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ABSTRACT: A combination of multiple-angle-of-incidence ellipsometry (MAIE) and environmental SEM
(ESEM) was used to characterize the microstructure of acrylic latices during all four stages of film
formation, starting from an aqueous colloidal dispersion (Stage I) and evolving to a continuous coating
having no internal solid—solid interfaces (Stage IV). Stage II is usually defined as a close-packed array
with water-filled interstices, and Stage III is defined as a densely packed array of deformed particles.
This analysis identified an additional stage, II*, intermediate to the conventionally defined Stages II
and III. The onset of this new stage, which coincides with the development of optical clarity, occurs at
nearly the same time (normalized by the final film thickness), regardless of the glass transition
temperature (T;) of the latex polymer. The duration of Stage II* and the kinetics of particle coalescence
in Stage III, on the other hand, are a function of T;,. A latex with a Ty well below the ambient temperature
can deform rapidly to fill the space left by the evaporation of water. A latex with a higher T, cannot, and

so air voids and surface roughness develop and persist over measurable times.

1. Introduction

Film formation from a polymer latex is a complicated,
multistage phenomenon. Opinion is divided as to the
exact mechanisms that underpin the transformation
from a colloidal aqueous dispersion to a continuous
polymer layer. However, most workers agree that the
process can be divided into a number of discrete steps.
Many recent publications!~3 suggest four distinct stages
separated by three transitions. In this and most other
descriptions, Stage I corresponds to the wet initial state.
Evaporation of water leads to Stage II in which the
particles first come into contact with each other, forming
a close-packed array with water-filled interstices. Dur-
ing the transition to the next stage, loss of this inter-
stitial water coincides with particle deformation and
compaction. The mechanism by which particle defor-
mation and water loss are linked is still the subject of
debate. Stage III indicates a dense array in which
individual particles retain their identity. Finally, dif-
fusion across particle—particle boundaries leads to a
homogeneous, continuous material (with no internal
solid—solid interfaces) that defines Stage IV. This
transition from III to IV can only occur above the glass
transition temperature (T}) of the polymer. An idealized
schematic summarizing the entire process is shown in
Figure 1.

Polymer latex is an important industrial product, and
its film formation process has therefore been the subject
of much theoretical and experimental attention. How-
ever, direct, conclusive evidence in support of the above
model is somewhat lacking. Many studies of the
individual stages, utilizing a variety of different tech-
niques, have been published. For example, Haas-Bar
Ilan and co-workers* have used vitreous preparation
transmission electron microscopy (TEM) to investigate
concentrated aqueous dispersions indicative of late
Stage I polystyrene latex. Atomic force microscopy
(AFM)® has been utilized recently to observe the surface
topography and packing of early Stage III poly(butyl
methacrylate) (PBMA) systems. The molecular inter-
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Figure 1. Idealized representation of the four basic stages of
polymer latex film formation.

diffusion phenomena of late Stage III and Stage IV have
also been extensively studied by such techniques as
small-angle neutron scattering (SANS)®~1° and nonra-
diative energy transfer (NET).!!"14 The time depen-
dence of particle deformation occurring at the surface
of a PBMA latex during the Stage III to IV transforma-
tion has been measured with AFM by Goh and co-
workers.!> A variety of TEM and scanning electron
microscopy (SEM) methods have predominantly been
employed to investigate Stage III and IV microstructure.
Examples of these include the replica freeze fracture
TEM work of Wang et al. and Roulstone et al.,'® the
stained TEM observations of Joanicot and co-workers,?
the replica SEM of Vanderhoff,!” and the direct SEM
studies of El-Aasser.!®

Comprehensive analyses spanning all four stages are
less common. Chevalier et al.!® have bridged the gap
of several stages by using a combination of TEM and
SANS. They report the observation of long-range order
(colloidal crystallinity) in the concentrated dispersions
of late Stage I PBA/PS copolymer latex. The important
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Stage II state and the mechanisms of the II to III
transition, however, are not examined in detail. In
another SANS study, particle deformation occurring
during the transition from Stage II to III was studied
by Crowley and co-workers.” They observed the devel-
opment of a polyhedral foam-type structure as the
volume fraction of solids rose above that of close-packing
as a result of the evaporation of solvent.

On the theoretical side of latex film formation,
pioneering work was published by Brown in 1956.20 He
proposed that the overcoming of mutual particle—
particle repulsions and particle deformation during the
Stage II to III transition are both driven by the capillary
action of interstitial solvent. Alternatively, Vanderhoff
ef al.l”7 suggest that these processes are driven by
polymer—water interfacial tension. In this publication,
Laplace’s equation is used to show that matter is pushed
under a pressure gradient from the center of the particle
to the contact area. One other opinion is that held by
Sheetz.2! His theory involves the formation of a surface
layer of coalesced particles formed by capillary action
during Stage II and III. This layer constitutes a barrier
through which the remaining water must diffuse and
which leads to an osmotic pressure that causes the
compaction of particles beneath the barrier.

For the purposes of application as a paint or adhesive,
the most important latex property is its minimum film-
forming temperature (MFFT). As has already been
pointed out elsewhere,?2 MFFT is often ill-defined and
poorly understood. A quick, convenient, empirical
method for its determination was first developed in 1960
by Protzman and Brown.2®* This commonly used tech-
nique, referred to as the “bar test”, entails spreading
the wet latex onto a metal bar having a temperature
gradient along its surface. The temperature at the point
along this bar at which the latex becomes optically clear
and attains mechanical integrity is defined as its MFFT.
This optical clarity is achieved in a latex only when the
size of pores or voids is well below the wavelength of
visible light. Therefore, the bar test is most likely an
indication of the minimum temperature needed for the
transition from Stage II to III. It does not, however,
provide any information about the kinetics of this or any
of the other transitions.

