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Foreword

Te ACS SYMPOSIUM SERIES was first published in 1974 to
provide a mechanism for publishing symposia quickly in book
form. The purpose of this series is to publish comprehensive
books developed from symposia, which are usually “snapshots
in time” of the current research being done on a topic, plus
some review material on the topic. For this reason, it is neces-
sary that the papers be published as quickly as possible.

Before a symposium-based book is put under contract, the
proposed table of contents is reviewed for appropriateness to
the topic and for comprehensiveness of the collection. Some
papers are excluded at this point, and others are added to
round out the scope of the volume. In addition, a draft of each
paper is peer-reviewed prior to final acceptance or rejection.
This anonymous review process is supervised by the organiz-
er(s) of the symposium, who become the editor(s) of the book.
The authors then revise their papers according to the recom-
mendations of both the reviewers and the editors, prepare
camera-ready copy, and submit the final papers to the editors,
who check that all necessary revisions have been made.

As a rule, only original research papers and original re-
view papers are included in the volumes. Verbatim reproduc-
tions of previously published papers are not accepted.

ACS BOOKS DEPARTMENT
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Preface

NEW COATINGS TECHNOLOGIES such as high solids, powder, water-
borne, and radiation-curable coatings have been developed during the
past 15 years to meet the challenges of (a) governmental regulations in
the area of ecology (emission of volatile organic compounds), (b) long-
term increasing costs of energy and petroleum-based solvents, (c) more-
active public consumerism, and (d) the continual need for cost-effective,
high-performance coatings in a highly competitive and global business
environment. These new coatings technologies require the use of water
as the major solvent with water-soluble or high-molecular-weight latex
polymers or the use of strategically designed, low-molecular-weight poly-
mers, oligomers, and reactive additives that, when further reacted, pro-
duce high-molecular-weight and cross-linked polymers. This has led to a
need for improved methods of materials characterization in diverse areas
such as molecular-weight distribution analysis, particle-size distribution
assessment and characterization, rheology of coatings, film-formation and
cure-process characterization, morphological characterization, and spec-
troscopic analysis, as well as a need for improved methods for modeling
and predicting materials properties and processes.

The film-formation process is key to the development of the ultimate
physical and chemical properties of waterborne systems and the conse-
quent end-use properties. Thus, commercially successful, cost-effective
waterborne coating products require practical application of the
knowledge that underpins our understanding of the film-formation pro-
cess. In recent years significant advances have been made in our
knowledge and understanding of the film-formation process.

This book covers significant advances recently made in our under-
standing of the film-formation process. These advances have been
brought about by collateral advances in instrumentation technology and
its application to studying the stages involved in the film-formation pro-
cess. Data obtained from the instrumental methods have allowed the
confirmation of some aspects of the mechanism of film formation and
have furthered the understanding of the subtleties and complexities of
commercially relevant waterborne coatings. The first section of this book
focuses on the mechanism of film formation and the uses of advanced
instrumental methods such as fluorescence spectroscopy, small-angle neu-
tron scattering, and dielectric spectroscopy to study the film-formation
process. The second section of the book focuses on measuring film

xi
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mechanical properties and relating them to the film-formation process.
The third section focuses on relevant morphology and film structure,
which is a consequence of the physics and chemistry of the film-formation
process. The fourth section focuses on the application of novel chemistry
and processes to develop unique film structures for a variety of coating
systems. We hope this book will encourage and foster additional investi-
gations to further our understanding of the commercially relevant and
scientifically challenging issue of film formation in waterborne coatings.
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Chapter 1

Film Formation of Acrylic Copolymer Latices:
A Model of Stage II Film Formation

S. T. Eckersley'® and A. Rudin?

!Department of Chemical Engineering and 2Department of Chemistry,
University of Waterloo, Waterloo, Ontario N2L 3G1, Canada

A model of latex film formation is proposed, where capillary and
interfacial forces act in tandem to promote latex film formation. The
radius of the contact region between the deformed particles is
predicted by the model and is determined by scanning electron
microscopy. Model parameters include capillary water surface
tension, polymer surface tension, polymer/water interfacial tension,
polymer viscoelastic properties (G* and n*) and elapsed drying time.
The model was initially evaluated as a function of particle size for
poly(methyl methacrylate-co-butyl acrylate) latexes. Experimental
results validated the model, despite the estimation of several
parameters. In the subsequent analysis of the model, the viscoelastic
nature of the copolymer was varied by the addition of molecular
weight modifiers (CBry4 chain transfer agent and ethylene glycol
dimethacrylate crosslinking monomer) during synthesis. In contrast
to the initial model evaluation, experimentally determined values of
the parameters were employed. Film drying kinetics, the surface
energetics of the system and hydroplasticization of the copolymer
were investigated. Results showed that the degree of film formation
ranged from complete to superficial. Comparison of the model
predictions and experimental observations supported the model.

As a film-forming latex dries, it is transformed from a colloidal dispersion into a
continuous polymer film having mechanical integrity. The quality of the fused film,
in combination with the bulk polymer character, determines the ultimate coating
properties. Consequently, an understanding of the process of film formation is
critical for the development of latex coatings.

3Current address: Emulsion Polymers Research, Dow Chemical Company, 1604 Building,
Midland, MI 48674
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1. ECKERSLEY & RUDIN  Film Formation of Acrylic Copolymer Latices

The mechanism of film formation has been studied for nearly half a century
and remains the subject of active debate. Several alternative analyses of the film
formation process are presented in this volume. We have published a number of
articles related to the second stage of latex film formation. This chapter is a
compilation of much of that work into a unified whole.

Background

The process of film coalescence is considered to occur in three stages, as depicted in
Figure 1. During the first stage, bulk water evaporation occurs at a constant rate. The
second stage begins when sufficient water has evaporated that the particles pack in
an ordered array. Water evaporates from the interstitial voids at a reduced rate and
the latex particles deform. The third stage begins once the film is macroscopically
dry. Polymer diffuses across the residual particle boundaries as the film is aged. The
research presented here is concerned with the second stage of film coalescence. In
this chapter, we use the terms film formation, fusion, and deformation synonymously
to identify the second stage of latex coalescence. The term coalescence is used to
refer to the overall process (stages I through III).

The earliest mechanism of film formation was proposed by Dillon et al (I).
These authors suggested that deformation occurred in the dry state, subsequent to
water evaporation. They proposed a dry sintering mechanism where the polymer
underwent viscous flow, driven by the tendency to reduce surface energy. A
mechanism based on capillary forces due to the presence of interstitial water was
proposed by Brown (2). Vanderhoff ez al (3) proposed a wet sintering mechanism
where particle fusion resulted from the polymer / water interfacial tension.
Subsequent models (4,5,6,7) were also based on surface energetics. Sheetz (5)
proposed that capillary forces initiated the coalescence process and that subsequent
fusion resulted from compaction of the film by the fused surface layer during further
water evaporation. Kendall and Padget (7) proposed that particle deformation was
elastic.

In an earlier article (8), we presented evidence suggesting that previous
models did not fully account for experimental observations. We proposed a model
where the capillary force and interfacial forces of earlier models were
complementary (8). The model predicts the radius 'a’ of the contact area between
latex particles as shown in the schematic of Figure 2. Assuming that the polymer is a
linear viscoelastic material (as was suggested by Lamprecht (6)), the deformations
due to each force are additive. The contact radius is the sum of the contributions
from the capillary and interfacial forces and is given by the general expression:

8 = Bcapitary + Vintertacial o)

The resulting equation gives the radius of the contact area (a) as a function of
particle radius (R), water surface tension (o), interfacial tension (y), elapsed drying
time (t), and the polymer viscoelastic properties (G* (complex modulus) and n*
(complex viscosity)) according to:

(2.80R%6}" ([ 3yre 2 )
a= G* + 2 2)
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Figure 1. Illustration of the Film Formation Process

Figure 2. Radius of the Circle of Contact 'a' of Two Polymer Spheres
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The interfacial tension term can be either polymer / water interfacial tension or
polymer / air surface tension, as will be discussed later. The present chapter
describes the evaluation of the model given by equation 2.

