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The final stage of coalescence during latex film formation was simulated by using adjacent donor and acceptor 
cubes. The interdiffusion of the donors and the acceptors within these cubes was generated using the Monte-Carlo 
technique. The delay of the donor intensity l(t) by direct energy transfer (DET) was simulated for several 
interdiffusion steps; then the l(t) curve was convolved with the experimental profile and Gaussian noise was added 
to generate realistic time-resolved fluorescence (TRF) data. l(t) decays were fitted to the phenomenological 
equation to obtain the fractional mixing at each interdiffusion step. These results were compared with real TRF 
and steady-state fluorescence (SSF) experiments. The reliability of the Fickian diffusion model is discussed for 
latex film formation. © 1998 Elsevier Science Ltd. All rights reserved. 
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INTRODUCTION 

Latex films are traditionally formed from two kinds of 
dispersion. One is aqueous dispersions of submicrometre 
colloid particles with Tg below the drying temperature, 
called low-T latex (soft latex) ~-3. The second category 
includes aqueous and non-aqueous dispersions of colloidal 
particles for which Tg exceeds the drying temperature, 
called high-T latex (hard latex) 4. The particles in this 
category of dispersion range from 0.1 to 10 #m in diameter. 
High- and low-T latex dispersions can be distinguished by 
the mature of the coalescence they have inherited. High-T 
latex particles remain essentially discrete and undeformed 
during drying, and coalescence occurs subsequently at 
higher temperatures, driven by healing and interdiffusion 
processes. Coalescence of the low-T latex particles occurs 
during drying and is strongly influenced by colloidal 
interactions in the dispersion, stabilizing surfactants and 
the drying process itself. In this case the particles are 
deformed to polyhedrons after solvent evaporation, the 
deformation being driven by a combination of surface and 
osmotic forces. Further coalescence occurs in both systems 
by interdiffusion of polymeric chains emanating from 
contiguous particles. The process of film formation is 
illustrated schematically in Figure  1. 

Small-angle neutron scattering (SANS) 5 of latex films 
prepared from a dispersion of monodisperse spheres has 
shown that these films consist of ordered domains (crystal- 
lites) where the polymeric spheres are close-packed in a 
face-centred-cubic structure. Transmission electron micros- 
copy (TEM) has also been used to examine the morphology 
of latex films 6"7. These studies have shown that in some 
instances the particle boundaries disappear over time but in 
others the boundaries persist for months. It was suggested 
that in the former case the boundaries healed by polymer 

* To w h o m  cor respondence  should be addressed 

diffusion across the junction. In the last few years it has 
become possible to study latex film formation at the 
molecular level. SANS was used to examine deuterated 
particles in a protonated matrix. It was observed that the 
radius of the deuterated particle increases in time as the film 
is annealed 8, as the polymer molecules diffuse out of the 
space in which they were originally confined. The process of 
interparticle polymer diffusion has also been studied by the 
direct energy transfer (DET) method using transient 
fluorescence (TRF) measurements 1"4"9 using latex particles 
labelled with donor and acceptor chromophores. These 
studies all indicate that annealing leads to polymer diffusion 
and mixing as the particle junction heals during latex film 
formation. 

Polymer diffusion obeys de Gennes scaling laws for times 
short compared with the tube renewal time ttr, but for long 
times it is like a random walk process (Fickian diffusion). 
To be able to determine whether the diffusion is Fickian, 
one must compare the experimental data with the results of 
simulations of DET with Fickian diffusion. 

