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ABSTRACT: Poly(methyl methacrylate) [PMMA] particles (d = 1 um) were prepared by nonaqueous dis-
persion polymerization. One batch of particles was labeled with phenanthrene [Phe] groups, and a second
batch, with anthracene [An]. When mixed, spread as thin films, and then heated above the glass transi-
tion temperature of the PMMA, coalescence occurred. Particle fusion was accompanied by increasing amounts
of nonradiative energy from Phe* to An. Energy transfer was followed quantitatively by carrying out flu-
orescence decay measurements on samples quenched to room temperature. The data fit nicely to a Fick-
ian diffusion model and yield values of the diffusion coefficients, D, on the order of 10-16 cm? s-1. These
D values characterize the diffusion of (labeled) polymer molecules across the particle-particle boundary.
Since the PMMA in the particles has a broad molecular weight distribution, the D values represent an

ensemble average over that distribution.

When dispersions of latex particles are allowed to dry,
coalescence occurs to form a continuous polymer film if
drying occurs above a certain minimum temperature,
called, appropriately, the minimum film-forming temper-
ature [MFT].8 Coalescence is the essential step in all
coating applications of latex-based preparations, and the
topic has received extensive attention, particularly by the
paint industry. Some traditional concerns have been, for
example, the dependence of the MFT on particle com-
position, size, and morphology.4® Also very important
in the case of aqueous latex preparations is an under-
standing of the forces generated, and their origin, dur-
ing water evaporation from the coating.® These forces
must be sufficiently strong to induce deformations in the
particle from their original spherical shape to close-
packed polyhedra and then to promote fusion into con-
tinuous films.

While the issue of molecular diffusion of polymer mol-
ecules during coalescence has always been recognized, it
is only recently that tools have become available to study
this process directly. The fundamental question is, first,
to what extent polymer molecules diffuse across the par-
ticle boundary during film formation, and, second, how

0024-9297/90/2223-2673$02.50/0

this diffusion depends upon latex composition and struc-
ture.

There have been a number of indirect approaches to
this question. In transmission electron microscopy [TEM],
one can often see the particle boundaries in newly formed
films. These have a characteristic hexagonal shape.” Since
the surface of many latex particles is negatively charged,
the interparticle interfaces in the film can be stained for
TEM measurements. One curious feature to emerge from
the TEM studies is that, in some instances, the particle
boundaries eventually disappear,® suggesting extensive
polymer diffusion across the interface, while in other cases,
these particle boundaries persist for weeks and months.”

Another approach to the question of latex fusion involves
measuring the permeability of the latex films to gasses
and vapors. Solvent-cast films are normally continuous
and provide a benchmark against which latex films can
be compared. Chainey et al.? have studied the time evo-
lution of the permeability of latex films. They found that
this permeability decreased substantially with time but
never reached the same low level obtained in films of
the same material prepared by solvent casting. These
results were interpreted by assuming that, in the latex
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films, polymer segments diffused across the interface but
that sufficient vestiges of the particle boundaries remained
for vapors to permeate through these interstitial spaces.

There are two obvious modern techniques which one
could use to study diffusion of polymer molecules across
the particle boundary. The first involves small-angle neu-
tron scattering [SANS] using deuterium-labeled latex par-
ticles. Pioneering steps in this direction were taken by
Hahn!? and more recently by Sperling.’! Hahn et al. pre-
pared small (80 nm) latex particles from deuterated butyl
methacrylate and mixed these with an excess of similar
perprotiopoly(butyl methacrylate) particles. Films were
formed, and the SANS technique was used to measure
the rms radius of gyration (Rg) of the deuterated parti-
cles. Polymer diffusion occurred within the films, lead-
ing to an increase of Rg with time and a decrease in over-
all signal strength as the perprotio and perdeuterio poly-
mers interdiffused.