Experimental

Emulsion Polymerization. Latexes were synthesized by semi-continuous emulsion
polymerization. To eliminate the effects of composition, the proportions of all
ingredients (except water) remained constant between recipes. Seeded reactions
were used to produce monodispersed latexes with a range of particle sizes. Further
details of the emulsion polymerizations can be found in (9). Sodium dodecyl
benzene sulphonate (Siponate DS-10, Alcolac Inc.) was used as the emulsifier in this
series. Typical recipes and particle size data are given in Table L The seed latex
used in the seeded recipe is the product of the unseeded polymerization. Latex
characteristics are given in Table II. Minimum film temperature is expressed as the
average * the 95% confidence interval.

Table I: Emulsion Polymerization Recipes (Particle Size Series)

Latex P4 Latex P6
(Unseeded) (Seeded)

Reactor charge
deionized water (g) 268 180
ammonium persulphate initiator (g) 1.35 0.85
P4 seed latex (g) - 131
Monomer emulsion
methyl methacrylate (g) 105 65.6
butyl acrylate (g) 105 65.6
methacrylic acid (g) 2.55 1.60
sodium dodecyl benzene sulphonate (g) 0.16 0.10
deionized water (g) 70 43
Particle size distribution
number average diameter, D, (nm) 501 788
weight average diameter, D, (nm) 509 798
polydispersity index, D,,/D, 1.02 1.01

A second series of latexes was made with molecular weight modifiers.
Carbon tetrabromide and carbon tetraiodide chain transfer agents were used.
Ethylene glycol dimethacrylate (EGDM) was employed as the crosslinking
monomer. These polymerizations were surfactant-free. A general recipe is given in
Table III. The quantities of molecular weight modifiers used (x) and the resulting
latex and polymer characteristics are given in Table IV.

All reactions were performed in a one liter kettle reactor equipped with an
overhead condenser and a jacketed mechanical stirrer. The agitation rate was
maintained at 250 rpm throughout the reaction.

The water and initiator were charged to the reactor and maintained at a
temperature of 80°C. The monomer emulsion (or monomer mixture) was fed to the

In Film Formation in Waterborne Coatings; Provder, T., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: October 15, 1996 | doi: 10.1021/bk-1996-0648.ch001

Downloaded by 89.163.35.42 on October 11, 2012 | http://pubs.acs.org

FILM FORMATION IN WATERBORNE COATINGS

Table IT: Latex Characteristics (Particle Size Series)

Latex | D, (nm) { D,/D, MFT (°C)
P1 148 1.05 11.5+1.0
P2 318 1.02 11.7+14
P3 413 1.04 13.0+14
P4 501 1.02 13.1+1.6
PS5 571 1.03 15.1+£09
P6 788 1.01 147109
P7 816 1.02 159+1.0
P8 1125 1.03 148+ 1.7
P9 1234 1.00 16.4+1.2

reactor at a constant rate of ~ 1 mL-min-!. No monomer accumulation was observed
at any time. Therefore, it was assumed that the reaction was starved-fed and that the
composition of the polymer was uniform throughout the latex particle. Following
monomer addition, the reaction was continued for 1 h. The latex was then gradually
cooled to ambient temperature. Finally, the latex was filtered through a 100-mesh
screen to remove the minimal amount of grit that formed during the polymerization.
The pH of the latexes was adjusted to 9 by the addition of aqueous ammonia
solution. Particle size measurements were obtained using an ICI-Joyce Loebl Disk
Centrifuge according to the method of (10).

Table III: Surfactant Free Emulsion Polymerization Recipes
(Molecular Weight Modified Series)

Reactor charge
deionized water (g) 210
ammonium persulphate initiator (g) 1.35
Monomer mixture
methyl methacrylate (g) 101.4
butyl acrylate (g) 1014
methacrylic acid (g) 2.55
molecular weight modifier (g) x

Surface Tensions. The surfactant-free latexes synthesized for these studies were
subject to settling under the influence of gravity. Isolation of the continuous phase
was desired. Hence, the liquid phase was allowed to separate and was decanted.
The liquid was centrifuged at 2700 rpm for ~ 2 h. The supernatant was decanted and
the procedure was repeated. The continuous phases of several latexes (M1, M6,
M12 and M13) were obtained in this manner. Five measurements of the continuous
phase surface tensions were obtained using a calibrated ring tensiometer (11). The
differences between the four ]atexes were negligible. Therefore, the average was
calculated to be 48.8 dyne-cm™ with a 95% confidence interval of 0.8 dyne- cm’

The surface tension of latex M6 as a function of post-added NP-40 (nonyl phenol
ethylene oxide adduct (40 mols EQ)) was also obtained using the ring tensiometer.

In Film Formation in Waterborne Coatings; Provder, T., et a;
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Table IV: Latex Characteristics (Molecular Weight Modified Series)

Latex | Modifier| x(g) | D, |Dw/Dy| MFT | G*(0.1rad-s!)at 22°C

(nm) (°0) dyne-cm-2(107)
M1 | CBr, | 500 671 1.010 | 8.0+0.5 22
M2 | CBr, | 500| 890 | 1.010 | 12.0+1.8 2.2
M3 | CBr, | 250| 680 [ 1.030 [ 9.9+0.1 12
M4 | CBr, | 096 606 | 1.010 { 11.5+0.4 32
M5 Cl, | 0.10| 647 [ 1.005 | 11.9+0.9 -
M6 | none - | s80]1.010] 11.0+03 7.6

M7 | EGDM*| 040 582 | 1.020 | 12.6+0.9 -
M8 [ EGDM | 0.50( 588 | 1.010 | 12.7£1.0 -
M9 | EGDM| 1.50| 438 | 1.020 | 14.0£0.5 -

M10| EGDM | 3.00| 699 | 1.010 | 14.0+0.9 18

M11| EGDM| 3.00| 1002| 1.010 | 15.8%1.5 18

M12| EGDM| 8.00| 899 | 1.007 | 18.6+ 1.6 71

M13| EGDM | 12.00] 984 | 1.006 | 21.4+ 1.6 162
*ethylene glycol dimethacrylate

Minimum Film Temperature (MFT). An apparatus similar to that used by
Protzman and Brown (/2) was used to determine the MFT's of the various latexes.
An insulated stainless steel bar replaces an aluminum bar in the original apparatus.
Cooling at one end of the bar is achieved by two 12-V ceramic thermoelectric
cooling modules. The cooling rate was maintained by means of a feedback control
device. Heat was not applied at the opposite end of the bar, since all the MFT's were
below room temperature. The temperature gradient along the bar was determined by
eight thermocouples installed at intervals along the bar. The thermocouples were
connected to a digital temperature indicator which had an accuracy of £0.1°C.

A glass plate that permitted visual observation of the drying films covered the
stainless steel bar. Prior to application of the latexes, the cooling mechanism was
activated and nitrogen gas flow from the cold to hot end of the bar at a rate of 2000
mL-min-! was started. The nitrogen gas minimized condensation of water at the cold
end of the bar and maintained the humidity at a constant level. The temperature of
the bar was allowed to equilibrate for about six hours. The glass plate was then
removed. Approximately equal volumes of the latexes were applied to the channels
down the length of the bar and the glass plate was quickly replaced. Drying of the
latexes took approximately four hours. During this time, five replicate
measurements of the temperature gradient along the bar were obtained and
subsequently averaged. The MFT was determined as the temperature at which
clarity of the dry film was observed.

The deformation of the dried latex cast films was examined by scanning
electron microscopy (SEM). Electron microscopy specimens were obtained by
drying a thin film of latex on the aluminum sample stub for 24h at room temperature
(22°C). Prior to exposure to the electron beam, the films were gold sputtered to a
thickness of 1.6 (10-#) m to prevent charging of the film surface.
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Dynamic Mechanical Spectroscopy (DMS)

Sample Preparation. It was thought that the film integrity might effect the
response of the material. Therefore, all dynamic mechanical tests were performed
with completely fused polymer samples. The latexes were dried in a convection
oven at 60°C then ground in a Wiley mill. All samples were then thoroughly fused
by pressing at elevated temperature and pressure. The actual pressing conditions
were varied since the materials had very different viscoelastic properties. Typical
conditions were T=100°C, P=16psi for 60s (polymer M1), and T=100°C, P=570psi
for 900s (polymer M13). All samples were pressed several times to ensure complete
fusion.