In normal use as a paint or adhesive, a latex is applied
in its wet state and allowed to dry and film-form under
ambient pressure conditions and at room temperature.
Conventional electron microscopy, used in the studies
already discussed, has always precluded the direct study
of “wet” systems such as Stage I and II latex. This is
because these microscopies impose drastic drying and
sample preparation procedures. Environmental SEM
(ESEM), on the other hand, has the specialist capability
of submicron imaging of nonconducting “wet” specimens
without disruption of microstructure or danger of prepa-
ration artifacts. In this work, we have used a combina-
tion of multiple-angle-of-incidence ellipsometry (MAIE)
and ESEM to follow the evolution of latex films from
Stage I through to Stage IV. Both MAIE and ESEM
allow the conditions of “normal” application to be
replicated during analysis and are therefore ideal
techniques for the study of latex film formation. To our
knowledge, MAIE and ESEM have never before—either
alone or in conjunction—been used in the study of
polymer latices.

In our study, we have determined the microstructure
and optical characteristics of latices in each of the four
stages of film formation. Based on our experimental
observations, we shall clarify and modify the existing
four-stage model, casting particular insight into the
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Table 1. Latex Chemical Compositions® and Physical
Characteristics

chemical composition
latex no. MMA (mol %) 2-EHA (mol %) diam (nm) T, (°C)

1 74.8 24.3 566.2 62
2 54.3 44.8 286.3 13
3 48.8 50.3 303.2 1
4 429 56.2 554.2 -5
5 30.0 69.1 356.1 -28

@ All latices contain 0.9% methacrylic acid.

Stage II to III transition. Additionally, our interpreta-
tion rigorously describes the microstructure at the onset
of film formation as conventionally defined by the bar
test. Furthermore, we determine the role of the polymer
viscosity in determining the kinetics of the film forma-
tion process.

I1. Experimental Procedure

(i) Materials. We studied a series of latex compositions,
all based on a copolymer of methyl methacrylate (MMA) and
2-ethylhexyl acrylate (2-EHA). The glass transitions of the
copolymers ranged from 245 to 335 K, depending on the
proportion of MMA and 2-EHA. Particle size (determined with
photocorrelation spectroscopy) and glass transition tempera-
ture T, (determined with differential scanning calorimetry of
dried latex) are listed in Table 1 for each of the latex
compositions used in this work.

The latices were prepared via a two-stage emulsion polym-
erization process starting with a seed latex made from 10 mol
% of the monomer. Polymerization of the copolymers (the
compositions of which are given in Table 1) was achieved by
thermal initiation. Ammonium persulfate (0.3 mol % of the
monomer) was heated with the monomers at 85 °C. Stabiliza-
tion and emulsification were achieved with both nonionic and
anionic surfactants. A cellulose ether was used as a protective
colloid. All latex compositions were approximately 55 wt %
in water.

Note that the latices have similar particle sizes but very
different T, values. The polymer in latex 1, which has a
relatively high T, is a glass at room temperature. Latex 2,
which is just above its T, at room temperature, will have a
higher viscosity than latices 4 and 5, which have much lower
values of T;. This range of materials enables us to study the
effect of polymer viscosity on the stages and kinetics of film
formation.

(ii) Multiple-Angle-of-Incidence Ellipsometry. Ellip-
sometry requires a planar surface. To achieve such a surface
consistently, latex solutions were placed on silicon single-
crystal substrates and spun-cast at 1800 rpm for approxi-
mately 2 s. This procedure created a smooth, wet surface. The
latex was deposited on the roughened side of the silicon
substrate so as to eliminate reflection from the latex/substrate
interface during ellipsometry. We defined the end of the
spinning process as the starting point in the evolution of the
latex coating, and we designated it as time ¢ = 0. Immediately
following spinning, we placed the sample on the stage of the
ellipsometer and commenced analysis. We performed a series
of scans, each lasting between 1 and 2 min, on each of the
latex compositions listed in Table 1. At the completion of
coalescence, ESEM of cross-sections revealed thicknesses of
the layers in the range of (4—86) x 1075 m.

All of the experiments described here were performed on a
Jobin-Yvon Uvisel phase-modulated spectroscopic ellipsom-
eter.?* In a typical scan, we measured the ellipsometric angles
(y, the amplitude attenuation, and A, the phase difference
between the s and p waves) at 0.05° increments in the angle
of incidence, ¢;, using a fixed wavelength of polarized light (4
= 413.3 nm). Ellipsometric angles®® are defined by the
equation for ellipticity, o:

r
0= ;—E = tan(y) exp(iA) (1)

s
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where r, and r, are respectively the Fresnel reflection coef-
ficients parallel and perpendicular to the plane of reflection.
The refractive indices N; and N2 may be complex, consisting
of a real component (the refractive index n) and an imaginary
component (the extinction coefficient k). For a planar interface
between an isotropic, homogeneous, nonabsorbing material
(with a complex refractive index of N;) and a similar ambient
of index N, the coefficients are functions of ¢; and the angle
of refraction, ¢.. The reflection coefficients are given by

_ N,cos ¢, — N, cos ¢,
"» = TN, cos ¢, + N, cos ¢,

(2)

and

_ N, cos ¢; — N, cos ¢,
"s T N, cos ¢, + N, cos ¢,

(3)

We conducted our measurements around the Brewster angle,
¢s, of the latex, defined as the angle of incidence at which |ry|?
is a minimum. The refractive index of one material can be
calculated at a given angle of incidence?® from the ellipticity:

4 g V2
N, =N, tan ¢,|1 — —2— sin A (4)
2= Vitand; 1+ ) ¢

when the ambient is transparent and so Ny = n;. For a
nonabsorbing, nonscattering interface (i.e., k1 = k2 = 0), y goes
to a minimum of zero at the Brewster angle, making ¢ = 0.
Equation 4 then reduces to the well-known result that tan-
(¢B) = no/ny. A thorough discussion of the theory of ellipsom-
etry can be found elsewhere.25:26

Although it is possible to determine N for a material
analytically from a single measurement of ¢, we have taken
several measurements. This method overdetermines the
analysis (eq 4), but it has an important benefit: Several values
of ¢ at varying angles compensate for errors in a single point.

