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Latex films were prepared separately by annealing pyrene (P,) labeled poly (methyl methacrylate) (PMMA)
particles above the glass transition temperature. The variation in the direct fluorescence emission of excited pyrene
from labeled latex films was monitored as a function of annealing temperature. Void closure temperature (T.) and
time (t.) were determined at the point where the fluorescence emission intensity becomes maximum. Below this
point, increase in fluorescence intensity (Iopp) against temperature was used to determined the activation energy
for viscous flow (AH2247 kcal/mol). Decrease in Iop above the void closure temperature was used to produce the
backbone activation energy (AE=44 kcal/mol) for the interdiffusing chains.
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1. Introduction

The term “latex film” normally refers to a film
formed from soft latex particles (T, below room
temperature) where the forces accompanying the
evaporation of water are sufficient to compress
and deform the particles into transparent, void-
free film. However, latex films can also be ob-
tained by compression molding of a film of dried
latex powder composed of relatively hard poly-
mers, such as polystyrene (PS) or poly (methyl
methacrylate) (PMMA) that has T, above room
temperature. Aqueous dispersion of soft latex
particles are called low-T, while nonaqueous dis-
persion of hard polymer particles are generally
referred to as high-T. High-T latex particles re-
main essentially discrete and undeformed during
drying. The mechanical properties of such films
can be evolved after all the solvent has evapo-
rated by annealing process which first leads to
the growth of “necks”, molecularly contacting in-

torfaces hetween narticles and then interdiffucion
teriaces dbetween partiCies anda tien mieraliiusion

(equilibration) of material properties within those
necks take place.

The process of interparticle polymer inter-
diffusion has been studied by direct nonra-
diative energy transfer (DET) using fluores-
cence decay measurements conjunction with par-
ticles labeled with appropriate donor and ac-
ceptor chromophors® 3% This transient flu-
orescence technique has been used to examine
latex film formation of 1 pm diameter high-T
(PMMA) particle! and of 100 nm diameter low-
T poly(butyl methacrylate) (PBMA) particles??3.

These studies all indicate that in the particular
systems examined, annealing the films above T,
leads to polymer interdiffusion at the particle-
particle junction as the particle interface heals.
Mazur® has written an extensive review on coa-
lescence of polymer particles, in which he mainly
discussed the neck growth mechanism and its sev-
eral geometrical approximations before interdif-
fusion of polymer chains takes place. Recently,
DET and the steady state fluorescence technique
have been used in this laboratory to study the
interdiffusion processes at the particle-particle
junction during film formation by PMMA latex
particlesf—9.

In this work, latex films formed from P, labeled
high-T latex particles were annealed during equal
time intervals at elevated temperatures above T,
and neck growth (void closure process) due to vis-
cous flow was studied by monitoring the direct
fluorescence emission intensity (Igp) from a dye
using steady state fluorescence (SSF) technique.
Equilibration regime was monitored above void
closure point using SSF technique by monitoring
Ipp versus temperature. The evolution in optical
clarity is explained by the variation in mean free
path ({I)) of a photon in the latex films at each
annealing step. The void closure equation was
derived and employed to quantify the tempera-
ture dependence of Ipp was modeled by assum-
ing the increase in crossing density of chains due
to equilibration process. The method developed
by Prager and Tirrell'® was employed to investi-
gate the equilibration process. Activation ener-
gies of viscous flow, AH and backbone motion,
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AE were measured and found to be 47 kcal/mol
and 44 kcal/mol, respectively during latex film
formation.

2. Experimental

Pyrene (P,)-labeled PMMA polymer particles
sterically stabilized by poly(iso butylenes) (PIB)
were prepared separately in a two-step process!!.
Scanning electron microscope studies indicated
that these spherical particles ranged in diameter
of 1-3 pm. Glass transition temperature of these
particles are found to be around 110 °C. These
particles are made up of polymer with molecu-
lar weight of M, ~1.5x10°. A combination of
'H-NMR and UV analysis indicated that these
particles contain 6 mol % PIB and 0.037 mmol
P, groups per gram of polymer (These particles
were prepared in Prof. M. A. Winnik Laboratory
in Toronto). Latex film preparation was carried
out in the following manner. The P, labeled par-
ticles were separately dispersed in heptane in a
test tube. After complete mixing, a large drop of
the dispersion was dropped on a glass plate with
the size of 0.9x3.2 cm?. The heptane was allowed
to evaporate. Then the films were annealed above
the glass transition temperature of PMMA for 5,
10, 15, 30 and 60 min. time intervals at tempera-
tures ranging from 110 to 220 °C. During anneal-
ing, temperature was maintained within 41 °C.