The fused polymer sheets obtained were approximately 2mm thick. For the
water plasticization experiments, circular samples of about 25mm in diameter were
cut from the sheets and immersed in deionized water at room temperature. The
specimens were exposed to water for two months. In the case of the surfactant
plasticization experiments, either DS-10 (sodium dodecyl benzene sulphonate) or
NP40 (nonyl phenol ethylene oxide adduct (40 mols EO)) was added to a
concentration of 0.041 g/ g polymer prior to drying of the latex.

Measurements of the polymer moduli were made using a Rheometrics Model
605 mechanical spectrometer. Both torsion rectangular and parallel plate geometries
were employed. In the case of the parallel plate geometry, 8mm diameter and 25mm
diameter plates were used.

Strain / Temperature Sweeps. The initial strain experienced by the sample
was chosen by preliminary experiments. Strain sweeps were performed at the lowest
temperature in the experimental range and a frequency of 1.0 rad- s, Strain sweeps
were performed to determine an initial strain value that fulfilled several criteria.
Most importantly, the torque on the transducer had to be within the recommended
operating limits of the rheometer (this set an upper limit for the strain). Also, the
measurement of tan delta had to be within the measurement sensitivity of the
rheometer (this set a lower limit for the strain). Finally, to allow comparison of the
materials at different deformations and different geometries, it was necessary that the
polymer behave in a linear viscoelastic manner at the strain chosen.

Forced oscillation measurements were obtained at two frequencies (0.1 and
1.0 rad-s™) for each temperature in all of the temperature sweep experiments. At the
lower end of the temperature range, torsion rectangular geometry was used because
of the stiffness of the polymers. When the torque became unacceptably low, the
torsion rectangular geometry was exchanged for the small (8mm diameter) parallel
plate geometry. At the higher temperatures, the larger (25mm) parallel plates were
required. For all geometries, as the signal diminished with increasing sample
temperature, the percent strain experienced by the specimen was increased. This
procedure is only acceptable in the linear viscoelastic strain region, where the
dynamic mechanical response of the material is not a function of the degree of
deformation. Linear viscoelasticity was confirmed by performing a strain sweep at
the terminal experimental temperature for each geometry. As w1th the low
temperature strain sweep, the test was done at a frequency of 1.0 rad- 57!
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Results and Discussion

The model of equation 2 was investigated by varying the latex particle size, surface
energetics (via changes in surfactant concentration) and polymer architecture
(through the addition of molecular weight modifiers during polymerization). In
addition, latex drying kinetics were investigated as a function of polymer
architecture.

Particle Size Effect. A preliminary evaluation of the model focused on the effect of
particle size on latex film formation properties (8). The minimum film temperature
(MFT) was found to be a weak function of particle size, a result supported by other
research (13). Equation 2 suggests that this should be the case. As particle size
increases, equation 2 predicts that the degree of coalescence 'a/R' will be reduced. A
particle size increase can be compensated for by increasing the film formation
temperature, since an increase in temperature causes a reduction in the polymer
modulus and viscosity. Therefore, the relationship between MFT and particle size
lends qualitative support to the model of equation 2, as well as earlier models
(1,24,6).

In (8), the model was evaluated quantitatively for the latexes of Table II. The
contact radius as a function of particle radius was determined from the scanning
electron micrographs of films dried at ambient temperature (22°C). The variation in
the degree of film deformation is shown in the micrographs of Figure 3. The smaller
particle size latexes were completely deformed and the large size particles showed
only superficial deformation. Contact radii were measured directly from the
micrographs for latexes P5 - P9. The films prepared from the smaller diameter
latexes were too highly fused to allow determination of the contact radii from the
micrographs. Model predictions for ambient drying conditions were made using
equation 2. Low and high estimates of the contact radii were made. These were
based on drying times of one and two hours respectively. The experimental contact
radii and those predicted by equation 2 were compared and showed good agreement.

Figure 4 demonstrates that there was reasonable agreement between the
predicted and experimental values of the contact radii. However, several
approximations and assumptions were made in the model evaluation. It was
assumed that water was present throughout the film formation process. That is, it
was assumed that particle deformation was negligibly slow once water evaporation
was complete and that any deformation due to the polymer surface tension could be
neglected. An approximate value of the polymer / water interfacial tension (27
dyne-cm-!) was calculated using the method of Owens and Wendt (14). This value is
likely an overestimate for a carboxylated latex containing emulsifier. A value of 30
dyne-cm-! was assumed for the surface tension of water. Approximate film drying
times of one and two hours were assumed. It was assumed that the emulsifier did
not plasticize the polymer, which was confirmed by DMS. However, the possibility
of plasticization by water was not investigated. Linear viscoelasticity was assumed
and was confirmed by DMS strain sweeps. In the subsequent work described here,
we concentrated on a more rigorous testing of the model.
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Figure 3. Scanning Electron Micrographs of Latex Films of Varying
Particle Size: (a) Latex P2, D, = 318 nm; (b) Latex PS5, D, = 571 nm;
(c) Latex P8, D, = 1125nm
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Figure 4. Contact Radius as a Function of Particle Radius for Drying
Times of One Hour (Low Estimate) and Two Hours (High Estimate).
Data from (8).
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The Effect of Surfactant Type and Concentration. The contact radius of equation
2 is dependent on the magnitude of polymer interfacial tension. The model predicts
that reducing water surface tension and polymer / water interfacial tension should
decrease the degree of particle deformation. It was postulated that the post-
polymerization addition of surfactant (at concentrations below the critical micelle
concentration (CMC)) would affect latex film forming behaviour. This was
investigated for latex M6.

Two typical coatings surfactants were studied (//): an anionic (sodium
dodecyl benzene sulphonate, DS-10) and a nonionic (nonyl phenol ethoxylate 40
mols EO), NP40). The CMC’s were determined to be approximately 10° g DS-10/(g
polymer) and 8(10°)g NP40/(g polymer) for latex M6. The MFT's were found to be
independent of surfactant concentration. This is contrary to the model, which
predicts a decrease in the degree of deformation with reduced interfacial tension. An
increase in emulsifier concentration reduces the interfacial tension (provided the
concentration of surfactant is less than the CMC). Therefore, it was expected that
the surfactant concentration would have a pronounced effect on film formation
below the CMC. This was not observed, despite a clear effect of surfactant
concentration on latex surface tension. The latexes were not dialyzed to replace the
serum before surfactant post-addition. It is possible that the concentration of
pseudosurfactant and other water-soluble species may have masked any effect of
post-added surfactant. The sulfate ion terminated oligomeric or polymeric
pseudosurfactant is produced from the ammonium persulfate used during the
emulsion polymerization.

The films were also examined using scanning electron microscopy. The
concentration of anionic surfactant did not have an effect on the degree of film
deformation. However, increasing the level of the nonionic surfactant had a marked
effect, as shown in Figure 5. The interstitial regions are smeared, giving a superficial
appearance of a more fully fused film. However, closer examination of the two
micrographs leads to the conclusion that the increased fusion is localized only in the
region at the particle surfaces. The particles clearly retain their original shape. This
is in contrast to the micrograph of Figure 3 (D,=318 nm) where the original spherical
particle cannot be detected. Because of their surface activity, the emulsifier
molecules will tend to reside at the particle / water interface. It was postulated that
the polymer was locally plasticized at the particle surface by the nonionic surfactant.
The plasticization of polymer M6 by NP40 was confirmed by dynamic mechanical
spectroscopy, as shown in Figure 6.