Steady-state fluorescence (SSF) combined with DET was 
recently used to examine healing and interdiffusion 

IO 12 processes in dye-labelled latex films - . 
TRF in conjunction with the DET method monitors the 

extent of interdiffusion of donor (D)- and acceptor (A)- 
labelled polymer molecules. The sample is made of a 
mixture of D- and A-labelled latex spheres. When this 
sample is annealed for a period of time and the donor 
fluorescence profiles are measured, each decay trace 
provides a snapshot of the extent of interdiffusion 4. A film 
sample after annealing is considered to be composed of 
three regions; unmixed D, unmixed A and the mixed D-A 
region. This model was first empirically introduced as the 
two-component donor fluorescence decayL3"~4: 

l ( t )  = Blexp[ - th'o - C(t/ro) I/2] + B2exp[ - t/Zo] (1) 

where C is related to an average acceptor concentration and 
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BI and B 2 a re  the fractions of the donors which are in 
and out of the mixed region respectively, 7.o is the 
excited-state lifetime of donors in the absence of acceptors 
and t is the measurement time. equation (1)has been 
used to fit the donor intensity decay and thereby determine 
B~ and B2, from which the diffusion coefficient is 
determined 3,4,13,14. 

DET AND DONOR DECAY PROFILE 

When donor dyes are excited using a very narrow pulse of 
light, the excited donor returns to the ground state either by 
emitting a fluorescence photon or through the non-radiative 
mechanism. For a well-behaved system, after exposure of 
the donors to a short pulse of light the fluorescence intensity 
decays exponentially with time. However, if acceptors are 
present in the vicinity of the excited donor, then there is a 
possibility of DET from the excited donor to the ground- 
state acceptors. In the classical problem of DET, neglecting 
back-transfer, the probability of decay of the donor rk due to 
the presence of an acceptor at ri is given byiS: 

Pk(t) = exp[ - t/7.o - Wikt]  (2) 

where Wik is the rate of energy transfer, given by Frrstefl 5 
as: 

Wik = 5K - -  - -  (3) 
7"0 \ r i k /  

Here R0 represents the critical Frrster distance and r is a 
dimensionless parameter related to the geometry of inter- 
acting dipoles. If the system contains ND donors and N A 

acceptors, then the donor fluorescence intensity decay can 
be derived from equation (3) and is given byl6: 

= exp( - t/7.0) no(rk) dr~ . .  n A ( r i )  d r  i 
i= l (4) 

exp( - Wik) 

Here no and nA represent the distribution functions of 
donors and acceptors. In the thermodynamic limit equation 
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Figure l Stages during the process of film formation from soft latex 
particles: (a) latex dispersion; (b) dense packing of particles; (c) 
deformation of particles and beginning of coalescence; (d) further 
coalescence by interdiffusion of chains. Note that stage (c) does not take 
place during film formation from hard latex particles 

(4) becomeslr: 

l(t) =exp(_t/ro)~_~__~nD(rk)dr k 
i(o) 

(5) 

exp(--InA(ri) dri[1--exp(--Wikt)] ) 

This equation can be used to generate donor decay profiles 
by Monte-Carlo techniques. It is shown that the equation (4) 
also leads to equation (1), which can be compared with the 
experimental data 3. The argument is summarized below for 
clarity. Changing to the coordinate rik = ri - -  rk leads to: 

l I l(t) = exp( - dro) ~ nD(rk) drk 
t(0) 

(6) 
NA I Rg rE 
H nA(rik + rK) drik exp( - w i k t  ) x 
i= 1 r• 

where Rg is an arbitrary upper limit. Placing a particular 
donor at the origin and assuming that the mixed and 
unmixed regions are created during interdiffusion of D 
and A, equation (6) becomes: 

l ( t )  N A I f ~  
I(0) =j~exp( -- t/7.0) l--I ~A nA(rik) drik 

i= 1 (7) 

where 

exp( - wikt ) +j~lexp( -- t/'ro) 

N----oil, 11 nD(rk) J],ll = dr(k) (8) 

represent the fractions of donors in the mixed (I) and 
unmixed (II) regions respectively. The integral in equation 
(7) produces a Frrster type of function17'18: 

1-I ~ nA (rik) drik exp( -- Wikt) = exp[ -- C(dro) 1/2] 
i=1 

(9) 

where C is proportional to the acceptor concentration. Then 
equation (7) becomes identical to equation (1) as: 

l(t) 
=Jiexp[ - t/to - C(t/ro) 1/2] + f ,  exp( - t/r0) (10) 