For steady state fluorescence (SSF) measure-
ments the glass plate was placed in the solid sur-
face accessory of a Perkin-Elmer Model LS-50 flu-
orescence spectrometer. All measurements were
carried out in the front-face position at room
temperature. Slit widths were kept at 2.5 mm
during all SSF measurements. Pyrene (P,) was
excited at 345 nm and scattered light and fluo-
rescence emission were detected between 360-500
nm range. Film samples were illuminated only
during the actual fluorescence measurements and,
at all other times, were shielded from the light
source. In all experiments maximum peak at 375
nm were used for the P, intensity (Iop) measure-
ments. The variations in Igp versus temperature
are shown in Fig la, b, ¢ and d for 10, 15, 30 and
60 min annealing time intervals, respectively.

3. Results and Discussion

As shown in Fig 1, in all fluorescence exper-
iments upon annealing, P, intensity (Ipp) first
increased and reached a maximum and then de-
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Figure 1. Plot of Ipp versus annealing temperature
for P, labeled high-T latex films annealed in a- 10,
b- 15, ¢- 30 and d- 60 min time intervals.

creased. It is well established that the variation
in Iop depends on the mean optical path, s, of a
photon in the latex films®~®. This mean optical
path is directly proportional to the probability of
the photon encountering a pyrene molecule. Be-
fore annealing, the mean free path ({I)) is order
of the size of the particle and inter-particle voids.
After a few steps, the photon reemerges from the
front surface of the film. Thus, the mean optical
path, s, is very short. After the void closure pro-
cess is completed, scattering takes place predomi-
nantly from the interfaces and the mean free path
is of the order of the deformed particle size?. In
this regime, (with the same number of rescatter-
ings) a photon will stay for a much longer time in
the film, and Iyp will increase. After the comple-
tion of the void closure process, these interfaces
are removed by interdiffusion of chains”™®. The
film becomes essentially transparent to the pho-
ton, the mean free path and s become of the order
of the film thickness. As a result Ipp decrease.
The maximum in Iyp can be explained by the
void closure process at the interparticle interface.
For instance the time (10 min) can be referred
to as the void closure time (t.) at 180 °C, dur-
ing which polymeric materials occupies the in-
terparticle voids. At this temperature (T.) and
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Figure 2. Schematic illustration of the (I) film for-
mation from high-T latex particles (II) variation in
mean free and optical paths ({I) and s) during film
formation; (a), (b) and (c) correspond to the film
formation stages explained in the text.
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time, (t.) interparticle voids disappear and the
latex film starts to become transparent to the ex-
citing light for P, molecules. As a result, the
emission intensity, Ipp reaches a maximum. This
point can also be referred to as the healing point
(at high temperature) interdiffusion of polymer
chains start and equilibration is established upon
annealing the latex film. At 210 °C, 90% trans-
parency is reached due to complete equilibration
of latex film with the disappearance of all inter-
faces where Ipp is reached its minimum value.

Schematic figures of film formation from high-T
latex particles and its relationships with the mean
free and optical paths ({I)) are presented in Fig 2.
Early stage of film formation is shown in Fig 2a,
where close packed particles form a powder film
which includes many voids. This film yields low
Ipp value due to short (I) and s lenghts”~®. Fig
2b presents a film where, due to the annealing,
interparticle voids start to disappear which gives
rise to a higher (I) and the longest s values. In
such a film one can observe highest Ipp intensity.
Finally, Fig 2c shows a fully transparent film with
the longest (I) but shorter s values. This film
should present low Ipp intensity.

3.1. Voids Closure Mechanism

In the previous section, the maximum in Ipp
was explained in terms of the void closure pro-
cess, where polymeric material flows and fills up
the interparticle voids. The maximum in each
experimental set corresponds to the “void closure
time” (t.) for a given temperature, or the “void
closure temperature” (T.) for the time required
for the polymeric material to flow into the voids.
For instance, at 140, 160 and 180 °C, t. values
were found to be 30 min, 15 min and 10 min, re-
spectively. At 130 °C the maxima in Iyp for the
corresponding time intervals does not differ. This
may indicate that at this temperature, the void
closure times do not change, when the time inter-
vals are increased®®. In other words, 130 °C is
the minimum required temperature for the void
closure in high-T latex particles during film for-
mation. For a given t. and T, interparticle voids
completely disappear due to viscous flow. As a re-
sult, Iop reaches a maximum. These observations
can be interpreted by some appropriate models.

