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Photon diffusion study in films formed from
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Murat Canpolat and Onder Pekcan”
Department of Physics, Istanbuf Technical University, 80626, Maslak, Istanbul, Turkey
{Received 15 May 1994, revised 28 September 1994)

The steady-state fluorescence technique was used to study the evolution of transparency during film
formation from high-7 latex particles. The latex films were prepared from pyrene-labelled poly(methyl
methacrylate) particles and annealed in 10 min time intervals above the glass transition temperature (7).
Scanning electron microscopy was used to detect the variation in physical structure of annealed films. Monte
Carlo simulations were performed for photons diffusing the latex films and the number of emitted and
scattered photons was calculated. The crossmg density of polymer chains at the particle—particle interface
was found to depend linearly on (tlme) . The activation enemy for back-and-forth motion of a reptating
polymer chain was measured and found to be 29 kcal mol ™. The corresponding frequencies of a reptating
chain were between 1.5 and 42s~! above T,.

{Keywords: latex films; photon diffusion; activation energy)

INTRODUCTION

Aqueous or non-aqueous dispersions of colloidal parti-
cles with glass transition temperature (T,) above the
drying temperature are generally named high-T latex
dispersions, while aqueous dispersions of colloidal
particles with 7, below the drying temperature are
called low-T latex dispersions. The term ‘latex film’
normally refers to a film formed from low-T particles
where the forces accompanying the evaporation of water
are sufficient to compress and deform the particles into a
transparent, void-free film'?. However, high-T latex
particles remain essentially discrete and undeformed
during the drying process. Latex films can also be
obtained by compression moulding of a dried latex
powder composed of polymers such as polystyrene (PS)
or poly(methyl methacrylate) (PMMA) which have T,
above room temperature.

The mechanical properties of high-7 films can be
evolved by annealing after all solvent has evaporated.
This process, called sintering, is an important aspect of
latex coatings and represents an important feature that it
is desirable to understand. The mechanism of film
formation by annealing of high-T latex films is known
as interdiffusion of polymer chains and is followed by
healing at the particle—particle interface. In general,
when two identical polymeric materials are brought into
intimate contact and heated at a temperature above T,,
the polymer chains become mobile and interdiffusion of
polymer chains across the interface can occur. After this
process, the junction surface becomes indistinguishable
in all respects from any other surface that might be
located in the polymeric material. This process is called
‘healing of the junction’ by which the joint achieves the
same cohesive strength as the bulk polymeric material.

*To whom correspondence should be addressed

The word ‘interdiffusion’ in polymer science is used for
the process of mixing, intermingling and homogenization
at the molecular level, which implies diffusion among
polymer chains.

In the bulk state, polymer chains have a Gaussian
distribution of segments. Chains confined to the half-
space adjacent to the junction have distorted con-
formations® . Diffusion across the junction leads to
conﬁgurational relaxation and recovery of Gaussian
chain behaviour. Polymers much larger than a certain
length are often pictured as confined to a tube, and
diffusion occurs by a reptile-like motion. In this model,
each polymer chain is considered to be confined to a tube
along the length of which it executes a random back-and-
forth motion. This reptile-like motion will cause the
chain to slip out of a section of tube at one end or the
other. The reptation time (7%) describes the time
necessary for a polymer to diffuse a sufficient distance
for all memory of the initial tube to be lost. This is the
time it takes for initial configuration to be forgotten and
the first relaxation to be completed.

Transmission electron microscopy (TEM) is the most
common techmque used to investigate the structure
of dried films®”. A pattern of hexagons, consistent with
face-centred cub1c packing, is usually observed in highly
ordered films. When these films are annealed, complete
disappearance of structure is sometimes observed,
which is consistent with extensive polymer interdiffusion.
Freeze-fracture TEM has been used to study the
structure of dried latex films®’. Small- angle neutron
scattering (SANS) has been used to study latex film
formation at the molecular level. Extensive studies using
SANS have been performed by Sperling and co-work-
ers'® on compression-moulded PS film. Direct non-
radiative energy transfer has been employed to
investigate the film formatxon processes from dye-
tabelled high-7'! and low-T'*!* polymeric particles.
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The steady-state fluorescence (SSF) technique combined
with DET was recently used to examine healing the
mterchffusmn processes in dye-labelled high-7 latex
systems'* '8, In the SSF technique the quality of film is
more crmcal than in time-resolved fluorescence
measurements’ 12, Because of photon diffusion, special
attention has to be paid to studying the evolution of
transparency of the latex film during SSF measurement.