#(0) 

where fl  andfll correspond to B i and Be in equation (2). Here 
it is useful to define the mixing ratio K representing the 
order of mixing during interdiffusion of the donors and 
the acceptors as: 

Bj _ A (1 1) 
K - - B i + B 2  ~ + f i t  

SIMULATION OF DONOR DECAY IN A CUBIC 
LATTICE 

In this work we try to simulate the interdiffusion of 
donors and acceptors between two adjacent cubes using the 
Monte-Carlo technique. This simulation corresponds to the 
last stage of coalescence during the latex film formation 
process. Here we have simplified the process by using cubes 
instead of the polyhedrons. Donors and acceptors are 
randomly distributed in separate adjacent cubes, then 
Brownian motion of these particles is generated for several 
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interdiffusion steps and the decay of the donor intensity by 
DET is simulated for the configurations at the end of each 
step. The D intensity l(t) curve is convolved with the 
experimental lamp profile and Gaussian noise is added to 
generate realistic TRF data. B1 and B2 values are determined 
by fitting the simulated data to equation (1) using non-linear 
least squares analysis. These results are compared with 
those of TRF and SSF experiments in the last part of this 
paper. 

Donor and acceptor dots are randomly distributed in 
separate adjacent cubes. The side of the cubes is taken as 
100 A and the Frrster distance as 26 .&. ND = 200 donor and 
NA = 200 acceptor sites are used. The diffusion is simulated 
by a random walk of the donors and acceptors. Reflecting 
boundary conditions are used in the sides of the cubes 
except at the interface of the donor and acceptor cubes, 

80 o o~ °° ~ ': 
o g Oo 

2 ° °  o~O % ® .  . . . . .  , 

60 
,, o%0Oo o o o o . ' . 

40~o o° ~; o ~o - . . . ' . . ' : . : ' .  :. g o o oO o . . . . . .  ÷ 
oo ~ ~ % . , .  . . .  

2 0  ° ° o o o ° %° ° :" " :  ° ~o .o • , / -  ** 
%° o~°° o 7  : .' ~" 

0 20 6 0  100 140 180 

( o )  o D o n o r s  

- A c c e p t o r s  

l O O p  o" ; ~ . . : ~  o - 2 .  ~ . ~ .. . 

o. f .Oo . O o : O o  o ° ~ = . * o  • I .  
8 0  t o .  ° °2  o .~  ° ' ° = ' '  o°. ° o ' "  . 

°o~ ~, o ~ o . . ; .  , 
[ .  , ~ . . o '  ' % o ~ ~ ,.o.OO 

6 0 [  "' o • " .  o f . o 
0o8 ' o o ' ° ° ° ' : '  .. ". "°~". 'o 

p 

t 

,ot:i; ; ,o: : i 
° o° o %0 ~o o° o ° o o..o  olo O:oo; : :o 

o/" ~oo .  o oo  :~o:~-., .i_o° 
0 2 0  6 0  100 140 180 

(b) 

Figure 2 Randomly diatributed donors and aeceptors in adjacent cubes, 
(a) before and (b) after interdiffusion 
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where the donors and acceptors are allowed to cross over 
into the adjacent cube to generate interdiffusion. Figure 2 
shows the placement of the donors and acceptors before and 
after the interdiffusion step. The wik values for each donor 
acceptor pair are obtained from equation (3). The parameter 
2 is chosen as 0.476, a value appropriate for immobile 
dyes 19, and the donor lifetime r0 is taken as 44 ns. equation 
(5) is then used to simulate the donor intensity l(t) decay 
profiles. 1(0) = 2 × 104 is chosen and the decay profiles are 
obtained for a 250 ns period divided into 250 channels of 
l ns each. Figure 3 presents donor decay profiles for various 
interdiffusion steps. (The values of the F6rster distance and 
donor lifetime as above are appropriate for phenanthrene 
donors in the presence of anthracene acceptors.) 