Dillon et. al.'? were the first, postulated that
dry sintering of two particles which are in con-
tact with each other occurs through viscous flow
of polymer. Particle deformation and void clo-
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sure between particles can be induced by shear-

Where AH is the activation energy of viscous

ing stress which is generated by surface tension of

flow i.e. the amount of heat which must be given

polymer i. e. polymer-air interfacial tension. The

to one mole of material for creating the act of a

void closure kinetics can determine the time for

jump during viscous flow. AS is the entropy of

optical transparency and latex film formation!3.

activation of viscous flow. Here A represents a

An expression to relate the shrinkage of spherical

constant for the related parameters which do not

void of radius, r to the viscosity of surrounding

depend on temperature. Combining Eq 2 and 4

medium, i an expression was derived!.

dr v 1

at 21 (p(r))
where v is surface energy, t is time and p(r) is the
relative density. It has to be noted that here sur-
face energy causes a decrease in void size and the
term p(r) varies with the microstructural charac-
teristics of the material, such as the number of
voids, the initial particle size and packing. Here
p(r) can be defined as a volume ratio of polymeric

material to voids where as r goes to zero p(r) in-
creases, however for large r values p(r) decreases.

(1)

the following useful equation is obtained

()

Eq 5 will be employed to interpret the fluores-
cence data to explained the void closure mecha-
nism in following the sections.

In order to quantify the behavior of Igp be-
low void closure point (T,, t.), Eq 5 can be em-
ployed by assuming that the interparticle voids
are in equal size and number of voids stay con-
stant during film formation (i.e. p(r) oc r73),

Eq T is similar to one, which was used to explain
the time dependence of the minimum film forma-
tion temperature during latex film formation!?-'6.
If the viscosity is constant in time, integration of
Eq 1 gives the relation as

2n [T
2

t= p(r)dr
7 T0o

2)

where r, is the initial void radius at time t=0.
The dependence of the viscosity of polymer
melt on temperature is affected by the overcom-
ing of the forces of macromolecular interaction
which enables the segments of polymer chain to
jump over from one equilibration position to an-
other. This process happens at temperatures at
which free volume becomes large enough and is
barrier. The height of this barrier can be char-
acterized by free energy of activation, AG during
viscous flow. Frenkel-Eyring!'” theory produces
the following relation for the temperature depen-
dence of viscosity
_ Noh

n=——exp(A/kT)

2 3)

Where N, is Avagadro’s number, h is Planck’ s
constant, V is molar volume and k is Boltzmann
constant. It is known that AG = AH — TAS,
then Eq 3 can be written as

n = Aexp(AH/KT) (4)
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then integration of Eq 5 gives the relation

exo (DY (L _ 1
A %T r? rg

Where, C is a constant related to relative den-
sity p(r). As we stated before, a decrease in void
size (r) causes an increase in mean free path (1)
of a photon, which then results an increase in
Iop intensity. This picture can also be visualized
by Frenkel’s neck formation model'®, which takes
into account the identical contacting spheres un-
der the influence of surface tension. Frenkel’s
model assumes that the displaced volume is re-
distributed uniformally such that the remaining
surfaces keep their spherical shapes but of larger
radii, which offers a larger mean free path (I) of
a photon during its journey in the latex film?. If
the assumption is made that emission that Igp is
inversely proportional to the void radius, r then
Eq 6 can be written as

AHY .
exXp <k—T> Igp

2

_24C

t= (6)

_24C

t= (7)

Here, r,“ is omitted from the relation since it
is very small compared to r~2 values after void
closure processes start. Eq 7 can be solved for
Ipp to interpret the results in Fig las

(®)
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where S(t)=(vt/2AC)"/? For a given time the log-
arithmic form of Eq 8 can be written as follows
AH

2kT ©)

Below the void closure point (t., T.) data in
Fig 1 are fitted to Eq 9 and AH values obtained
from the slopes of the straight lines in Fig 3. AH
values are listed in Table I for various time in-
tervals. The averaged AH value is found to be
47 kcal/mol which is quite close to the values for
carbon chain polymers given in the literature!7.
The activation energy of viscous flow i. e. the de-
pence of viscosity on temperature depend on are
determined by the structure of polymer chain. In
other words the type of branches and the pres-

In I,,(T) =1n S(t)

ence of polar groups in the chain determine the
kinetics flexibility of polymer. For carbon chain
polymers AH are found to be 5 to 7 kcal/mol
(polyethylene). AH reaches to the value of 15
kcal/mol for poly(iso butylene). For polystyrene
whose side groups are phenyl rings AH rises to
28 kcal/mol. AH is much higher for polyvinyl
chloride (35 kcal/mol) and polyvinyl acetate (60
kcal/mol) polymers. Here it has to be noted that
curves in Fig 1 are used up to their maxima i
e. left hand side of void closure temperature, T,
Right hand side of the curves in Fig 1 present
the interdiffusion process during film formation
which will be discussed in the next section.