The Drying Process. Visual observation indicates that the physical processes of
film coalescence and drying occur simultaneously. The presence of water during film
formation is implicit in the published models of film formation (with the exception
of the dry sintering model of (/)). Evidently, water is present (at least initially)
during the film formation process and will have an impact on the parameters in
equation 2.

The concurrent processes of film fusion and drying were explored using
environmental scanning electron microscopy (ESEM) (I5). This technique is
unique in that it allows imaging of latexes in an aqueous environment. The drying
and film formation of latexes M1 and M 13 were followed in real time. In the case of
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Figure 5. Scanning Electron Micrographs of Latex M6 Films
Containing NP40 Nonionic Surfactant: (a) 0.0035 g NP40/g polymer;
(b) 0.0199 g NP40/g polymer.

Reproduced with permission from reference (11).
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latex M1 (synthesized with an excess of CBr,), a skin formed at the sample surface
before water evaporation was complete. This indicated that film formation and
drying were occurring simultaneously. In the case of latex M13 (synthesized with an
excess of EGDM) the water front was observed to recede from the particles, leaving
a barely fused film protruding from the water surface.

In addition to the ESEM imaging, two mechanistic models (16,17) of film
drying were evaluated. In the model proposed by Vanderhoff et al (16), a coalesced
skin of latex is formed once the particles are closest-packed. Further water loss
occurs by diffusion through the fused layer. In the model proposed by Croll (17), a
drying front retreats through the film, leaving a ‘dry' layer at the film surface which
increases in thickness over time. The film continues to dry by water vapor
percolation through the channels between particles. Gravimetric water loss studies
in (15) showed that drying rate was independent of the polymer architecture. For
example, latexes M1 and M13 dried at the same rate, despite vast differences in
polymer character. This result supports the percolation drying mechanism of Croll.
However, the ESEM observation of M1 latex skin formation is inconsistent with this
model. It was postulated that the polymer skin remained sufficiently porous (or
hydrophilic) to allow unhindered water flux.

The presence of water in the drying film has a direct impact on polymers
which are hydrophilic in nature. The effect of hydroplasticization on the modulus of
bulk pMMA-co-BuA is shown in Figure 7 (from (/I1)). The polymer is clearly
plasticized by water, an effect that was seen for all latexes (M1 - M13) studied.

The model proposed here assumes that the polymer composition is uniform
throughout the latex particle and hence, that hydroplasticization occurs uniformly.
This is not an unreasonable assumption for low levels of methacrylic acid
comonomer. However, in general, this may be an unrealistic assumption. The
carboxylic acid(s) used for stabilization, along with residual ionic initiator fragments
will have the tendency to locate at the particle surface. There is likely to be
localized hydroplasticization at the particle / water interface, regardless of the
hydrophobicity of the bulk polymer. This effect has not been accounted for in this
research, but warrants further attention. In addition, an equilibrium quantity (<2
mass %) of water persists in the latex film, long after it is macroscopically dry at
ambient relative humidity. The effect of this residual water is not clear.

Rigorous Model Evaluation

The relative rates of film drying and deformation are not well understood as yet and
are dependent on the nature of the bulk polymer, the polymer architecture,
environmental conditions, and more subtle factors such as particle inhomogeneity.
Given the wide range of conditions for film formation, it is unlikely that a single
mechanism (i.e., wet versus dry sintering) is satisfactory for all conditions.
Consequently, we chose to evaluate the model of equation 2 at the extremes possible
for latex film formation (/8). At one extreme, deformation follows drying. That is,
the capillary force initiates the film formation process in the presence of water. Once
the contact between the particles has been established, film formation continues by a
dry sintering mechanism. The polymer / air interfacial tension and the dry
viscoelastic properties then apply. At the other extreme, it is assumed that the
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Figure 6. Modulus as a Function of Temperature for Latex M6
and Latex M6 with NP40 Nonionic Surfactant Post-Added.
Data from (11).
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Figure 7. Hydroplasticization of pMMA-co-BuA (Polymer M6).
Data from (11).
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polymer retains a significant quantity of water throughout the second stage of film
formation. Then, the polymer / water interfacial tension and hydroplasticized
viscoelastic parameters apply. Again, the capillary force initiates the initial
deformation. After particle / particle contact is established, further deformation is
driven by a wet sintering mechanism.

The model was quantitatively evaluated with the capillary force and either a
wet or dry sintering mechanism occurring in conjunction. This was accomplished
by experimentally determining the parameters in equation 2. The moduli were
measured by DMS under dry and wet (hydroplasticized) conditions (/7). The wet
moduli could only be approximated, due to the nature of the measurement. It was
found that the ratio of log G*4y to log G*y. was approximately constant for all the
polymers studied. The average ratio was calculated, yielding the relationship
G*..=G*’. Since the individual values were not completely reliable, this
approach was deemed the most reasonable.

In the preliminary model evaluation, calculated values of the interfacial
tensions were used. The polymer surface tension and polymer / water interfacial
tensions were measured (/9) using dynamic contact angle analysis and are used in
the rigorous model evaluation. The experimentally determined values of the
interfacial tensions are given in Table V. In the absence of an alternative approach,
it was necessarily assumed that the latex polymer / water interfacial tension could be
measured from the contact angle between dry pMMA-co-BuA and water. This
approach assumes that a clearly defined interface exists. Water plasticization of the
hydrophilic particle surface was disregarded. Experimental evidence suggests that
that this assumption has questionable validity: Measurements of the dynamic
polymer / water contact angle in (/9) indicated a strong interaction between the
polymer films (M4, M6, and M10) and water. The films imbibed water upon
immersion, indicating that water plasticization did occur.

Table V: Experimentally Determined Values of Interfacial Tensions

Interfacial Tension (dyne-cm-2)
Owater phase 48.8
Ypolymer/air 24
Ypolymer/water 28

The latexes of Table IV were chosen to evaluate the model. It was felt that
these materials represented an exacting test since the moduli ranged over two orders
of magnitude. In addition, the polymers had varying levels of crosslinking. Table IV
shows the effect that the molecular architecture had on the minimum film
temperature. An increase in the concentration of chain transfer agent (either CBr, or
CI,) caused a reduction in MFT from the control latex (M6). Use of EGDM
crosslinking monomer yielded a corresponding increase in MFT. The effect of latex
particle size on the MFT was confirmed by the latex pairs M1/M2 and M10/M11
where M1 and M10 were used as seed latexes in the polymerizations of M2 and
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M11, respectively. In the case of both pairs of latexes, there was a corresponding
increase of the MFT with particle diameter.

Scanning electron micrographs of films prepared from the latexes of Table IV
are shown in Figure 8, which shows the clear relationship between the degree of film
formation and the polymer architecture. The model of equation 2 was again
evaluated by comparing the predicted and experimental contact radii for films dried
at room temperature (22°C). In order to represent the data in two dimensions,
equation 2 was condensed into the simplified expression shown in the ordinate
which is in terms of the particle radii and the dry polymer modulus, where n* is
replaced by G*/w. For the fully fused latexes (M1-M4), the radii are calculated on
the following basis: Two spheres having radii R deform to a single sphere having
radius R’. The relationship between the radii is then R’=1.26R.

Figure 9 shows that the experimentally measured contact radii fell within the
range predicted by the model. As Table I shows, the particle size was maintained
over a fairly narrow range. Therefore, the changes in the degree of deformation were
primarily determined by variation of the viscoelastic properties of the materials. The
best agreement between the model and experiment was for the dry sintering
mechanism. The wet sintering process predicted the films to be far more deformed
than was actually measured by experiment. This suggests that our model
overestimates the forces promoting particle deformation. This may due to the
assumption that the particles are homogeneously plasticized by water. Recent
studies on a vinyl acetate / butyl acrylate system showed relatively fast film
formation that appeared to be dominated by the surface regions of the particles (20).

Figure 9 indicates that the model predicts the degree of film fusion for a wide
range of polymer characteristics. However, the model has several shortcomings.
The model is highly sensitive to the values of the viscoelastic parameters. It is valid
only for small strains (a criterion that is clearly violated for some of the latexes). In
order to choose the appropriate values for G* and n*, the time scales of the
deformation and flow processes must be known accurately (they are not). Some of
these shortcomings could be addressed by a more sophisticated approach to the
problem. For instance, the process of film formation could be modeled in three
dimensions, accounting for polymer viscoelasticity, surface energetics, the geometry
of deformation, and drying kinetics. Clearly, this would be a daunting task.