As is apparent from eq 4, a plot of the ellipsometric angles
as a function of ¢; yields information about the refractive index
of the materials at an interface. The ellipsometric angles are
especially sensitive to the optical constants of a material near
the Brewster angle. The amount of curvature in y near ¢g is
related to the extinction coefficient, k. For instance, when
goes through a sharp minimum, k is low; when the curvature
in y is gradual near the principal angle, k is larger. Likewise,
the slope of A indicates the extinction coefficient. A sharp
change in A corresponds to low %, whereas, a more gradual
change corresponds to larger k. The two main contributions
to the extinction coefficient are optical absorption and scat-
tering.6 Optical absorption arises from any physical mecha-
nism that changes the frequency of light. Scattering can result
from internal interfaces (such as voids and inclusions) and
rough surfaces.

(iii) ESEM. So-called “natural”, “wet”, “low pressure”,?” or
“environmental” SEM instruments are being used in a variety
of applications where flexible observation conditions are
required. Environmental SEM (ESEM)?® is one of the more
widely used of these specialist techniques. Samples are
imaged in the presence of water vapor or some other auxiliary
gas such as nitrogen. By differential pumping, the observation
chamber can be held at pressures up to 25 torr, while the gun
and column remain at 10-6—10"7 torr. These gradients are
manufactured by a series of pressure-limiting apertures (PLAs)
and separate pumping units for each zone (Figure 2). With
short working distances (~2—5mm) a significant proportion
of the electron beam is retained within the probe volume, and
scattering is referred to as oligo, as opposed to plural.®®
Conventional high-vacuum scintillation-based detectors cannot
be used in such circumstances. Instead, the presence of a gas
in the chamber is utilized in the so-called “environmental
secondary” or “gaseous” detector (ESD/GD).?° An electrode is
biased with respect to the sample surface, and, depending on
the magnitude and polarity of the resultant field, different
charged species are accelerated through the gaseous environ-
ment. Cascade amplification of the signal arising from the
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Figure 2. Schematic of the ElectroScan ESEM (Model E-3),
showing the differential pressure zones.

Saturated Vapour Pressure of Water vs. Temperature

- 30
E
o L
E
g
3
£
[
Bt
=
[=]
9
ad
> Evaporate
0 T T
270 280 290 300
Temperature (K)

Figure 3. Saturated vapor pressure of water as a function of
temperature.

specimen yields high signal to noise ratio, and an image is
reconstructed from the measured electrode current. The
positive ions produced in this cascade process may then be
used to neutralize excess negative charge that builds up at
the sample surface. Hence, electrically insulating specimens
do not need to be coated with a conducting layer in order to
prevent image distortion.

By controlling the temperature of the sample and using
water vapor as the imaging gas, condensation and evaporation
conditions can be produced. This process is demonstrated in
the plot of saturated vapor pressure of water vs temperature
shown in Figure 3. The data illustrate that at a temperature
of 2—3 °C, an equilibrium vapor pressure of water is obtained
at about ~5.6 torr. Dehydration can be inhibited by the correct
pumpdown procedure, i.e., the replacement of normal air in
the chamber with an imaging gas such as water vapor, and
wet samples can therefore be observed in their “natural
state”3! This flexibility in observation environment also
means that microstructural changes, for example, those oc-
curring during the film formation of polymer latex, can be
studied in situ and in real time.

Our experimental procedure for observing such changes was
as follows. We inserted a wet latex film into the specimen
chamber with its temperature set at ~4 °C. The chamber was
then partially evacuated, and the mixed atmosphere progres-
sively replaced with water vapor. During this process we
observed no significant loss of sample moisture. We set the
correct equilibrium imaging pressure (3—6 torr) and then
observed the surface of the latex film in various stages of
dehydration during the film formation process. We accelerated
Stages II-IV when necessary by increasing the temperature
of the sample stage to ~20 °C for varying times.

(iv) Drying Experiments. Samples were prepared in the
same way as for ellipsometry. Immediately after spin-deposi-
tion, we placed a sample on a scale with a digital read-out.
The sample was allowed to dry at room temperature in still
air. We recorded the sample weight every 15 s until there
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Figure 4. Typical angular ellipsometry scans for latex no. 3.
Ellipsometric angle, y, vs angle of incidence for three different
times after film casting. Data are shown for three different
scans: (0) 400 s; (A) 1400 s; (©) 2540 s. Solid lines are the
curves of best fit to a model for a semi-infinite solid.
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Figure 5. Typical angular ellipsometry scans for latex no. 3
Ellipsometric angle, A, vs angle of incidence for three different
times after film casting. Data are shown for three different
scans: (o) 400 s; (&) 1400 s; (©) 2540 s. Solid lines are the
curves of best fit to a model for a semi-infinite solid.

was no discernible change in the weight over a period of several
minutes.