In this work we studied the evolution of transparency
of films formed from high-T latex particles, by monitor-
ing the intensities of excited light (Z.) and of fluorescence
emission (I,,) from a dye, using the SSF technique. It
was shown that the variation in transparency is related to
the variation in I,,. Isothermal experiments were
performed by annealing latex films in equal time intervals
and direct fluorescence emission was monitored to study
chain flow across the particle—particle junction. An
increase in dye intensity by increasing the number of
annealing time intervals was attributed to an increase in
the ‘crossing density’ at the junction surface The method
developed by Prager and Tirrell (PT)* was employed to
investigate the healing processes at the junction.

In the SSF experiments, the high-Tlatex particles used
were labelled with pyrene (P) dye and had two
components 1920, the major part, PMMA, comprised
96moi% of the material and the minor component,
polyisobutylene (PIB) (4mol%), formed an 1nterpene-
trating network through the particle interior®** which
was very soluble in certain hydrocarbon media. A thin
layer of PIB covered the particle surface and provided
colloidal stability by steric stabilization.

In this paper, Monte Carlo simulations were per-
formed to calculate the scattered and emitted photon
mtensmes from a film by using photon diffusion theory
(PDT)*. Evolution of transparency is modelled by the
variation in mean-free path of a photon in latex films at
cach annealing step. The increase in optical path of a
photon is explained by the healing processes.

EXPERIMENTAL

Pyrene (P)-labelled PMMA-PIB polymer particles were
prepared separately in a two-step process; in the first step
MMA was polymerized to low conversion in cyclohex-
ane in the presence of PIB containing 2% isoprene units
to promote grafting. The graft copolymer so produced
served as a dispersant in the second stage of polymeriz-
ation, in which MMA was polymerized in a cyclohexane
solution of the polymer. Details of the process have been
pubhshed A stable dispersion of spherical polymer
particles was produced, w1th radius ranges from 1 to
3 um. A combination of 'H nuclear magnetic resonance
(n.m.r.) and v.v. analysis indicated that these particles
contained 6 mol% PIB and 0.037mmol P groups per
gram of polymer. Latex film preparation was carried out
by dispersing particles in heptane in a test tube with the
solid content taken to be 1%.

In this work, SSF experiments were carried out with
isothermally annealed latex film samples. Films with 3.5
layers were prepared from the dispersion of particles by
placing different numbers of drops on round silica
window plates with a diameter of 1.35cm and allowing
the heptane to evaporate. Care was taken to ensure that
the liquid dispersion from droplets covered the whole
surface area of the plates and remained there until the
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heptane had evaporated. Samples were weighed before
and after film casting to determine the film thicknesses.
The average size of particles was taken to be 2 um in
order to calculate the number of layers of the films.

Latex film samples were isothermally annealed above
the 7, of PMMA for 10min time intervals at 150, 160,
170, 180 and 190°C. The temperature was maintained to
within +2°C during annealing. After annealing, each
sample was placed in the solid surface accessory of a
fluorescence spectrometer (Perkin—Elmer model LS-50).
P was excited at 345nm and fluorescence emission was
detected between 370 and 440nm. All measurements
were carried out in the front-face position at room
temperature. Slit widths were kept at 2.5mm during all
SSF measurements.

Samples cast from a chloroform solution of particles
were used as a model for the fully transparent films.

For scanning electron microscopy (SEM), a Hummer
VII sputtering system was used for gold-coating, and
films of particles were then examined at 10-15kV in a
JEOL JSM-T330 microscope.

PHOTON DIFFUSION IN LATEX FILMS

The journey of an exciting or emitted photon to or from
a dye molecule in a film formed from annealed Iatex
particles can be modelled by photon diffusion theory®.
The collision probability, P, of a travelling photon with
any scattering centre in a film is given by:

P=1-exp(—r/<r>) (1)

where r is the distance travelled by a photon between
consecutive collisions and < r > is defined as the mean-
free path of a photon. Here, the film is taken as a plane
sheet with thickness d, and the direction of incident
photons is taken to be perpendicular to the film surface
(for example, in the z direction). In Monte Carlo
simulations, after each collision, d is compared with the
z component of the total distance:

n
Sz = E iz
i

where  is the number of successive collisions during the
journey of a photon. Photons emerging from the back
and front surfaces without interacting with a pyrene
molecule of the film then have to satisfy the conditions:

5, > 0ands, <0 (2)

respectively. The total number of photons emerging from
the front surface is then represented by N, which is
assumed to model the intensity, [, of light scattered
from the latex film during SSF measurements.