The second technique that should lend itself to study-
ing polymer diffusion during latex film formation involves
direct nonradiative energy transfer [DET]'2 measure-
ments on films formed from particles suitably labeled
with fluorescent dyes. There are various ways in which
such experiments might be carried out. One could draw
on the wealth of examples published by Morawetz and
his group!? in which DET experiments were used to study
mixing in polymer blends as well as polymer diffusion.
Their reliance on steady-state fluorescence measure-
ments to determine the efficiency of energy transfer is
useful only for very thin films. For films as thick as 50
um, reabsorption of emitted light becomes problematic.
We were interested in developing a new method for study-
ing polymer mixing which avoids altogether the problem
of radiative energy transfer. This paper presents our ini-
tial results.

For these initial experiments we chose not to prepare
simple model aqueous latex particles. Such materials will
be examined in future work. We had in hand poly-
{methyl methacrylate) [PMMA] particles prepared by
nonaqueous dispersion [NAD] polymerization.!¢ These
particles were labeled with appropriate donor {phenan-
threne, Phe] and acceptor [anthracene, Phe] and accep-
tor [anthracene, An] chromophores!® and were thor-
oughly characterized.}5-17 They allowed us to proceed
directly with our major objective: to test the usefulness
of fluorescence decay analysis of DET experiments to
follow polymer diffusion during film formation.

The 1-um-diameter particles we examine have two com-
ponents. The major component, PMMA, comprises 96
mo}! % monomer of the material. The minor compo-
nent, polyisobutylene [PIB, 4 mol % monomer], forms
an interpenetrating network through the particle inte-
rior. PIB is also present as a monolayer covering the
particle surface. It is this surface layer of PIB that pro-
vides steric stabilization of these particles when dis-
persed in hydrocarbon media. A cartoon representation
of this structure is presented in Figure 1.

Experimental Section

Anthracene- and phenanthrene-labeled PMMA-PIB poly-
mer particles were prepared separately in a two-step process in
which methyl methacrylate [MMA] in the first step was poly-
merized to low conversion in isooctane in the presence of PIB
containing 2% isoprene units to promote grafting. The graft
copolymer produced served as a dispersant in the second stage
of polymerization, in which MMA was polymerized in an isooc-
tane solution of the copolymer. Details have been reported
elsewhere.15.16 Stable spherical dispersions of polymer parti-
cles were produced, approximately 1 um in diameter. A com-
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Figure 1. Cartoon representation of the interpenetrating net-
work-type structure of the PMMA-PIB particles examined here.

bination of 'H NMR and UV analysis indicates that these par-
ticles contain 4 mol % monomer PIB and 0.052 mmol of An
(An-labeled particles) and 0.0072 mmol of Phe groups (Phe-la-
beled particles) per gram of polymer, respectively. We refer to
these particles as A and P.

Film preparations were carried out by two different meth-
ods. In the first, the same weights of A and P particles were
dispersed in pentane in a 12-mm-o.d. quartz tube, and then
pentane was removed by using a rotary evaporator. The parti-
cles formed a thin film on the inner surface of the quartz tube.
Samples were outgassed by blowing nitrogen for 10 min. After
sealing, tubes were placed into a temperature-controlled heat-
ing block. The thin film of particles was annealed above the
glass transition temperature (7;) of PMMA for various time
periods and at different temperatures. In the second method,
mechanical pressure was applied during film preparation. The
same weights of A and P particles were mixed in the presence
of pentane inside a centrifuge tube. After centrifugation, the
pentane was removed and the dried mixture was placed in between
Teflon sheets. Thin films were obtained using a Carver press
under 5 tons of pressure, at various annealing temperatures and
different time periods.

Fluorescence decay measurements were carried out by the
time-correlated single photon counting technique employing a
pulsed lamp source (Edinburg Instruments, 0.5 atm of Dy gas)
and a Hamamatsu 928 photomultiplier tube. Samples were
excited at 295 nm and emission was detected at 345 nm. Data
were collected over 3 decades of decay and fitted by nonlinear
least squares using the é-function convolution method!® with
BBOT (2,5-bis(5-tert-butyl-2-benzooxazolyl)thiophene) in eth-
anol as a standard. Data analysis allowed for a small correc-
tion due to scattered light!8 (the scatter parameter varied between
0.1 and 1.0). The uniqueness of the fit of the data to the model
is determined by x2 (x2 < 1.5), the distribution of the weighted
residuals, and the autocorrelation of the residuals. All measure-
ments were made at room temperature.