3.2. Crossing Density and Interdiffusion

When film samples were annealed above the
void closure point at elevated temperature in var-
ious time intervals, a continuous decrease in Igr
intensities were observed. The decrease in Iy
was already explained in the previous section, by
the increase in transparency of latex film due tc
disappearing of deformed particle-particle inter-
faces. As the annealing temperature is increasec
above T. some part of polymer chains may cros:
the junction surface and particle boundaries start
to disappear, as a result Ipp decrease due to the
longer optical path, s of photon.

In order of to quantify these results, the Prager-
Tirrell (PT) model'® for the chain crossing den-
sity was employed. The total ”crossing density”
o(t) (chains per unit area) at junction surface
was calculated from the contributions oy (t) due
to chains still retaining some portion of their ini-
tial tubes, plus a remainder, o2 (t). Here the o2 (t’
contribution comes from chains which have re
laxed at least once. In terms of reduced time
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Figure 3. Fit of the data below void closure point
in Fig 1 to Eq 9. Slopes of the straight lines produce
AH values which are listed in Table I. Number on each
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Figure 4. Fit of the data above void closure point
in Fig 1 to logarithmic form of Eq 13. Slopes of the
straight lines produce AE values which are listed in
Table I. Number on each curve indicate the annealing
time interval in minute.
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Table 1
Experimentally measured viscous-flow (AH) and back-bone (AE) activation energies at various annealing time
intervals. Average AE values are listed in last column.

Annealing time interval t (min) 5 10 15 30 60 Average
AH kcal/mol 57.42 48.35 44.43 39.80 46.00 47.20
AE kcal/mol 46.87 49.33 39.60 42.30 44.52

7 = 2ut/N? the total crossing density can be writ-
ten as'®

o(7)/o(c0) = 2r~ /27112 (10)

This was predicted by de Gennes on the basis
of scaling arguments. In order to compare our re-
sults with the crossing density of the PT model,
the temperature dependence of o(7)/c(00) can
be modeled by taking into account the following

et Arrhenius relation for the linear diffusion coeffi-
nterrace

cient

X
v=uvgexp(—AE/kT) (11)

S

O( Here AE is defined as the activation energy for

Yo back and forth motion. Combining Eq 10 and Eq

11 a useful relation is obtained as
Part of the tube

o(1)/o(00) = Rexp(—AE/2kT) (12)

tube

where R = (8vot/mN?)'/? is a temperature inde-
pendent coefficient.

The decrease in Iyp in Fig 1 is already related
to the disappearance of particle-particle interface,
i. e. as annealing temperature increased, more
chains relaxed across the junction surface and as
a result the crossing density increases. Now, it
can be assumed that Iyp is inversely proportional
(@) (b) to the crossing density o(T) and then the phe-
nomenological equation can be written as

Figure 5. Representation of the interdiffusion pro- Lop(T)/op(00) = Rexp(AE/2kT) (13)

cesses. . .
Logarithmic plots of Ipp vs T~! are presented

in Fig 4 for 60, 30, 15 and 10 min annealing
time intervals, respectively. The activation en-
ergies, AE are produced by fitting the data in
Fig 4 to Eq 13 and are listed in Table I. The av-
eraged value is found to be 44 kcal/mol, which is
slightly larger than the backbone activation en-
ergies measured in our previous works!"?. Tt is
well known that backbone activation energy is re-
sponsibly from the motion of center of mass of a
chain. Here it is reasonable to accept that oo
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term of crossing density contributes to the dis-
appearance of interfaces during latex film forma-
tion. In other words, chains which have relaxed

[12] R. E. Dillon, L. A. Matheson, and E. B.
Bradford, J. Colloid Sci. 6, 108 (1951).
[13] J. L. Keddie, P. Meredith, R.A.L Jones, and

at least once are responsible from the disappear-

A M. Donald (Proc. ACS., Chicago 1995).

ance of particle-particle boundaries. Fig 5 shows

[14] J. K. Mackenzie and R. Shuttleworth, Proc.

a diagram of the contribution of o;and oy terms
for the disappearance of particle-particle bound-
ary. Here it has to be noted that according PT
model o5 contribution dominated at long times,

Phys. Soc. 62, 838 (1949).
[15] P. R. Sperry, B. S. Snyder, M. L. O’Dowd,
and P. M. Lesko, Langmuir 10, 2619 (1994).
[16] G.B. Mc Kenna,., In Comprehensive Poly-

which is consistent with our measurement i. e.

mer Science, Vol. 2 (C. Booth and C. Price,

polymer interdiffusion starts above (t., T.) point
after the complete wetting is reached. Here one
may argue that, since longer polymer chains need
larger activation energy to perform their inter-
diffusion, the measured AE (44 kcal/mol) value
should be larger than the previously measured
AE (30 kcal/mol) values which were obtained in
wider temperature range”?. Here it is interesting
to note that Ipp intensity gives the information
on both void-closure and interdiffusion processes.
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