As mentioned earlier, hydrophilic polymer will reside in a shell at the particle
surface. The assumption of uniform plasticization is likely an oversimplification.
We assume a hard sphere model for latex particles. In actuality, the character of the
hydrophilic shell at the particle surface is poorly defined. The true nature of the
surface region is obviously very important to the ongoing study of film formation.

Recently, several research groups have addressed the question of the special
role that water plays in the film coalescence process (21,22,23). Dobler et al (22)
have demonstrated that particle coalescence can occur in a wet environment under
the influence of polymer / water interfacial tension. The same authors studied film
formation under standard conditions (i.e., with water evaporation) (23). They found
that neither polymer / water interfacial tension (under wet conditions) nor polymer /
air interfacial tension (under dry conditions) contributed to the film coalescence
process under limiting conditions of temperature and relative humidity. These
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Figure 8. Scanning Electron Micrographs of Latex Films
Synthesized with Molecular Weight Modifiers:

(a) Latex M1, 2.4% CBr4 (based on polymer)

(b) Latex M4, 0.5% CBr4 ; (c) Latex M10, 1.4% EGDM
(d) Latex M11, 1.4% EGDM:; (e) Latex M13, 5.5% EGDM
Reproduced with permission from reference (18).
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Figure 9. Contact Radius as a Function of the Model Parameters
for Film Formation Under Wet and Dry Conditions.
Data from (18).

authors felt that polymer modulus alone determined the fusion process and that the
mechanism proposed by Sheetz (5) was most reasonable.

More recently, other researchers have revisited the concept of film formation
under the influence of polymer / air interfacial tension (i.e., a dry sintering
mechanism). Sperry et al (24) suggest that water is not necessary for film formation
to occur. In a series of simple experiments, they found that hydrophobic polymers
will form a film by a dry sintering mechanism. These authors suggest that the only
effect of water is hydroplasticization of hydrophilic polymers. Similarly, Mazur and
Plazek (25) invoke a dry coalescence mechanism in a recent publication. These
authors essentially focus on a dry sintering mechanism appropriate for powder
coatings. The initial response is found to be purely elastic with the viscous
component only contributing at very long times.

In general, the current research that is published in this volume and
elsewhere (22, 23, 24) recognizes the need to develop a latex film formation
mechanism that is appropriate to realistic film formation conditions.

Conclusions

We have studied the process of film formation with respect to the nature of the latex
polymer (particle size, viscoelasticity, hydroplasticity) and the kinetics of drying and
deformation. We have extended earlier models of film formation to a comprehensive
model where capillary forces and sintering mechanisms both contribute to film
coalescence. We recognize that film formation does not occur under unique
conditions (i.e., by either a 'wet' or 'dry' mechanism). In fact, the degree of film
fusion will depend on the nature of the polymer (e.g., hydrophilicity and molecular
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weight) as well as the environmental conditions of film formation (relative humidity
and temperature). Consequently, we have evaluated the model at the limits that
would be expected at realistic film formation conditions. In particular, we have
focused on the effects of changing latex particle size and modulus. We have
demonstrated that the model is consistent with experimental observation over a wide
range of conditions, despite some limitations.
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Chapter 2

Mechanisms of Particle Deformation
During Latex Film Formation

F. Dobler! and Y. Holl?
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93308 Aubervilliers Cedex, France
’Institut Charles Sadron, Centre National de la Recherche Scientifique
and University of Strasbourg, 4 rue Boussingault, 67000 Strasbourg,
France

The aim of this article is to review the literature dealing with the
deformation step in the phenomenon of film formation from a latex. It
will be shown that the situation of this problem in the literature is quite
confusing. The article will be divided in two parts. The first will recall
the classical theories proposed in the past to account for the
deformation of latex particles in the film formation process, namely the
dry sintering theory by Dillon et al., Brown's capillary theory, the wet
sintering theory by Vanderhoff et al., and the surface layer theory by
Sheetz. The second part will deal with following works which were all
attempts to experimentally verify and/or improve the main theories.

One can distinguish three steps in the process of film formation from a latex (7, 2).

i) In the first step, water evaporates at a constant rate until a stage is reached where
particles form a dense packing of spheres. The solid volume fraction, for a latex
monodispersed in size, is then close to 0.74. An additional condition for high packing
fraction is sufficient colloidal stability. Otherwise, a less ordered structure with lower
polymer volume fraction will result.

ii) At the beginning of the second step, particles show at the surface of the latex, and
the rate of water evaporation decreases. Forces start to act which ensure the
deformation of the particles in such a way that polymeric material fills all the space.
Acting forces have to surmount the mechanical resistance of the particles against
deformation. The spheres are transformed into rhombic dodecahedra. A rhombic
dodecahedron has 12 rhombic faces, and 14 vertices of two types. Six vertices
correspond to 4-fold axes, and 8 to 3-fold axes. It is not easy to draw this polyhedron.
A schematic representation can be found in reference 3. They can also be observed in
beautiful freeze fracture micrographs of poly(butyl methacrylate) latex films (4). At
this stage, interfaces between nparticles still exist (5). For latexes, the
compaction/deformation step is favorable from a thermodynamical point of view

0097—6156/96/0648—0022$15.50/0
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because of the strong decrease of the total area of the particle-water or particle-air
interfaces.

There are other processes which show some analogies with the deformation step in
latex film formation, for example the drainage of foams and the sintering of metallic
powders. There are two kinds of foams, wet and dry ones. In wet foams, the bubbles
are spherical, the volume fraction of liquid is high, around 40 %. By drainage, the
liquid volume fraction is decreased, the cells become polyhedral, a dry foam is formed.
An important problem, still nowadays, concerns the shape of the cells in dry foams.
What shape leads to the minimum surface for a given volume? A solution to this
problem was proposed by Kelvin in the 19th century (6), for monodisperse cells
disposed in a cubic centered lattice, the "tetrakaidecahedron". This "barbaric"
polyhedron possesses 14 faces, 6 squares and 8 hexagons. It took 63 years to rec-
ognize that this solution was erroneous (7). Recently (8), another solution was
proposed, based on computer simulations, and confirmed experimentally. It consists in
an association of two kinds of polyhedral cells, a tetradecahedron (2 hexagonal and 12
pentagonal faces) and a dodecahedron with pentagonal faces. Obviously, there are
marked differences between foams and latexes. In latexes, the viscosity of the particles
is enormously higher and the interfacial tension is generally lower than in foams.
However, one can ask the questions : "Can the study of foam structure be helpful in
the field of latexes?" "Are other shapes than the rhombic dodecahedron possible in
monodisperse latex films?"

Sintering of metallic powders is a process well known in metallurgy (9). It consists
in the compression of a metallic powder in a mold at a temperature well below the
melting temperature, leading to a continuous, or at least with low porosity, metallic
part. The sintering mechanisms are discussed in the simple case of two spherical
particles in contact (Fig. 1) (10, 11). Three mechanisms have been proposed. The
metal vapor pressure over a convex surface (P;, Fig.1) is higher than the vapor
pressure over a flat surface whereas it is lower over a concave surface. P, is thus
higher than P,. A "vaporization-condensation mechanism" can then transport metallic
atoms from the convex surfaces to the particle contact zone, thus increasing the size of
the contact zone. The second mechanism is analogous to the first one for vacancies.
The vacancy concentration is lower near a convex surface than near a concave one
(Thomson Freundlich law), C; < C,. Vacancies migrate in order to equalize the
concentrations. This, again, corresponds to a transport of matter towards the contact
zone. The third mechanism is based on Laplace's equation which states that the
pressure near the center of one particle [P(0)] is higher than the pressure in the contact
zone [P(x)] [see Vanderhoff's mechanism (12, /3) in the following part]. This pressure
gradient is also the cause of an increase of the size of the contact zone. With all these
mechanisms : XP/R? = Kt ; with X = radius of the contact zone, R = radius of the
particles, p,q depending on the particular mechanism considered, and K= function of
temperature, t = time. In the latex film formation process, only the third mechanism
can be operative and we shall see latter on that it was proposed indeed (12, 13).

iii) The third step of the latex film formation corresponds to the evolution of the
interfaces between nparticles. They tend to disappear by interdiffusion of the
macromolecules from one particle to the neighbors. It is sometimes called maturation
or further gradual coalescence or autohesion. Film properties like mechanical strength
and permeability are altered during this step (/4, 15). Some authors introduce more
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steps in the latex film formation. For instance, Joanicot et al. (/6) split the third step in
two parts which they call coalescence and interpenetration. However, the description
of the process in three steps is the most widely accepted and will be retained in this
paper.