Fluorescence Decay Model for Coalescence

Direct nonradiative energy transfer is a Forster-type
process between an electronically excited donor, D*, and
an acceptor, A, whose rate, W(r), varies with the separa-
tion r between D* and A and their mutual orientation:

W(r) = (36%/2)(R, /(1 /1p) (1)

Here R, is the critical Forster radius, which depends upon
the spectroscopic properties of D and A, «2 is the orien-
tational factor, and 7p is the lifetime of excited donor.
For a randomly oriented ensemble of immobile chro-
mophores, k = 0.475. Isolated donor molecules, which
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interpenefration zone

Figure 2. Representation of particle coalescence. Here the
donor is phenanthrene (Phe) and the acceptor is anthracene
(An).

do not undergo energy transfer, decay according to the
expression

d’z(t) = Bg eXP(—t/TD) (2

Once coalescence begins, energy transfer can occur in
the spatial domains where polymer molecules from adja-
cent particles mix. The survival probability of D* in these
domains is described by the Forster equation

9,(t) = B, exp[-t/m = C(t/)'""] 3)
with
€= 4r""Ny AR @

Here [A] is the molar concentration of A in the domain
and N’ = 6.023 X 102°, For a representation of the coa-
lescence process, see Figure 2.

When films are initially prepared, before any signifi-
cant chain diffusion can occur, the measured fluores-
cence decay profile should be exponential. This state-
ment presumes a negligibly small contribution to the flu-
orescence signal from energy transfer at the particle
interface. Once coalescence begins and interparticle dif-
fusion occurs, the fluorescence decay profile will have two
contributions, a component (B;) due to energy transfer

I(t) = B, exp[-t/p - C(t/p)"*] + B, exp(-t/rp) (5)

in the interpenetration domains and a component (Bs)
due to D-labeled polymers that have not undergone mix-
ing with A-labeled polymers (eq 5). If one mixes an equal
number of otherwise identical particles, the ratio B, /(B
+ 2B;) gives the fraction?? of donor- and acceptor-labeled
polymers that have mixed, and the term C measures the
concentration [A] in that region. Note the necessary but
incorrect assumption that the acceptor concentration is
uniform in the mixing region.

Results and Discussion

Energy Transfer. It is an absolute requirement for
this type of experiment that the unquenched donor in
the polymer film matrix exhibit a single-exponential decay.
Such behavior is not common for organic dyes in glassy
polymer matrices but is almost always found to be the
case for 9-alkylphenanthrene derivatives. For this rea-
son we chose D = Phe for these experiments. A typical
fluorescence decay curve is presented in Figure 3 for a
film of Phe-labeled particles. The decay is exponential,
and on a longer time scale this decay remains exponen-
tial over 3 decades of the decay, with rp = 44 ns.

We chose a 9-alkylanthracene derivative as the accep-
tor [A = An]. This particular pair of chromophores has
an R, value of 26 ‘{).19 This value represents the dis-
tance at which a rotationally averaged ensemble of chro-
mophore pairs would undergo energy transfer at the same
rate as the unquenched decay rate [vp~1] of the donor.

We prepared films by mixing an equal weight of Phe-
and A-labeled PMMA particles, coating this on the inner
wall of a 12-mm-o.d. quartz tube. The sample was deox-
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Figure 3. Monoexponential fluorescence decay of Phe in P
particles, 7o = 44 ns.
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Figure 4. Fluorescence decay of Phe after annealing the film
at 130 °C for 10 h under 5 tons of pressure: (a) solid line fit to
eq 4, 7o = 44 ns (fixed), B; = 0.168, B; = 0.078, and C = 0.174,
scatter parameter = 0.71 and x2 = 0.997; (b) Férster compo-
nent of eq 4 for Phe decay.

ygenated with a stream of dry nitrogen gas, sealed with
a rubber septum, and then heated above the glass tran-
sition temperature [Tz = 105 °C] of PMMA. Alterna-
tively, we mixed an equal weight of Phe- and A-labeled
particles, placed the mixture between Teflon sheets in a
Carver press, and heated the mixture under pressure. In
these latter experiments, the external pressure assists the
deformation of the spherical particles, whereas in the case
of particles coating the inner wall of the quartz tube, only
surface tension effects and perhaps gravity contribute to
particle shape deformation. These samples were allowed
to cool to room temperature (22 °C) before fluorescence
decay profiles were measured.