II1. Results

(i) Optical Characterization. Some typical angular
scans of latex 3 are shown in Figures 4 and 5. Ellip-
sometric angles (y and A) are plotted as a function of
the angle of incidence for three different times after film
deposition, and the curves of best fit to the data are
overlaid. One scan (at 400 s) was performed prior to
the onset of optical clarity and when the film was
noticeably wet (Stage I). The second scan shown (1400
s) was performed shortly after the onset of optical
clarity. The third one (2540 s) was obtained after the
film had aged for an additional 1140 s, Qualitatively,
the trends shown in Figures 4 and 5 indicate that
refractive index increases with time, but extinction
coefficient increases and then decreases again.

We can analyze data such as in Figures 4 and 5 by
finding the complex refractive index that yields the best
fit of v and A to eq 4. The error in each component of
the complex refractive index (n and &) is about 0.001.
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Figure 6. Refractive index as a function of time normalized
with respect to final film thickness. Data obtained by fitting
the ellipsometric measurements as shown in Figures 4 and 5.
The Roman numerals designate the various stages of film
formation, and the straight lines mark the transitions between
the stages. Data are shown for four film-forming latices: (o)
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Figure 7. Extinction coefficient as a function of time normal-
ized with respect to final film thickness. Data obtained by
fitting the ellipsometric measurements as shown in Figures 4
and 5. The Roman numerals designate the various stages of
film formation, and the straight lines mark the transitions
between the stages. Data are shown for four film-forming
latices: (o) no. 2; (x) no. 3; (A) no. 4; () no. 5.

Refractive indices and extinction coefficients obtained
from a series of successive scans are shown in Figures
6 and 7 for latex compositions 2—5. In our experiments,
we shall show that the evaporation rate of water from
a latex is independent of thickness, as has been shown
elsewhere.?2 We thus expect the volume fraction of
water at a particular time to be proportional to the
initial thickness of the wet film. This is because each
of the latices are cast onto substrates of the same area
and their initial volume fractions of water are similar.
In Figures 6 and 7 we have normalized the data by
dividing the drying time by the final film thickness. We
determined film thickness by examining film cross-
sections using ESEM. The normalized time is expected
to be linearly proportional to the volume fraction of
solids in the drying latex.

In interpreting the refractive index, we draw upon the
well-known Lorentz—Lorenz equation. It relates n to
N, the number of objects (of a size much smaller than
A) per unit volume:
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=a- (5)

where o is the real component of the polarizability, and
€ is the permittivity of free space. Since N is propor-
tional to material density?® and bearing in mind the
relationship in eq 5, we can therefore use n as a probe
of material density on a size scale less than 400 nm,
realizing that the values we obtain are an average over
the volume probed. As such, we interpret values of n
less than the index of the bulk polymer as being
indicative of air voids within the material.

The extinction coefficient provides very different
information. As mentioned previously, k is an indica-
tion of the amount of radiation that is absorbed or
scattered. Consequently, & is sensitive to such things
as voids and rough surfaces. Our measurements yield
an effective value of k& that, in most cases, is not
equivalent to the value in the bulk material. One
possible reason for this discrepancy is that the surface
of a non-film-formed latex is expected to be rough on
the size scale of the particle radius. Azzam and
Bashara?5 have presented simulations indicating that
although apparent refractive index is rather insensitive
to surface roughness, the extinction coefficient increases
by approximately 0.03 with a relatively small increase
in surface roughness of 10 nm. Additionally, whereas
voids larger than 1 are not expected to affect n greatly,
they are expected to cause scattering and consequently
an increase in k. To summarize, it is useful to bear in
mind when interpreting our data that n is particularly
sensitive to microscopic voids in the latex, and % is
sensitive to surface roughness and to interstices and
voids of varying sizes.

Most notably in Figures 6 and 7, each of the latex
compositions undergoes a significant optical change
near a normalized time of 2.7 x 107 s/m. We have
observed that this point in time corresponds to the onset
of optical clarity in the films and thereby defines film
formation according to the bar test. Note that the
normalized time for this optical change is the same for
all of the film-forming latices studied, even though
MFFT and T, vary widely among them.

The exact manner in which the complex refractive
index changes around a normalized time of 2.7 x 107
s/m (for instance, the magnitude of the increase or
decrease) does vary with MFFT and T, however.
Specifically, the refractive index (Figure 6) of latex 2
decreases abruptly near this time and then increases
once more. The refractive indices of latices 4 and 5, in
contrast, increase substantially (by more than 0.1). The
index of latex 3 displays an intermediate behavior. The
index drops slightly (but much less than that of latex
2), and it then increases, but much more gradually than
for latices 4 and 5. At normalized times greater than
about 3.0 x 107 s/m, the refractive index increases the
most in latex 2 and the least in latex 5, with latices 3
and 4 showing intermediate trends.

The extinction coefficient (Figure 7) of latex 2 in-
creases sharply near a normalized time of 2.7 x 107 s/m.
Latex 3 follows a similar trend, but the magnitude of
the increase is less. The extinction coefficient of latex
5 decreases abruptly at this time. Once more, latex 4
displays an intermediate trend. There is a slight
increase in extinction coefficient near a normalized time
of 2.7 x 107 s/m followed by a gradual drop. Above this
normalized time, the k of latex 2 changes the most and
latex 5, the least, in a trend similar to that seen in n in
the previous figure.
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Figure 8. ESEM micrograph showing the surface of a
hydrated Stage II non-film-forming latex (no. 1); magnification
bar = 2 ym.

(ii) Microstructural Evidence. The following re-
sults detail ESEM microstructural observations. We
selected three latices (nos. 1, 2, and 4) with very
different values of T, but with similar particle sizes.
Latex 1, since it is below its MFFT at room temperature,
is non-film-forming. Latex 2 is expected to have a much
higher viscosity in comparison to latex 4, and we shall
refer to latex 2 as “hard” and latex 4 as “soft”.