The aim of this article is to review the literature dealing with the second step of the
latex film formation process, i.e. the deformation step. It will be shown that the
situation of this problem in the literature is still quite confusing, despite the fact that it
has been tackled for the first time many years ago, in the early fifties (/7). Yet, it is
very important from both scientific and practical points of view. To illustrate the
practical importance of the deformation step mechanisms, let us give the following
example. It will be shown in the second part of this paper that, currently, one of the
most controversial points is to know whether deformation occurs in the presence or in
the absence of water. This seems a quite academic question. It is not, because it
determines the mechanisms by which the surfactant will be distributed in the final latex
film. And surfactant distributions are extensively studied nowadays because of their
strong influence on properties of latex films (/8-20).

The subject of deformation of latex particles is often briefly reviewed in the
introduction of papers dealing with latex film formation but without enough details
(21, 22); or the review can be more extensive but incomplete. For instance, both
Eckersley and Rudin (23) and Rios (24) do not even quote Sheetz's contribution (25)
which we consider as a major one. Thus, it seemed to us that the deformation step
deserved a proper review paper. The objectives of the article are the following.

e Present a review of the literature from the most classical contributions to the most
recent ones. However, being perfectly exhaustive is not among our goals.

¢ Propose some personal views on a certain number of points, on capillary pressure,
on deformation criteria, on the role of the particle-air interfacial tension, and so on.

Doing this, we expose ourselves to the criticism of subjectivity. We assume the risk.
¢ Arouse a renewed interest of the scientific community working in the field of latex

films for the deformation step and stimulate further work on this problem.

The article is divided in two main parts. The first one presents the classical theories
proposed in the past to account for the deformation of latex particles in the film
formation process, namely the dry sintering theory by Dillon et al. (/7), Brown's (26)
capillary theory, the wet sintering theory by Vanderhoff et al. (/2, /3), and the surface
layer theory by Sheetz (25). The second part will deal with following works which
were all attempts to experimentally verify and/or improve the main theories.

The Main Classical Theories

Dry Sintering. This theory was proposed in 1951 by Dillon et al. (/7).1Its key points

are the following.

o The latex dries before particles loose their shape.

e Particles are deformed by the particle-air interfacial tension, estimated-at 30 mN/m.
Particles are submitted to a pressure P given by P = C. ypa/ R, C being a constant,
Yrea the particle-air interfacial tension, and R the radius of the particles.

e Particles loose their shape by viscous flow according to Frenkel's law (27) :

07 =3ypat/27MR 0 defined in figure 2, t = time, n = viscosity of the polymer.
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According to Dillon et al. (/7), the pressure P is important enough to ensure the
deformation of particles with radius less than 100 nm.

A drawback of this approach is that it ignores the viscoelastic character of the
polymer. Brown (26) criticized this theory. He stated that deformation can also occur
for slightly crosslinked particles where viscous flow is impossible. However, his main
criticism of the dry sintering theory was against the fact that the particles deform in air
rather than in water. Brown considered as well established that evaporation of water
and deformation are concurrent phenomena and that water evaporation plays a major
role in film formation.

Capillarity. The capillary theory was proposed by Brown in 1956 (26). Brown stated
that in given conditions some latexes form films whereas latexes of other
characteristics do not form films. Similarly, from a given latex a film can be obtained
under certain sets of conditions and not under different ones, for instance at lower
temperatures. Thus, there are forces which promote particle deformation and forces
which resist it. Deformation will occur as long as promoting forces are stronger than
resisting ones. Promoting forces are, according to Brown, Van der Waals attraction
(Fvw), gravity (Fg), surface tension forces (Fs), and capillary forces (Fc). Resisting
forces are electrostatic repulsion (Fgr) and elastic resistance of the particle against de-
formation (Fg). Deformation will take place when the following condition is always
fulfilled :

Fvw + F¢ + Fs + Fc > Fg +Fg
Brown considered Fvw, Fg, Fs, and Fg, as negligible. The condition reduces then to :

Fc > Fr
The capillary force was calculated via the capillary pressure. For this purpose, Brown
took into consideration the small circle of radius r included in the space between three
contacting particles (Fig. 3). The radius of curvature of the water - air interface was
taken equal to r and thus the pressure over this concave surface was Pc = 2 ywa / 1,
with ywa = water-air interfacial tension. Simple geometrical considerations allow to
relate r to R (the radius of the particles) in the following way : r = 0.155R (see
reference 23 for explanation). The capillary pressure becomes Pc = 12.9 ywa / R. This
expression is based on the incorrect and unnecessary assumption that the radius of
curvature of the water - air interface equals r (see next section). It was used by several
authors after Brown, including Mason (28), Lamprecht (29) and Eckersley and Rudin
(23). The capillary force was calculated by multiplying the capillary pressure by the
area of the surface of contact between particles. This is obviously erroneous, as was
emphasized by Mason (28) several years later. On the other hand, the elastic resistance
of the particles was determined by assuming a purely elastic behavior for the polymer.
A quantitative condition for deformation was inferred in the following form :

G < 35ywa/R G being the shear modulus of the particle.

This theory was and probably still is the most popular one. However, it suffers from
many weaknesses. i) The first is the erroneous calculation of capillary pressures and
forces. We shall come back to this point in the second section of this chapter. ii) The
second weakness is the assumption of elastic spheres, when everybody knows the
viscoelastic character of polymers. Lamprecht (29) calculated a new quantitative
criterion for deformation taking into account the viscoelasticity of the particles. And
Lamprecht's calculation was further improved by Eckersley and Rudin (23).
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Figure 1: Sintering of two spherical metallic particles. P, = metal vapor
pressures. P(0) = pressure at the center of the particle. P(x) = pressure in the
contact zone. C,, = vacancy concentrations.

Figure 2: Dry sintering of two polymeric particles according to Dillon et al. (17).
R = radius of the particle. 6 = half angle of the contact zone.

Figure 3: Top view of the drying latex showing three contacting particles with a
capillary full of water in between.
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iii) Another problem, as pointed out by Sheetz (25), arises from the assumption of a
zero polymer-water contact angle. In general, the capillary force acting on a particle
along what is called the triple line, the line where three phases (air, polymer, water) are
in contact, has a vertical (normal) and a horizontal (parallel) component (Fig. 4).
When the contact angle is not equal to zero, the parallel component of the capillary
force increases whereas the normal component decreases. The case where the level of
water is beneath the equatorial plane of the particles is not considered here. If the
contact angle is higher than 45°, the parallel component is always larger than the
normal component. iv) The main criticism formulated by several authors (23, 25, 30)
against Brown's theory is that capillary forces are not strong enough to ensure
complete deformation of the particles, even when the radius is small. This question is
still controversial nowadays (37), as will be discussed later on.