In Figure 4 we present a fluorescence decay trace
obtained from a film pressed at 130 °C for 1 h at 5 tons
of pressure in the Carver press. One notes a strong devi-
ation from exponential decay. The curve can be fitted
to eq 5 to obtain the parameters shown in the caption to
Figure 4. In this fit, 7p is set at the value determined
independently. In the lower curve in Figure 4, we present
a simulated decay curve for the Férster DET component
of this decay. The differences between the two decay



2676 Pekcan et al.

0.9

0.3

)

o

'o

-

N

5

€

< ok -
~ | | | | |

1O 130 150 170 190

ANNEALING TEMPERATURE

Figure 5. (a) By/(B; + By) ratios of films annealed 1 h at each
temperature. (b) Variation of anthracene concentration [A],
with annealing temperature. [A] values were obtained from eq
3. Open circles refer to experiments with no external pressure,
and closed circles, to samples heated under 5 tons of external
pressure.

curves are due to the contribution of the B, term in eq 5
to the observed decay profile.

In this way fluorescence decay profiles from a variety
of samples were analyzed, and values of By, By, and C
were obtained. Values of B;/(B; + Bg) vs annealing tem-
perature are plotted in Figure 5 for a series of samples
heated for 1 h at each of the temperatures indicated. Under
the two sets of conditions (with and without external pres-
sure) this ratio does not achieve its saturation value of
unity. This point was checked by dissolving a mixture
of Phe- and A-labeled particles in a solvent (ethyl ace-
tate) and casting a film. Under these circumstances the
ratio B;/(B; + B;) had a value of 0.96. The fact that
this ratio is somewhat less than unity may be due to com-
plexities in coalescence caused by the 4 mol % PIB present
in the system.

Interparticle polymer diffusion also leads, as it should,
to a decrease in the local concentration [A]. These val-
ues can be calculated from the measured parameter C
and eq 4 and are shown in‘the lower portion of Figure 5.
The initial value of [A] (0.052 mmol of A/g of PMMA;
6.2 X 102 M) is known from the composition of the An-la-
beled particles. This point is shown as the square in Fig-
ure 5. Only after some chain interpenetration has occurred
can an experimental value of [A] be obtained. These “ini-
tial” values of [A] are somewhat smaller and decrease
with increasing time or temperature to 2 X 102 M. This
decrease is larger than the 2-fold dilution expected on
the basis of our model and represents a point to be inves-
tigated in future experiments.

We present another look at the coalescence process in
Figure 6. Here we compare the extent of chain mixing
as a function of time for samples heated to 130 °C. Itis
clear that the effect of external pressure is significant,
especially at this temperature, only 22 °C above T for
PMMA. The role of external pressure here is most likely
to drive particle deformation, to produce void-free films,
and to maximize the interparticle contact area.
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Figure 7. Plots of log [2B3/ (B + 2Bg)] vs t at different anneal-
ing temperatures for samples heated with no external pres-
sure: (0) 130 °C; (a) 150 °C; (O) 160 °C; (@) 170 °C.

Polymer Diffusion. The results described above dem-
onstrate that polymer diffusion across the particle bound-
ary takes place. To obtain quantitative information, we
must fit this data to a model describing the diffusion.
Several models are possible, and the problem is made
more delicate by the expected molecular weight depen-
dence of the polymer self-diffusion coefficient, coupled
with the large molecular weight polydispersity in the sam-
ples. This problem is common to all studies of latex film
formation, and it is clear that, in the long term, one will
have to pay considerable attention to the issue of which
model and what type of data analysis best describe the
physics of the coalescence process.