It is also useful at this point to note that when we
refer to the Stage II latices as being “wet” or “hydrated”,
some water has in fact been removed from the surface
to obtain better images. The surface in this sense is
therefore partially dehydrated although the bulk is still
completely “wet”. Dry latices (Stage III of IV) were
observed with a small amount of water condensed on
the surface during imaging. This had the effect of
enhancing edge contrast, as will be described else-
where.33

(a) Non-Film-Forming Latex (No.1): We find that the
surface of a hydrated latex can be successfully imaged
in the ESEM under “wet” conditions. We have observed
that the monodisperse particles of this high-T, (~60 °C)
latex are randomly distributed, with very little tendency
to order in this “wet” state. As shown in the micrograph
of Figure 8, the hydrophilic shells of the latices retain
their moisture and display a bright contrast “halo”.3?
We also observed that the particles remained physically
distinct and that no deformation occurred (Figure 8).
Since the particles are in contact but have water in their
interstices, we conclude that the latex is in Stage II.

When these films were dried, a similar microstructure
to the “wet” case was observed. Notably, the particles
retained their individual identities although intimate
contact had been established. A great deal of porosity
was still clearly apparent, and the samples, when
viewed optically outside the microscope, appeared opaque
despite their dryness. The electron micrograph of
Figure 9 demonstrates some of these points. As before,
a small amount of water was condensed on the sample
surface to enhance edge contrast. The major difference
between the “wet” state of Figure 8 and this “dry” state
is the occurrence of isolated multiparticle clusters (see
for example cluster A). Within such groupings a limited
amount of ordering has been initiated, and regular
triangular, diamond, pentagonal, and hexagonal pores
can be seen. This pore regularity is a direct conse-
quence of particle rigidity. Note that since the latex
does not film-form, it never attains Stage III. Thus we
never observe particle deformation or the formation of
a densely packed array.
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Figure 9. ESEM micrograph showing the surface of a

dehydrated post-Stage II non-film-forming latex (no. 1), held
at 20 °C for ~1 h; magnification bar = 2 um.

Figure 10. ESEM micrograph showing the surface of a
hydrated Stage II hard film-forming latex (no. 2); magnifica-
tion bar = 2 ym.

(b) Hard Film-Forming Latex (No.2): While still in
the hydrated state we noted that the particles of latex
2 remained physically distinct and undeformed. The
wet films appeared opaque when studied optically and
contained a great deal of porosity when viewed in the
ESEM. The electron micrograph of Figure 10 is an
example of such a Stage II hydrated latex. The particle
boundaries are still clearly visible except in a few
isolated areas where premature dehydration has oc-
curred.

When this latex was dehydrated in the ESEM and
allowed to film-form for approximately an hour at room
temperature, much of the large-scale porosity was seen
to disappear. Such films possessed mechanical integ-
rity, appeared optically transparent outside the micro-
scope, and—by the conventional definition—had there-
fore film-formed. We observed that rearrangement and
packing of the particles into ordered arrays did occur,
signaling that Stage III had been reached. Individual
particle identities were retained long after the attain-
ment of Stage III. The electron micrograph of Figure
11, when seen in contrast to Figure 10, demonstrates
some of these points. Within this typical Stage III latex,
packing in the matrix is nonuniform.

(c) Soft Film-Forming Latex (No. 4): When the
partially dehydrated surface of a “wet” (Stage II), soft
(for example no. 4) latex is examined, extensive particle
deformation can be seen immediately upon attainment
of particle—particle contact. We observed that such
films were still optically opaque; accordingly, their
microstructure contained a large amount of porosity.
The electron micrograph of Figure 12a,b shows such a
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Figure 11. ESEM micrograph showing the surface of a
dehydrated Stage III hard film-forming latex (no. 2), held at
20 °C for ~1 h; magnification bar = 2 ym.

Stage II soft latex after excess surface water has been
removed. These particular micrographs were taken at
a temperature of ~5 °C in order to inhibit imminent
film formation. Particles within clusters can be seen
to have deformed to quite a large extent in minimizing
the polymer surface area. In certain cases, cluster B
for example (expanded in Figure 12b), four particles
have individually deformed to come together at right
angles.

In such a soft latex, the transition from Stage II
through Stage III to Stage IV is very rapid. Upon
dehydration and exposure to a temperature of ~20 °C,
all particle identity rapidly disappeared. We observed
continuous films, characteristic of Stage IV latex, after
a very short period. An example of such a surface is
shown in the electron micrograph of Figure 13. No
individual particles can be seen, and the only topo-
graphical features are due to defects and possibly
impurities.

(iii) Drying Rate. Data from drying experiments on
three of the latex compositions are shown in Figure 14.
Water loss (mass loss per unit area) is plotted against
the time elapsed since the deposition of the latex. In
all of the experiments, the water loss initially increases
linearly with time. The slope of curves such as these
indicate that the rate of water loss in the latex is, on
average, (3.8 £ 0.2) x 1075 kg m~2 s~1. This value,
which is independent of film thickness, compares favor-
ably with the reported evaporation rate of water in still
air at room temperature, 3.6 x 107 kg m2 57132 In
theories of drying, this initial stage is called the constant
rate period. Evaporation takes place from the water/
air interface at the material’s surface. After this
constant rate period, there is a falling rate period in
which the drying rate decreases to zero. The falling rate
period is believed to be the result of slowed diffusion of
water vapor through a dry surface layer after the water/
air interface (the drying front) recedes from the surface.
The inception time of the falling rate period depends
on film thickness, occurring at a later time for thicker
films. In Figure 14 latices 2 and 5 have similar
thicknesses, and so the constant rate period and falling
rate period occur over nearly identical times. These
results support our earlier arguments in normalizing
the drying times.

