted to eq. (12),
Figure 10 and found to be 7 1 103 7K, which is where tc and Tc are named as void closure time and
two times smaller that found by using eq. (11). temperature given in text. The slope of the curve pro-

duced B value.At this stage of our work, we are unable to inter-
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