In latex film formation, particle deformation to close-
packed polyhedra precedes coalescence. As a conse-
quence, we have chosen here a planar sheet model for
Fickian diffusion of polymer chains across the particle
interface. Such diffusion is described by the equation2®

M, 8 1 [ D@2n + 1)21r2t]
exp| -

t
a

-06
0

M, 72n=0 (2n + 1)2




Macromolecules, Vol. 23, No. 10, 1990

oF T T T T T o
I PMMA ]
)_ -
r 1
1.0 —
« ;
N - B
o | ]
~ ot J
[~ T h
r -
0l -
- ]
| ! | L | L 1.4
2.2 25

23 L 28
/7T x10% (k™)
Figure 8. Arrhenius plot of D values obtained from film sam-
ples heated with no external pressure.

where M, is the amount of substance that has diffused
across the interface at time ¢ and a is the maximum dis-
tance over which diffusion can occur. M. is the value of
M, at t = =, In these experiments we consider only the
first term in the summation on the right-hand side of eq
6 and let a equal the radius of the particle undergoing
coalescence.

[1_—_Bi.l—] = [1—%]~ex (—7r2Dt/02) 7N
B, + 2B, M. ]~

Plots of log [2Bz/(B; + 2Bs] vs t are presented in Fig-
ure 7 for films formed in the absence of external pres-
sure. The plots are linear for each of the temperatures,
as predicted by eq 7, and from the slopes, values for D
can be calculated. These are very sensitive to tempera-
ture and range from 6 X 10-16 cm2 s7! at 130 °C to 8.9 X
1014 cm? 571 at 170 °C. These values are in the same
range as those found by Hahn et al. using neutron scat-
tering to follow poly(butyl methacrylate) latex fusion at
60 °C above T,. In addition, our D values give a linear
Arrhenius plot with an apparent activation energy of 37
kecal/mol (corr = 0.983).

For simple homopolymer systems, theory?! predicts that
the ratio of D/ T will show the same temperature depen-
dence as the inverse zero-shear viscosity, 1. This pre-
diction follows from the idea that the temperature depen-
dence of both phenomena is dominated by that of the
monomeric friction coefficient. Both diffusion and zero-
shear viscosity data should be described by the WLF
equation.22 For diffusion, this equation is written as

, DT, (C°T-Ty
BA = T o
g D,T C20 +T-T,

where Dy represents the diffusion coefficient at the ref-
erence temperature Ty and C,° and C3° are parameters
obtained from analysis of shear viscosity measurements
relative to the chosen T, This type of behavior is well-
documented for self-diffusion of polymers in melts.23

A disturbing feature of the results reported here is that
the temperature dependence of D is much smaller than
that calculated from eq 8 using C,° and C.° values appro-
priate to PMMA.22 This difference can be emphasized

(8
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in another way. Ferry?? has shown that the apparent
activation enthalpy, AH.(app), obtained from an Arrhe-
nius plot of D or 7! can be calculated from the expres-
sion

2.303RC,"C,'T?
(CA+T-Ty?

where R is the gas constant. Note that AH.(app) depends
upon temperature. From eq 9 and C;°® and C3° values
appropriate to PMMA, we calculate AH,(app) = 192 kcal/
motl at 403 K and 114 kcal/mol at 449 K, the range of
temperatures over which we determined D by energy trans-
fer. These values are significantly higher than that (37
kcal/mol) found in Figure 8.

We do not understand the origin of these differences,
although the apparent activation energy we find does cor-
respond to that of backbone motion of PMMA.24¢ The
model we use to obtain D values from energy-transfer
data may be one source of problems, and the molecular
weight polydispersity may be another. These are points
that will require close scrutiny in future experiments.