Since we have measured the rate of water loss in
drying latex films and since we know that the latex
solutions are initially 55 wt % solids, we can calculate
the volume fraction of water in the films (assuming no
air porosity) as a function of time. This analysis
provides a rough estimate of the amount of water in the
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Figure 12. ESEM micrographs showing the surface of a
hydrated Stage II soft film-forming latex (no. 4): (a, top)
normal magnification (bar = 2 um); (b, bottom) expanded view
(bar = 2 um).

films at the onset of film formation. We estimate that
at the normalized time of 2.7 x 107 s/m, there is less
than 15 volume percent water. Furthermore, we have
made the qualitative observation that the onset of the
falling rate period correlates with the appearance of
optical clarity near the edge of a sample; the onset of
the plateau region correlates in time with the comple-
tion of film formation.

IV. Discussion

We shall discuss the data in Figures 6 and 7 and in
the ESEM micrographs in terms of the four stages of
film formation outlined in the Introduction. By cor-
relating optical and microstructural data, we isolate and
define each of the stages. As a guide to our discussion,
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Figure 13. ESEM micrograph showing the surface of a
dehydrated Stage IV soft film-forming latex (no. 4), held at 20
°C for ~1 min; magnification bar = 2 ym.
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Figure 14. Water loss as a function of time after casting for
latices 1, 2, and 5 (non-film-forming, hard and soft, respec-
tively): (o) no. 1; (a) no. 2; (<) no. 5.

we have drawn lines on Figures 6 and 7 to demarcate
the transitions between the various stages. As our
discussion proceeds, it will become clearer how we
determined the positions of these lines.

Because the wet latex is highly turbid, ellipsometry
is sensitive only to the top surface. This surface in
Stage I is initially expected to consist primarily of water.
Accordingly, the initial refractive index (for all latex
samples) is close to 1.33, the value for water. Our
measurements thus support the notion that the surface
of the latex initially consists only of the aqueous solvent
and that the latex is in Stage I. We have labeled this
time period with an “I” on Figures 6 and 7 to indicate
the stage.

As a latex makes the transition to Stage II via the
evaporation of water, particles begin to emerge from the
surface. This has the effect of raising the material
density at the surface, which in turn increases the
observed refractive index. (In similar work, Meeten et
al. have found that refractive index (determined with
refractometry) of Stage I latex increases with solids
concentration.?*) The particles emerging from the water
create a rougher surface, and the apparent extinction
coefficient therefore rises simultaneously. Supporting
this argument is our finding that in all of the latices
studied, both n and % increase linearly with time at
normalized times between 0 and 2.0 x 107 s/m. Mean-
while over this same time period, the volume fraction
of particles is increasing from about 55 to 80 volume
percent.
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Eventually the particles come into contact with each
other, and the latex thereby reaches Stage II. We
suggest that the onset of Stage II is signaled by changes
in the complex refractive index occurring at a normal-
ized time near 2.0 x 107 s/m. At this point, identified
with a line marking the onset of Stage II on Figures 6
and 7, both refractive index and absorption coefficient
show a change in slope. The critical solid content at
which contact occurs is dependent upon the configura-
tion of the packing. For example, in a face-centered
cubic array of rigid, monodisperse spheres, the maxi-
mum volume fraction is 0.74. If, however, the particles
are able to deform after their initial contact, then
greater packing densities are possible. Our drying rate
measurements predict that at this normalized time, the
latex consists of less than about 20 volume percent
water (corresponding to 80 volume percent solids). This
rather high solids content indicates particle deformation
in all of the film-forming latices, even before Stage III.
We found that evaporation continues at a constant rate
during this time and does not enter the falling rate
period. This finding supports the notion of particle
deformation keeping the water/air interface at the latex
surface.

We will now consider as a separate case, the non film-
forming latex 1, which is below its T at room temper-
ature. Recall that no particle deformation is observed
with ESEM in either its wet (Figure 8) or dry state
(Figure 9). This is clearly demonstrated in the ordered
multiparticle clusters of Figure 9, where intimate
contact has been established and regular enlarged
interstices exist. We find that the optical properties of
latex 1 change substantially and abruptly at a normal-
ized time of only about 0.5 x 107 s/m. (Our data are
not shown.) The effective refractive index falls, and the
extinction coefficient rises. Our measurements of drying
rate indicate that at this point in time the latex consists
of approximately 40 volume percent water. Since a
random packing of rigid particles is expected to be
around 60 volume percent solid,® we attribute the
change in optical characteristics to the level of water
in the latex dropping below the top surface of the
particles after they have come into contact. That is, we
see optical evidence for the drying front (the water/air
interface) receding into the latex. Since the particles
do not deform, voids and surface roughness develop
during the process. Then the light is not reflected from
the wet surface; instead the reflection is from dry
particles. This rough surface has a low effective refrac-
tive index and a high extinction coefficient. Note that
we observe this optical change when there is still a large
amount of water in the latex.