In real TRF experiments the fluorescence decay measure- 
ments are made by the single photon counting (SPC) 
technique, where the experimentally obtained decay ~b(t) is 
obtained by convolution of l(t) with the instrument response 
from the lamp L(t): 

~'oL(t)l(t ~(t) = - s) ds (12) 

In typical SPC experiments 3'4 using phenanthrene donors, 
2,5-bis(5-tert-butyl-2-benzoxazotyl)thiophene (BBOT) in 
ethanol is used as a standard for L(t). Here we choose the 
experimentally obtained response function of BBOT, which 
has a lifetime of 1.1 ns, and convolve it with l(t) to obtain 
4,(t) intensities from equation (12). The L(t) response 

(b) 105 

( a )  i 0  s 

10 4 

.~" 103 

c: 102 

¢0 
-~ 101 

~0' 

L ( t )  

50  100 150 

t i m e  ( n s )  

2 0 0  2 5 0  

103 

'j, 

o = 
~o ~ L(~) ~ ~ l ~  

100 
5o 1oo 1so 2oo 2~o 

Time ( ns }  

F i g u r e  4 ( a )  E x p e r i m e n t a l  r e s p o n s e  f u n c t i o n  L(t). ( b )  C o n v o l u t e d  d o n o r  

d e c a y  p r o f i l e s  ~ ( t )  o b t a i n e d  f r o m  t h e  d a t a  i n  Figure 3 u s i n g  e q u a t i o n  ( 1 2 )  

P O L Y M E R  V o l u m e  3 9  N u m b e r  10  1 9 9 8  1 9 8 5  



Simulation of interdiffusion in latex film formation: K. S. GOntOrk et al. 

function and the ~b(t) decay profiles obtained from the data 
in Figure 3 are shown in Figure 4(a) and (b) respectively. 
After convolution, Gaussian noise generated by the Box et 
al. algorithm 2° is added to the ~b(t) curves in Figure 4(b). 
The noisy data profiles are presented in Figure 5 for the data 
in Figure 3. 

To test how realistic are the simulated donor intensity 
curves, the B1 and B2 parameters representing the degree of 
mixing in equation (1) must be compared with the values 
obtained by counting the donors in the mixed and unmixed 
regions. The simulated data in Figure 5 are fitted by non- 
linear least squares (NLLS) analysis to produce the B~ and 
B2 values 2j • In fitting the model, a fixed value of C is chosen 
from the most mixed sample (b) and this value is used in all 
the runs 2~. The mixing ratio K is calculated from equation 
(1 1) for each interdiffusion step and plotted versus time in 
Figure 6. 

The degree of mixing can also be obtained by a 
combinatorial method which divides the whole region 
inside the cube into m equal parts. Then the following 
relations can be used to obtain the mixing ratio K': 

(13) 

S 
K ' =  1 - - -  (14) 

SFflax 

Here ND, and NA, are the numbers of donors and acceptors 
located in the ith region. K' is represented by the solid line in 
Figure 6, which shows good agreement with the K values 
obtained by the fitting procedure. 

To test whether the simulated interdiffusion is Fickian or 
not, the planar sheet model is chosen 22. In this model the 
fraction of the diffusing substance that has diffused out of 
the planar sheet at time t is given by: 

Ks= 8 Z 1 ( .(2n+ 1)27r2t~ 
• r,~ = o (2n + 1~ exp a 2 J 

(15) 

where D is the diffusion coefficient and a is the maximum 
distance over which diffusion can occur. Since 
limt-~ Ks = 1, equation (15) can be written for n = 0 in 
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Figure 5 Noisy donor decay profile obtained from the data in Figure 4(b) 
by adding a Gaussian noise 

the form: 

D Tr2 t 
ln(1 - Ks) -= a2 (16) 

It is seen from Figure 6 that the behaviour of the simulated 
data predicts Fickian model; however, to test the realization, 
In(l-K) values are plotted versus time in Figure 7 and are 
fitted to equation (16). In Figure 7 the solid line is the fitting 
curve and the dots represent the data. 