AH.(app) = )

Summary

We report the first experiments which use energy-
transfer measurements to follow polymer diffusion across
the particle boundary during latex film formation. These
follow the fraction of mixing of time and provide data
from which we calculate the mean diffusion coefficient
characterizing polymer diffusion in the system. For
PMMA particles at temperatures between 403 and 450
K, D takes values ranging from 6 X 107€ to 9 X 1014
cm?2 g1,
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ABSTRACT: The amplitudes of main-chain reorientations have been determined by dipolar rotational
spin-echo 13C NMR for bisphenol A polycarbonate, for the phenoxy resin made from bisphenol A and
formaldehyde, and for the phenoxy resin made from bisphenol A and epichlorohydrin. All three polymers
display prominent low-temperature mechanical-loss peaks, and all three polymers have main-chain rings
undergoing rapid 180° flips at room temperature. The present results show that the amplitude of the
main-chain rotational reorientation at the isopropylidene position for bisphenol A polycarbonate, and the
isopropylidene and carbonate positions for the other two polymers, is less than 20° (root-mean-square).
Small-amplitude motion at the carbonate position in bisphenol A polycarbonate has been observed before
in measurements of carbonyl carbon chemical-shift tensors. Similar small-amplitude motion at the car-
bonate position has also been inferred from measurements of the volumes of activation for the ring-flip
processes in bisphenol A polycarbonate and the phenoxy resin made from bisphenol A and epichlorohy-
drin. The combination of all of these results leads to the conclusion that the same kind of small-amplitude

lattice reorganization controls ring flips for all three of these polycarbonates.

Introduction

The hydrostatic pressure dependence of the ring-flip
process in polycarbonate (PC) and in the phenoxy resin
made from bisphenol A and epichlorohydrin (PK) has
been discussed recently in terms of the densification of
chain packing in the glassy state.! In this description,
steric interactions between several chains in the lattice
are assumed ultimately to control the ring flips. This
model of the ring-flip process in polycarbonates differs
significantly from the defect-diffusion model proposed
by Jones.?2 In the defect-diffusion model, the dominant
physics is contained in the rotational reorientation of con-
formational defects within a single chain. Defects are
assumed to diffuse up and down the long axis of the chain,
with rings flipping as defects pass. Variations in the rate
of defect diffusion result from variations in the local mean-
field viscosity of the lattice. The defect-diffusion model
has been used to interpret both NMR line shapes® and
the results of mechanical loss experiments* and also has
been invoked as a possible explanation for polycarbon-
ate’s aging, and its viscoelastic, and thermodynamic be-
havior.5

In this paper we report the results of 1H-3C dipolar
rotational spin-echo experiments on PC, on PK, and on
the phenoxy resin formed from bisphenol A and formal-
dehyde (FPC). These polymers differ in the carbonate,
or carbonate-like, main-chain linkages connecting aro-
matic moieties. The carbonate linkages for the three poly-
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mers are as follows: PC, ~-OC(=0)0-; PK, -OCH,CH-
(-OH)CH;0-; and FPC, ~-OCH,0-. Despite differences
in the carbonate linkages, all three polymers display sim-
ilar low-temperature mechanical-loss peaks! and all three
polymers have rings undergoing rapid 180° flips at room
temperature. The present NMR experiments are designed
to measure the amplitudes of main-chain motions of the
isopropylidene units in PC and PK and the carbonate-
like units in FPC and PK. The results of these experi-
ments indicate only small-amplitude main-chain motion
at both isopropylidene and carbonate sites.

Experimental Section

Magic-Angle Spinning. Cross-polarization magic-angle spin-
ning 13C NMR spectra were obtained at room temperature on
a spectrometer built around a 12-in. iron magnet operating at
a proton Larmor frequency of 60 MHz.8 Half-gram samples
were spun in a double-bearing rotor? at 1859 or 930 Hz. The
long-term stability of the spinning speed was £1 Hz.

Carbon Dipolar Sideband Patterns. Carbon dipolar line
shapes were characterized by dipolar rotational spin-echo (DRSE)
13C NMR at 15.1 MHz. This is a two-dimensional experiment8
in which, during the additional time dimension, carbon mag-
netization is allowed to evolve under the influence of H-C cou-
pling while H-H coupling is suppressed by homonuclear mul-
tiple-pulse semiwindowless MREV-8 decoupling.? The cycle time
for the homonuclear decoupling pulse sequence was 33.6 us, result-
ing in decoupling of proton—proton interactions as large as 60
kHz. Sixteen MREV-8 cycles fit exactly in one rotor period so
that strong dipolar echoes formed. A 16-point Fourier trans-
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