In order to model the relation for the fluorescence
intensity, /,;, emitted from the latex film, we defined the
probability of a photon encountering a pyrene molecule
to be:

q=1—exp(—s/]) (3)

where s represents the total distance travelled by the
photon in the film (optical path) and [ is the mean
distance the photon travels in the film before it finds a
pyrene molecule. If s is large, the probability of the
photon encountering a pyrene molecule is high, and vice
versa. After collision with a pyrene molecule, the photon



travels again according to equation (1). Then d is
compared with the z component of the total distance,
5,, as in equation (2), to find the number of photons
emitted from the film surfaces. The number of photons
emitted from the front surface of the film is given by N,
which is assumed to model the fluorescence intensity, /,p,
emitted from the latex film.

In Monte Carlo simulations, / and d are taken to be
fixed parameters with values of 10 and 180, respectively.
It should be noted that /is considered to be proportional
to pyrene concentration in the latex film, which is
constant during the film formation processes, and time, ¢,
is taken to be proportional to < r >. The mean-free path,
< r >, was varied between 1 and 20 for a given d and for
sach < r > the incident number of photons was taken to
be 3 x 10 during the simulations. The number of
collisions, #, is varied so that the conditions in equation
(2) are satisfied.

RESULTS AND DISCUSSION
Transparency of films and optical path of photons

Typical emission (/,,) and scattered (/) spectra of a
3.5-layer latex film annealed at 180°C for 10min time
intervals and excited at 345 nm are shown in Figure 1. In
this sample I, increased while I, decreased continu-
ously with increasing number of annealing time intervals.
I, and I versus annealing time are plotted in Figures 2a
and b, respectively, for the sample presented in Figure 1.
The last points in Figures 2a and b represent /,, and I of
a film cast from a chloroform solution of latex particles.
In order to interpret these behaviours of /., and I, their
models (N, and Ny) from Monte Carlo simulations are
plotted against mean-free path <r > of a photon in
Figures 3a and b, respectively. The similarities between
Figures 2 and 3 should be noted, from which it is
suggested that, as the annealing time increases, < r > of
a photon increases due to the disappearance of voids

2
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Figure 1 Emission ([} and scattered (/i) spectra of a 3.5-layer latex
film after annealing at 180°C for (a) 10min, (b) 3 x 10min, (c)
7 x 10min time intervals
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Figure 2 Plot of (a) I, and (b) I versus annealing time for a 3.5-layer
film sample. The sample is excited at 345nm and annealed at 10 min
time intervals. The last points in the plots, indicated by arrows, belong
to the chloroform-cast film

between particles in the latex film at an early stage of
annealing during which both /,, and N,, start to
increase. Later, however, both /,, and N,, become
saturated with increasing time and < » >, respectively,
indicating that the healing process at the particle—
particle junction'®!” becomes effective.

The variation in I, and N,, depends on the mean
optical path, s, of a photon in the film. This mean optical
path is directly proportional to the probability of the
photon encountering a pyrene molecule. At the very
carly stage of annealing, the photon is scattered from the
particle surfaces, the mean-free path, < r >, is of the
order of the size of the interparticle voids, and after a few
steps it re-emerges from the front surface of the film.
Thus, the mean optical path, s, is very short, which give
rise to high . (and N) and low I, (and N,p) values. As
the healing process proceeds, the scattering is predomi-
nantly from the interparticle interfaces and the mean-free
path becomes of the order of the particie size. Clearly, in
this stage, with the same number of photons rescattering,
a photon will spend a much longer time in the film, and

5 10 15 20
Mean free path (r)

Figare 3 Variation in number of photons (a} emitted Ny, and (b}
scattered N, from the front surface of a film with respect to mean-free
path < r > of a photon. The number of incident photons foreach < r >
is taken as 3 x 10* during Monte Carlo simulations
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consequently /,, (and N,,) increase, while /i, (and Ny)
decrease. The slight decrease in N, at high < r > values
in Figure 3a can be interpreted by the escape of some
photons from the back surface of the film. Naturally, as
< r > increases, photons can reach the back surface
easily and N,, decreases. For chloroform-treated sam-
ples, I, showed a very low value compared to annealed
latex films. This observation can be explained by the
large < r > and small s values in the fully transparent
film, in which the probability of a photon encountering a
pyrene molecule is quite low. A low [ value is also
expected from this highly transparent film, which was
shown in Figure 2b.