To summarize, we find that since particles of a non-
film-forming latex cannot deform, a rough, dry surface
develops at a relatively low solids content as the drying
front recedes into the latex and away from its outer
surface. In a film-forming latex, however, the particles
deform to achieve a denser packing. A partially wet
surface is consequently maintained at much higher
solids content. This difference between the film-forming
and non-film-forming latices supports the suggestion of
a “self-regulating” drying mechanism. Sheetz (extend-
ing ideas proposed by Brown) hypothesized that there
is a capillary force normal to the film that deforms and
compacts the particles. This compaction and deforma-
tion of the wet particles (as seen in Figure 12) “squeezes”
water to the top surface, thereby keeping the particles
submerged. Such a mechanism is not possible with the
rigid particles of a non-film-forming latex.
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Over the time period that follows the onset of Stage
II, we find that the conventional description of film
formation consisting of four stages is inadequate in
describing our observations. Conventional thought sug-
gests that the transition from Stage II to Stage III is
the result of simultaneous water evaporation, particle
deformation, and the attainment of optical clarity. We
find that the transition between Stage II and Stage III
is not continuous but contains an intermediate stage.
We suggest that in most latex systems, an intermediate
stage exists in which optical clarity is achieved after loss
of most of the interstitial water and after partial particle
deformation. However, unlike in Stage III, the particles
in this stage are not completely dry and not yet
compacted in a dense array. We shall refer to this newly
identified intermediate stage as II*.

During the transition between Stages II and III, the
particles pack more densely together as water evapora- '
tion proceeds. We suggest that particles of latex 2
(which is close to its T;; at room temperature) are unable
to deform substantially as water evaporates from the
sample. As a result, when the drying front recedes from
the surface, air voids develop within the array of
particles, leading to a marked increase in surface
roughness and an accompanying increase in the extine-
tion coefficient. The observed decrease in the effective
refractive index likewise supports the concept of void
formation during the transition. We propose that these
optical and microstructural changes, which occur near
a normalized time of 2.7 x 107 s/m, signal the onset of
Stage II* and have therefore labeled it as such on
Figures 6 and 7. Interestingly, though, despite the
presence of voids, there is sufficient polymer/polymer
contact to enable optical clarity in the latex. Note that
particles do not have to be coalesced in order to create
an optically clear film. The voids between the latex 2
particles are much less than the wavelength of the
incident light. This is not surprising considering that
the particle diameters and the wavelength are roughly
the same (about 400 nm).

Soft particles (such as latices 4 and 5) by contrast are
able to deform simultaneously as water evaporates. This
ease of deformation, resulting from a relatively low
viscosity, is clearly demonstrated by the flat edges
between particles while still in Stage II (Figure 12).
With continued water evaporation and the receding of
the drying front, a rough surface and voids do not form
and so the extinction coefficient drops near the time
labeled as II*. As a greater fraction of the latex consists
of polymer and less consists of water, there is a
simultaneous increase in material density that leads to
a rise in refractive index.

Latex 3 has an intermediate glass transition temper-
ature (intermediate viscosity) and as a result displays
a behavior intermediate to latices 2 and 4. The refrac-
tive index decreases briefly after the transition to II*.
We suggest that this moment corresponds to the tem-
porary appearance of air voids in the latex created by
the evaporation of water. The latex deforms to elimi-
nate these voids at a fast rate, however, and the latex
density therefore increases sharply. At the same time,
the extinction coefficient increases as a result of some
surface roughness. The particles rapidly deform and
flow to create a smoother surface (consistent with the
observed increase in density), and so the extinction
coefficient then falls sharply.

Why do the abrupt changes in optical properties and
the onset of optical clarity occur at nearly the same
normalized time for all the film-forming latices? The
answer seems to be that there is a critical solids content
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which corresponds to the void size being able to drop
well below the wavelength of light. The attainment of
this condition is governed by the evaporation of water
in conjunction with particle deformation. (The exact
cause-and-effect relationship between the two cannot be
determined from this study.)

The microstructural evidence provided by ESEM is
in agreement with these arguments. The electron
micrographs of Figures 10 and 11 show latex 2 on either
side of Stage II*. The “wet” (end of Stage II) micro-
structure of Figure 10 displays a large amount of
interstitial void space, consistent with a relatively high
extinction coefficient and low effective refractive index.
The “dry” (start of Stage III) microstructure of Figure
11 provides further evidence that the majority (but not
all) of the porosity has been eliminated and a dense
array has formed. This microstructure has been achieved
by particle rearrangement and deformation, and it is
consistent with our finding of higher refractive index
and lower extinction coefficient. However, microporos-
ity, not easily observed with ESEM, must still exist
since individual particles clearly retain their identity.

Whereas Stage II* latex is characterized as having
air voids between particles, Stage III is described as a
densely packed array. Bearing this in mind, we suggest
that the rate of the transition from Stage II* to Stage
III is dependent on the glass transition of the latex. In
a soft latex (with a low T, such as no. 4), the polymer
has a relatively low viscosity, and a relatively high
particle packing density is achieved in Stage II*.
Consequently, Stage III is reached almost immediately
after Stage II*. So rapid is this transition that on the
time scale of the ESEM experiments, at least, a densely
packed array of particles cannot be observed. Figure
13 shows that a continuous polymer layer is formed soon
after the transition, in support of the rapid attainment
of optical properties indicated by MAIE. We suggest
that the limiting step in the attainment of Stage III in
this latex is the evaporation of water. In a hard latex
(such as no. 2), on the other hand, it takes much longer
to achieve the array of Stage III. This fact allows us to
isolate Stage III with ESEM (Figure 11). Unlike the
softer latex, the hard latex contains a large amount of
porosity at the onset of Stage II*, and its rate of viscous
flow is quite slow. All of the water is expected to be
evaporated long before the attainment of Stage III. This
fact implies that particle deformation during this stage
is driven by the energy savings from the reduction of
the polymer/air surface area. Clearly, the density and
microstructure of the latex are time-dependent, in
agreement with what is expected for a “dry sintering”
mechanism. An earlier suggestion3® that elastic defor-
mation driven by adhesion forces (a mechanism that
does not show a time dependence) causes latex coales-
cence is not supported by our experiments.