The results are successful except in the early time region, 
that is, < 30% mixing fraction. The failure at early times 
cannot indicate that at such times the diffusion has not yet 
acquired a Fickian character. The simulation is a random 
walk. Here it has to be noted that for both the TRF and SSF 
experiments, equation (1) is applicable only to measure- 
ments made at times much longer than the tube renewal 
time. There are several reasons for this. At times short 
compared with the tube renewal time, the diffusion is 
expected not to be a random walk but to obey de Gennes's 
law. In the first time steps, a random walk does not obey the 
Fickian model and finally the Fickian model does not lead to 
equation (1)23,24. However, at times long compared with the 
tube renewal time these objections are no longer valid. 

From this we suggest that for realistic TRF and SSF 
experiments, care must be taken in speculating on the nature 
of the diffusion based on the results at early times. 
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Figure 6 Mixing ratio K obtained from equation (1 I) versus time• The 
solid line represents the mixing ratio K' produced by combinatorial method 
using equation (14) 
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Figure 7 Plot of the data of Figure 6 in logarithmic form versus time. The 
solid line is the fitting curve In(I-K,) from equation (16) 
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INTERDIFFUSION EXPERIMENTS 

This section presents some results of TRF and SSF 
experiments for comparison with the simulated data. Then 
the reliability of the Fickian model is discussed to interpret 
the experimental results. 

Transient fluorescence (TRF) experiments: 
High-T poly(methyl methacrylate) (PMMA) latex 

particles labelled with phenanthrene (Phe) donors and 
anthracene (An) acceptors were used for TRF experi- 
ments 4'13. These particles were prepared by non-aqueous 
dispersion polymerization 25 and thoroughly characterized 
by several DET experiments 26'27. Phe- and An-labelled 
1 /~m diameter particles have two components. The major 
component, PMMA, forms 96% of the material. The 
remaining 4% is polyisobutylene (PIB), which forms an 
interpenetrating network through the particle interior 28"29. 

For polymer interdiffusion experiments, equal amounts of 
Phe- and An-labelled particles were dispersed in pentane, 
which was then evaporated to form a hard latex film on the 
inner surface of a quartz tube. This film was then annealed 
above the glass transition temperature (Tg) of PMMA for 
various periods at 150 and 160°C. Fluorescence decay 
measurements were carried out by the time-correlated single 
photon counting technique, using a pulsed lamp source. 
Samples were excited at 295 nm and emission was detected 
at 345 nm. Data were collected over three decades of decay 
and fitted by non-linear least squares with BBOT in ethanol 
as a standard to obtain Bt and B 2 from equation (1); r0 = 
44 ns was chosen and C was kept constant during the fitting 
procedure. The experimental mixing ratios K are plotted 
versus time in Figure 8, which predicts a Fickian diffusion 
model. Plots of In(l-K) versus time are presented in 
Figure 9(a) and (b) for the annealing temperatures of 150 
and 160°C respectively. The data in Figure 9 were fitted to 
equation (16) for each temperature and D values were 
obtianed from the slopes of the linear curves, equal to 
4.08 × 10 -13 and 4.83 X 10 -13 cm2s ] respectively. These 
values are quite reasonable for a polymer chain diffusing 
above Tg during latex film formation from high-T particles. 
Similar values have been reported with different 
experimental techniques 3° 33. 

Steady-state fluorescence (SSF) experiments 
Prager and Tirre134 studied interdiffusion of a polymer 

chain in terms of the SSF of an acceptor emission intensity 
IA(I) due to DET from a donor. IA(I) is proportional to the 
quantum efficiency E(t) of energy transfer, which is in turn 
proportional to the integrated D and A pair distribution 
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Figure 8 Mix ing ratio K versus time obtained from interdiffusion 
experiments using Phe and An labelled particles at 150 and 160°C 
annealing temperatures 
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Figure 9 Plots of In(l-K) versus time for the data of Figure 8. The solid 
lines show the fitting curves obtained from equation (16) 

function. This integrated area evolves due to interdiffusion 
which corresponds to the mixed region of D and A pairs. If  
the x-axis is normal to the planar interface, then the acceptor 
intensity can be written as: 

IA(t)-- IA(O)=IoC~ ~ C(x,t)[Co-C(x,t)] dx (17) 

where/A(0) is the acceptor emission intensity at t = 0, I0 is 
the incident light intensity and o~ is a constant; C(x,t) is the 
concentration profile of acceptors at time t and Co is its 
value at the interface. 