Wet Sintering. The wet sintering theory was developed by Vanderhoff et al. (/2, 13)
in an attempt to explain deformation of large particles. In this case, the main driving
force for deformation is the particle-water interfacial tension. It is the deformation of
two spheres in contact which was considered (Fig. 5). Laplace equation was used to
calculate the pressure gradient P, - P,' (see figure 5 for definition of symbols) in the
following way :

P,-Py=2ypw/r  with ypw= particle-water interfacial tension, r = radius of

the particle;
Py’ - P3 =vpw(l/1; - 1/1y) n, 12 defined in figure 5;
Py =Py

AP = Pz -Pz' = ‘pr(]/rl - l/l'z + 2/[')

The radius of curvature r; being extremely small, in the range of a few nanometers, AP
is positive and can be quite high. This pressure gradient pushes polymeric material
from the particles towards the contact zone, thus increasing the size of this zone.
Vanderhoff et al. then considered two cases, model I where r; is constant during
coalescence of the two particles and model II where r, progressively increases (Fig. 6).
Results for model I are shown in figure 7. Figure 7 indicates that the pressure gradient
AP increases when coalescence proceeds but tends towards a limit which is even
quicker reached when the radius of the particle increases. The opposite is obtained in
model II (Fig. 8) : the pressure gradient decreases when 0 increases and this decrease
is even faster when the radius of the particles is more important.

When spheres come in touch during evaporation of water, there is only one point of
contact and the mechanism described above is not yet operative. In order to explain
the start of the deformation, Vanderhoff et al. invoked the presence of a thin layer of
water around the particles (Fig. 9). In this situation, the water-air interfacial tension is
the driving force for deformation, and the expression of the pressure gradient can be
written like this :

AP = ywa[l/r1 - U/ry + 2/(r +s)] with s = thickness of the water layer.

Two remarks can be made about the wet sintering theory. i) Experimental evidences
exist (21, 25) that particle-water interfacial tension is indeed able to ensure particle
deformation but only to a limited extend. ii) Precise experimental testing of
Vanderhoff's models is difficult because, as pointed out by the authors themselves,
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4

F F,

Figure 4: Capillary force F, acting on a particle. F; and F.' are the parallel and
nornal components of the capillary force, respectivelly. The dashed line represents
the water level.

wo

Figure 5: Radii of curvature involved in the coalescence of two spheres.
Reproduced with permission from reference 13. Copyright 1970 SCI.
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Figure 6: Models for the coalescence of two spheres. (I) r; constant; (II) r
increasing with 8. Reproduced with permission from reference 13. Copyright
1970 SCIL

0 10 20 30
6,degrees

Figure 7: Variation of AP with 6 as a function of r (Model I). r; = constant = 25
A; ypw = 10 mN/m. Reproduced with permission from reference 13. Copyright
1970 SCL
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Figure 8: Variation of AP with 0 as a function of r (Model II, r; = variable); ypw =
10 mN/m. Reproduced with permission from reference 13. Copyright 1970 SCI.

Figure 9: Two spheres in contact after partial evaporation of water. Reproduced
with permission from reference 13. Copyright 1970 SCI.
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separating the effects of water-air and particle-water interfacial tensions is tricky. Such
a verification was only rarely tried.

Surface Layer. The last classical explanation for particle deformation was proposed
by Sheetz in 1965 (25). In his article, Sheetz first emphasized the importance of the
horizontal component of the capillary force acting on a particle. He then stated that the
capillary forces, especially the horizontal components, provoke the deformation of the
particles of the top layer in such a way that a continuous polymeric film covers the
drying latex. In order to continue to leave the latex, water has to diffuse through this
membrane. This gives rise to a normal compressive work which compresses the whole
array of particles, leading to deformation. The magnitude of this work, in an
isothermal and reversible process, is given by

W =-PdV with P = vapor pressure of water over the film and dV =
decrease of the volume of the latex due to loss of water. The energy is supplied as heat
from the surroundings. Sheetz (25) performed a rapid calculation for 10 g of a
hypothetical sample which properties are : density = 1.00 g / cm’; particle diameter =
0.2 um; solids = 75%; ypa = 30 mN/m; ypw = 5 mN/m. The free energy changes
associated with the decrease of the particle water interface, with the decrease of the
particle-air interface, and with the evaporation of water are 1.13 J, 6.75 J, and 344 J,
respectively. The later contribution is the most important and sufficient to ensure
deformation of the particles.

Sheetz also described an experience which supports his views. A MMA/n-BA
copolymer latex was cast on a support. A portion of this wet film was covered directly
with a thin water permeable acrylic film. Another portion of the same wet latex was
also covered with the thin film but an air gap was maintain between the two films.
Both portions of the latex dried at the same rate (10h at 24°C). The latex film directly
covered was continuous and clear whereas the other part, not in direct contact with
the thin film, was cloudy and discontinuous.

Surprisingly, Sheetz 's theory aroused little interest in the scientific community. In the
early seventies, only Yeliseeva (32) claimed that she agreed with Sheetz's description
of the film formation process.

Table I summarizes the key features of the four classical theories.

Following Works

As indicated in the introduction, the articles published after the main classical theories
presented above were all attempts to verify and/or improve them. No really new
theory was proposed after the sixties. The works which will be discussed now are all
more or less related to one of the four main theories. Relation with a particular theory
will be the classification criterion we shall adopt in this second part. Thus, we shall
present first the articles connected to the dry sintering theory, then to the capillary
theory, and so on. This presentation will be interrupted by a couple of more personal
remarks.

Dry Sintering. The sintering of particles obtained from a freeze-dried latex was
studied by dynamic scanning calorimetry (33, 34). The loss of particle-air interfacial
area was observed by an exotherm in the DSC diagram. Stewart and Johnson (35)
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Table I : The main classical theories. Summary.
In bold characters, the driving force for deformation.
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have also studied the dry sintering of a freeze-dried polystyrene latex by DSC.
Sintering occurs at 102° and is completed within 1.2 min. On the other hand, they
calculated the total time required for sintering, using the equation derived by
Vanderhoff et al. (12, 13) for their wet sintering theory, and found 0.95 min. It was
claimed that this result supported Vanderhoff's equation when the particle-water
interfacial tension is replaced by the polymer surface tension.

In this section, a very important paper is the one by Sperry and coworkers (22).
These authors studied the particle deformation step by minimum film formation
temperature (MFT) measurements. The main objective of the paper was to address the
question of the role of water in the deformation step. Does water play a special role in
the process, as was claimed by Brown, Vanderhoff or Sheetz? Several kinds of
polymers were used, rather hydrophobic ones like ethyl acrylate/styrene and butyl
acrylate/styrene copolymers or a butyl methacrylate homopolymer and more
hydrophilic ones like ethyl acrylate/methyl methacrylate or butyl acrylate/methyl
methacrylate copolymers. All those systems also contained 1 wt% of acrylic acid and a
small amount of surfactant. MFT were measured versus nature of the polymer, time,
particle size, and water content of the deposited film and in the drying environment.
Latexes were cast on the MFT bar in the conventional wet form (condition W, as
noted by the authors). Or they were cast and dried on the gradient bar well below the
glass transition temperature of the polymer, this resulting in a dry array of non
deformed particles and then only the bar was powered (condition D). The test
environment was either dry , a high flow of dry air in a large volume above the film
(noted D again), or humid, open to room air, 65 % relative humidity at 25 °C (noted
H). Four sets of conditions were then used, ranging from very dry, DD (no water
effects) to very wet, WH (conventional wet conditions). The main findings were that,
for hydrophobic polymers, the wet MFT, measured under WH conditions, is
essentially identical to the dry MFT, measured under DD conditions. The authors
concluded that water does not play a special role in the process. For them, film
formation can be separated in two independent components, namely water evaporation
and particle deformation in the dry stage. Deformation is ensured by particle-air
interfacial tension and Van der Waals attraction between particles. It was also claimed
that the results of dry MFT versus time measurements supported the Johnson-Kendall-
Roberts model (36) of particle adhesion and deformation. On the other hand, for
hydrophilic polymers, the wet MFT was found lower than the dry MFT by around
10°C. According to the authors, this result could be rationalized in terms of
plasticization by water. "These effects have been found to coincide with earlier reports
on the changes in polymer modulus and Tg as a function of water content."