In order to support these findings, scanning electron
micrographs of latex films, before and after annealing at
160°C and 180°C for 30 min, are presented in Figure 4
together with the chloroform-treated sample. In Figure
4a, individual latex particles can be seen in a powder film
containing many voids. However, in Figures 4b and c,
SEM images show the disappearance of particle bound-
aries due to annealing of latex films for 30 min total time
at 160°C and 180°C, respectively. The films in Figure 4b
and ¢ have higher I, values than the film in Figure 4a,
indicating that photons have longer < r > and s values in
the former samples, where refraction can occur many
times between particle interfaces. Finally, chloroform-
treated film in Figure 4d shows no trace of particles,
suggesting high < r > and low s values, which cause very
low I, and I values.

SEM results together with Monte Carlo simulations
support SSF observations in Figure 2. A diagram of film
formation from high-T latex particles and its relation to
the mean-free and optical paths (< r> and s) is

{b)

presented in Figure 5 to further illustrate our findings.
Figure 5a presents the early stage of film formation,
where heptane evaporates and close-packed particles
form a powder film, which includes many voids. In this
film, < r > and s values are quite low and a photon is
emitted immediately from the front surface of the film,
which should have low I, and high I values. Figure 5b
represents a film where, due to annealing, particle
boundaries start to heal and disappear, and as a result
the incident photon has a longer < # > value. In this
case, a photon can be refracted many times in the film
and has a higher probability of finding a pyrene
molecule. This film should have high I, and low I
values. A diagram of the chloroform-treated film is
shown in Figure 5c, with the longest < r > but shorter s
values.

Crossing density of junction surface

When film samples with 3.5 layers were annealed at
150, 160, 170, 180 and 190°C, for 10 min time intervals, a
continuous increase in I,, was observed until they were
saturated. The increase in /,, was explained in the
previous section as due to the increase in transparency of
latex film due to the disappearance of voids at the early
stage of annealing. Later, as the annealing time is
increased, part of the polymer chains may cross the
junction surface and particle boundaries start to
disappear. At this stage the optical path becomes
longer and as a result the emission intensity /,,, increases
until it is saturated.

In order to interpret these results, the PT model* for
chain-crossing density was employed. These authors used
de Gennes’ ‘reptation’ model® to explain configurational

{d)

Figure 4 Scanning electron micrographs of latex film sampies: {a) before annealing, (b) annealed at 160°C for 3 x 10min, {c} anneaied at {80°C for

3 x 10min, (d) chloroform-treated film
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relaxation at the polymer—polymer junction, where each
polymer chain is considered to be confined to a tube in
which it executes a random back-and-forth motion. A
homopolymer chain with N freely jointed segments of
length L was considered by PT, which moves back and
forth by one segment with a frequency v. In time, the
chain displaces down the tube by a number of segments,
m. Here, v/2 is called the ‘diffusion coefficient” of m in
one-dimensional motion. PT calculated the probability of
the net displacement with m during time ¢ in the range of
n—Aton— (A +dA) segments. A Gaussian probability
density was obtained for small times and large N. The
total ‘crossing density’ o(¢) (chains per unit area) at the
junction surface was then calculated from the contribu-
tions o((t) due to chains still retaining some portion of
their initial tubes, plus a remainder, o5(f). Here, the o,(¢)
contribution comes from chains which have relaxed at
least once. In terms of reduced time, 7 = 2vt/N?, the total
crossing density can be written as:

o(1)[o(00) = 27 V{712 2 i(—nn

k=0

X ET}/zeXp(—kz/T) - W_l/zerfc(k/Tl/z)]} 4)

For smaller 7 values the summation term of equation (4)
is very small and can be neglected, which then results in:

o(7)/o(00) = 27 1/271/2 (5)