At times longer than the tube renewal time Tr 35, 
concentration profiles can be obtained from Fick's diffusion 
law 21 and equation (17) can be written for the planar sheet 
as:  

IA(t) -- IA(0) (Dt) u2 
m 

I A ( ~ )  - -  IA(0)  a 
(18) 

where D is the centre-of-mass diffusion coefficient of the 
polymer chains, a is the thickness of the planar sheet and 
IA(~) represents the value of IA(t) as t approaches ~. Alter- 
natively, one can use the decrease in donor emission 
intensity ID(t) as a measure of the energy transfer in the 
mixed region: 

ID(t) --  ID(0)  (Dr) 1/2 

/D(°~) --  ID(O) a 
(19) 

If the optical density of the film sample is constant through- 
out the SSF measurements, equation (19) can be expressed 
in terms of energy transfer efficiency as3: 

E(t) (Dt) u2 
(20) 

E(w) a 

Using the donor decay model equation (10), it can be 
shown that the fraction of donors in the mixed region can 
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be written as3: 

(Dt) j/2 
B I -- (21) 

a 

A combination of equations (18)-(21) can be used to study 
polymer interdiffusion by the SSF technique. Hard latex 
films were prepared from PMMA particles labelled with 
naphthalene (N) donors and pyrene (P) acceptors and 
annealed for various periods above Tg at 180°C. These 
particles were similar to those described in the previous 
subsection. The latex film sample was excited at 286 nm 
and N and P spectra were observed between 300 and 
500 nm by a spectrofluorimeter. N and P intensities, 
corrected for optical density variations, are plotted versus 
time in Figure 10, where it can be seen that the decrease in 
N intensity IN(t) corresponds to an increase in P intensity 
1p(t) 36'37. Equations (18) and (19) can be used to obtain D 
values by fitting them to the data in Figure lO(a) and (b) 
respectively. Figure 11 shows the goodness of  the fits. The 
D values are 1.4 × 10 -13 and 1.5 × 10 -13 cm2s -] respec- 
tively. These values are slightly smaller than those obtained 
by the TRF experiments. We do not think that this 
difference is model-dependent. It is probably caused by 
the difference in the molecular weights of the polymers 
used in the two experiments, which were 2.5 × 10 and 
1.5 × 105 in the SSF and the TRF experiments respectively. 
In both experiments the chains carrying the donor and 
acceptor labels were of comparable length. 

In conclusion, this work has shown that chain inter- 
diffusion during film formation from high-T latex particles 
obeys a Fickian model for planar sheets. 
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Figure 10 Plots of (a) naphthalene (N) and (b) pyrene (P) intensity 
variations versus time during film formation from N- and P-labelled PMMA 
particles at 180°C annealing temperature. IN(t) and lp(t) were obtained after 
optical density corrections 
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Figure l l  Plot of the data of Figure 10 using equations (19) and (18) 
respectively. The solid lines are the fitting curves 

Using equation (1) to interpret the TRF experiments is 
unsuccessful at times < 30% mixing ratio but quite reliable 
beyond this point. The main difficulty in the SSF experiment 
arises from the optical density correction I 1,12,35 and can be 
overcome by using direct fluorescence measurements in 
parallel with the DET experiment during latex film 
formation. Both the TRF and SSF techniques study chain 
diffusion at the molecular level and we believe both produce 
reliable D values. 

If the molecular weights of the D- and A-labelled chains 
are different or if these chains are not monodisperse, then 
different chain lengths will give different diffusion time 
scales. The resulting random walk will not be a single 
Fickian but a superposition of Fickian diffusions. 
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