The diagonal lines in Figures 6 and 7, which mark
our estimates for the onset of Stage III, illustrate our
interpretations. In all of the latices, regardless of T, n
and k vary with time during Stages II* and III. The
values of the complex refractive index of latex 4 ap-
proach values of the bulk shortly after the onset of Stage
IT*. Attributing this observation to the rapid smoothing
of the surface and the loss of voids during the transition
to Stage III is in direct agreement with our ESEM
observations just discussed. Latex 2 has the greatest
amount of voids and the greatest surface roughness at
Stage II* (explaining its low n and high &), and its
optical properties change at the slowest rate, also in
support of the ESEM observations.
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Figure 15. Modified “intermediate Stage II*” model of
polymer latex film formation, idealized as in Figure 1.

We have identified the onset of Stage IV using ESEM
by observing the elimination of particulate identity. The
time until the attainment of Stage IV is dependent on
the T of the polymer, as is the onset of Stage III. In
latex 4 (Figure 13), Stage IV is attained shortly after
the transition to Stage III. The transition is too fast to
capture with ESEM. In contrast, the harder particles
of latex 2 (Figure 11) coalesce on a time scale easily
observed with either ESEM or MAIE; Stage IV is not
reached until several weeks after Stage III. This finding
supports previous work! that observed an inverse
dependence of interdiffusion rate on the T of the
polymer.

Figure 1 outlines the conventional view of four stages
of film formation linked by three transitions. We
suggest in Figure 15 that the intermediate stage of IT*
is obtained in a latex that is only slightly above its glass
transition temperature and is therefore somewhat rigid
(latex 2 at room temperature, for instance). In a latex
that is well above its T, the microstructure passes
rapidly from Stage II through Stage II* to Stage III,
since the particles deform at a sufficient rate to fill voids
left by the evaporation of water. In a soft latex, the
evaporation of water is the rate-limiting step in the
transition to Stage III.

In addition to the insertion of Stage II*, our Figure
15 contains some minor modifications to the conven-
tional model shown in Figure 1. The figure illustrates
that in Stage II we have observed some particle defor-
mation, such as seen in latex 4 (Figure 12). Note also
that in illustrating Stage III, Figure 15 shows that in
this study a hexagonal array is not attained. The
ordering of latex particles (studied in detail elsewhere®)
is a function of the particle size distribution, ionic
strength, choice of surfactant, drying rate, and external
shear forces. We attribute the disorder in the particle
arrays studied here to the fact that there is not a narrow
size distribution.

In closing, we point out that film formation is strongly
affected by the choice of surfactant and other chemical
additives. Some of our observations, therefore, would
not be found in other latex systems. We suggest,
however, that our conclusion regarding the general
effects of T; on the kinetics of film formation are
generally applicable.

V. Conclusions

The complicated process by which an aqueous, col-
loidal polymer dispersion evolves into a continuous film
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is usually divided into four stages (Figure 1). We have
used a combination of multiple-angle-of-incidence ellip-
sometry and environmental SEM to study each of the
stages in a series of acrylic latices having similar
particle sizes but varying glass transition temperatures.
Our analytical techniques allow us to study wet materi-
als in their “natural” state and without special sample
preparation.

We find that the onset of film formation occurs at
nearly the same normalized time, regardless of the glass
transition temperature of the latex. This point occurs
during the transition between Stages II and III at an
intermediate stage that we call II*. It corresponds to a
sharp change in the refractive index and extinction
coefficient and accompanies the attainment of optical
clarity. We suggest that the onset of Stage II* occurs
when there is less than about 15 volume percent water
in the latex. Film formation takes place when particles
gain close contact allowed by the loss of water and
particle deformation. As such, in a film-forming latex,
the time until the onset of optical clarity (and the
attainment of Stage II*) does not depend on the poly-
mer’s viscous properties (indicated by Tg).

During Stage II¥, a harder latex is unable to deform
at a fast enough rate to eliminate the voids created
during evaporation and to create a smooth surface. In
contrast, a softer latex can deform and flow to eliminate
these voids in tandem with the continued loss of solvent.
Particle identity is retained during Stage II*, even
though optical clarity has been attained.

Densification and microstructural development con-
tinue in all film-forming latices after the onset of Stage
II*. However, in a softer latex these processes occur
rapidly compared to a harder latex, which continues to
densify over a period of several days. Similarly, particle
identity is destroyed in a much shorter time for the
softer latex in comparison to the hard. This is because
a polymer close to its glass transition temperature
deforms and diffuses at a much slower rate compared
to one well above its T;. Unlike the onset time of Stage
II*, the onset times of Stages III and IV are dependent
on the viscous properties of the polymer. The kinetics
of deformation and compaction depend on the viscosity
of the particles, which is known to be a function of the
polymer’s glass transition temperature.

In microstructural development leading to Stage III,
there is a negligible amount of water in the harder
latices. The driving force for particle coalescence is
therefore the reduction of the polymer/air surface area
(dry sintering).

In this paper we have demonstrated that ESEM and
ellipsometry can be used in a complementary fashion
to study the fundamental mechanisms of polymer latex
film formation. The need for complicated sample prepa-
ration has been eliminated, and in doing so the usual
concerns about artifact have been removed. We have
been able to study all stages of the process in situ and
in real time, paying particular attention to the experi-
mentally difficult II to III transition. Future work will
further utilize the unique “natural” capabilities of the
techniques to investigate the effects of hard incompress-
ible inclusions on the process.
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