This was predicted by de Gennes on the basis of scaling
arguments’. In order to compare our results with the
crossing density of the PT model, /,, values are plotted
against 1'/2 in Figure 6 for films annealed at 160, 170 and
180°C. I, increases linearly for all samples. As pointed
out before, the increase in I,, can be related to the
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Figure 5 Diagram of (a) powder latex film, (b) film with disappearing
particle boundaries, (c) chloroform-treated transparent film. < r > and
s represent mean-free and optical paths, respectively, travelled by a
photon in the films
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disappearance of particle—particle boundaries. As
annealing time increases, more chains relax across the
junction surface and as a result the crossing density
increases. Here, we assume that I, is directly propor-
tional to the crossing density o(#) during film formation
processes. The linear behaviour of I, versus 2 might be
related to the oy(¢) term in the PT model, which is
inherited from the chains stiil retaining a portion of their
initial tube. Figure 7 shows a diagram of the contribution
of o((f) and o,(#) terms to the healing process at the
particle—particle junction. Experimental results in Figure
6 are consistent with the PT theoretical predictions in
equation (5).

The temperature dependence of /,,, which is assumed
to be proportional to o(7)/c(c0), can be quantified by
using equation (5), where the Arrhenius relation for the
linear diffusion coefficient is used as:

v = vyexp(—AE, /kT) (6)

where AF, is defined as the activation energy for the
back-and-forth motion. According to equation (6), for
low temperatures, o(7) varies slowly with time as shown
in Figure 6a. When the annealing temperature is
increased, then more chains can be relaxed across the
junction surface and I, varies faster with time, as
presented in Figure 6¢. v values were estimated from the
slopes of Figures 6a, b and ¢ and were found to be 6.54,
8.86 and 12.18s™! for 160, 170 and 180°C, respectively.
Here, equation (5) was used and the number of segments
was taken as N = 500 to obtain the v values. v values for
two different sets of experiments were obtained at
various temperatures and are listed in Table 1. Here
one may suggest that v values are associated with the
short-range back-and-forth motion of the polymer chain

0 20 %40 80

)1/2 )1/2

(time)'” (sec

Figure 6 Plot of I, versus /2 for samples annealed at (a) 160°C, (b)
170°C and (c) 180°C in 10min intervals
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interface

e

(a) {b)

Figure 7 Diagram of chains at (a) particle—particle junction, (b) healed
interface. 1 represents a chain still retaining the same portion in its
initial tube and 2 represents a chain relaxed at least once
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L 2
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Figure 8 Logarithmic plot of v, values versus T~! for the data obtained
from experiments a and b in Table I. Slopes were obtained by fitting the
data to equation (6)

in the tube at the corresponding temperatures. When the
inverse values of these characteristic frequencies are
compared w1th the healing (73;) at the corresponding
temperatures'® (from 30 to 5min), 1t is found that the
back-and-forth times (v s~ 1y are 10* times smaller than
7y times. These findings are quite reasonable from the
point of view that a ‘polymer chain executes many back-
and-forth motions before it relaxes at least once’.

A logarithmic plot of v,, values versus T~ is presented
in Figure 8. AE, energy was produced by fitting the data
in Table 1 to equation (6) and was found to be
29.4kcalmol !, which is qu1te large compared to
the healmg activation energy (AEy = 10keal
mol™~ ) Since AHy is responsible for the motion of a
minor chain (segmental motion), it is reasonable to
expect that the back-and-forth motion needs a higher
activation energy in order to be executed. In conclusion,
we have developed a novel method to measure the back-
and-forth frequencies and the activation energy for a
reptating chain at the particle—particle interface during
annealing of high-7 latex films. These experiments are
easy to perform and the spectrometer is quite inexpen-
sive to obtain.
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Table 1 Experimentally obtained v values from two diiferent sets of
experlments (a and b). Equations (5) and (6) were used to fit the I,
versus 11/? plots to obtain v values. vy, 1s found taking the average of v
values from experiments a and b

Temperature (°C)

150 160 170 180 190 Experiment
v 151  6.54 8.86 1218 4158 a
v(s™h 141 652 11.14 1581 4199 b

Vor (8~ 1) 146 653 999 1399 4178 -
vor 571) 068 015 010 0071 0024 -
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