Size effects on MFT measurements were also studied for one polymer, poly(butyl
methacrylate). A few literature results are incidentally recalled. Some authors do not
observe any MFT versus particle size effect (37), some authors observe a small one
(23), and finally, some can see a significant one (38). Sperry et al. report a rather
important effect, 31°C for 350 nm particles to around 40°C for 700 nm ones. This was
only detected in dry MFT measurements. "The increase of time-dependent dry MFT
with increasing particle size correlates with a simple viscous flow model expressing the
longer time required for the larger interstitial voids to shrink to a size that results in
visual transparency of the film."
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Sperry et al.'s paper (22) is certainly a major one in the field of latex film formation
mechanisms. However, two important criticisms can be raised against it. The first one
is that for the hydrophobic polymers considered in this study, MFT is rather high,
above 40°C. Even under what the authors call humid conditions, the drying kinetics
could be quite high, giving not enough time to possible water effects to be operative.
It would then not be surprising that dry and wet MFT values became identical. The
butyl methacrylate homopolymer is expected to behave like the hydrophobic
copolymers. However, its dry and wet MFT values are different, rather like the
hydrophilic polymers. This could be due to a drying rate effect as mentioned by the
authors themselves, because the Tg of the polymer is closer to ambient temperature.
This casts some doubt on the conclusions drawn for hydrophobic polymers. Clearly,
possible drying rate effects on MFT should be considered. This is another
controversial point in MFT measurements, one more. Some authors observe a
decrease of MFT when water evaporation is slowed down (39, 40) and some do not
(37, 41). The second criticism arises from the work by Lin and Meier (3/) on capillary
forces operating in a latex film. These authors claim that capillary pressure can be very
large even when the water content in a latex film is very low. The question is "Are
conditions DD in Sperry et al.'s work dry enough to avoid condensation of a small
amount of water in the film during particle deformation, this water giving rise to a con-
siderable capillary pressure?"

In the introduction of this article, we mentioned that we consider the question of the
presence or absence of liquid water at the precise place where deformation occurs as
crucial. This point is raised in the discussion of Sperry et al's paper. The authors give
a clear answer :"We propose that this is an environment in which liquid water is
absent." There are some rather convincing experimental evidences supporting this
view, under certain circumstances. Keddie et al. (42, 43) have studied the film
formation process by multiple-angle-of-incidence ellipsometry and environmental
scanning electron microscopy. They were looking for kinetics and rate limiting steps in
the phenomenon. According to their results, the important parameter is the position of
the Tg with respect to the temperature of the film formation process. When the film is
formed well above Tg, evaporation of water and deformation of particles occur
concomitantly and evaporation of water is the rate limiting step. When Tg and film
formation temperature become close, there is no longer the evaporation of water
which is the rate limiting step but the deformation of the particles. In other words,
water evaporates first and then a polymer surface tension driven deformation of the
particles occurs. Furthermore, the results in the latter case are in agreement with a
model based on the viscous flow of polymers. When water evaporates first, there is a
water front receding from the top of the drying latex towards the support, leaving an
array of air surrounded almost undeformed particles. Those findings are supported by
preliminary results of Reffner et al. (44). Sperry et al's call (22): "Critical experiments
that define the particle environment at the onset of deformation (...) are certainly called
for." seems to have been heard. The answer to the question "Presence or absence of
water?" seems to be: "It depends on the drying conditions with respect to the particle
characteristics." More work is required to confirm and precise this point.

Capillary Theory. An attempt was made in 1966 to verify the effect of the water-air
interfacial tension on the film formation process (45). A poly(vinyl acetate) latex was
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dried at 6°C, below MFT, extensively washed to get rid of the surfactant, dried again
and then redispersed either in pure water (ywa = 70 mN/m) or in a 1% surfactant
solution (ywa = 26 mN/m). A film was formed at 21°C, above MFT, with both latexes.
The film obtained from the dispersion in pure water had better mechanical properties
than the other. This work was a first proof of the importance of the water-air
interfacial tension.

Coalescence Criteria. Coalescence criteria, the first having been proposed by
Brown, have aroused much interest in the latex community. Brodnyan and Konen (37)
tried a verification of Brown criterion in the following way. In limit conditions for film
formation, according to Brown's criterion, the term G(MFT).R / ywa should be
constant; G(MFT) is the shear modulus at MFT, R is the radius of the particles. The
authors have measured G(MFT) for different values of R and ywa. Unfortunately,
results were not convincing because of a lack of precision in the measures of GOIMFT).

Mason (28) recalculated the capillary forces, and by taking into account the
deformation of the particles, inferred a new form of deformation criterion :

G < 266 ywa/R
Lamprecht (29) was the first to take into account the viscoelastic character of the
polymer. He distinguished two cases : a film formation process taking place at
constant stress or at constant strain rate. In the first case, he calculated the radius a of
the contact zone as the following :

a’(t) = % ‘wJ (t-7) %’dr where J(t) is the creep function and Fc the
capillary force taken from Mason (28). The deformation condition is then :

a’ (t*) > 0.0294R’  t* being the time necessary for a complete evaporation of
water,
and the deformation criterion becomes :

1/3(t*) <95 ywa/ R
In the second case, a process at constant strain rate, Lamprecht calculated the force
which resists deformation :

16 (t

F(t) = — G(t-r)d—a3-dr with
3R - dr

a(t) = R¥(vot / 3d)*® where d is the thickness of the array of close packed
undeformed particles and v, the evaporation rate by unit area of water / air interface.
The deformation condition being Fg(t) < F¢ , one ends with :

133(v,/d)*. [ G(t-1)?dr (P, where t* = 0283 d / vy and

Pc = 129 ywa / R the expression given by Brown (26) for the capillary
pressure.

Lamprecht's viscoelastic approach was used by Eckersley and Rudin (23) with a
slight modification. According to these authors, Lamprecht's deformation condition, a*
(t*) > 0.0294R? is erroneous and should be written a* (t*) > 0.0836R>. The
deformation criterion then becomes

1/J(t*) <34 ywa/R
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Again, Brown's expression for the capillary pressure was used by Eckersley and Rudin.
This expression is based on incorrect assumptions. It should be calculated in the
following way.

Capillary Pressure. The calculation starts with the determination of the capillary
force acting vertically on a particle partially showing at the surface of a drying latex
(see figure 4). The force acts along the triple line, where air, water and polymer are in
contact. The driving force is the difference between the particle-air (ypa) and the
particle-water (ypw) interfacial tensions. When yp, is higher than ypw, which is the case
for latex particles, the system tends to pull the particle downwards in order to
minimize interfacial energies. The magnitude of the force is proportional to the length
of the triple line and to the difference ypa - Ypw, it can then be written

Fc = 2nr(ypa - Yew) with r = radius of the circle made by the triple line. By
using Young's equation

Yra - Ypw = Ywa c0sO with ywa = water-air interfacial tension, 8 = contact angle
of water on the polymer; the capillary force can be written as

Fc = 27rrywa cos0
This expression corresponds to the exact solution of the capillary rise problem (46). In
our case, there is an additional complication due to the curvature of the sphere. One
has to add a term cosa., o being the angle between Fc and F_ (see figure 4), in order to
get the vertical component of the capillary force. The final equation is

FY = 2nrywa cosBcosa
This equation could easily be checked experimentally using the Wilhelmy technique
(47-49).
The calculation of the pressure, now, consists in choosing an appropriate surface
where the total magnitude of the capillary forces is easy to determine and to divide this
magnitude by the area of the surface. Let us consider the simple situation where water
is at the level of the equatorial plane of the first layer of particles (cosa = 1), before
deformation of the particles has started. The surface is a rectangle (Fig. 10) which
sides are 2R and 243 R, R being the radius of the particles. Inside of this rectangle,
one finds the equivalent of two particles. The magnitude of the capillary forces is thus

Fc =2 x 2nRywa cosB. The capillary pressure is

Pc = 47R ywa cosd / 443R”.
If cos® = 1, Pc = 1.8 ywa / R. The numerical coefficient is quite different from the
value of 12.9 given by Brown. If 0 and a are different from zero, it is even lower. The
consequence is that all deformation criteria using Brown's equation for capillary
pressure cannot be right.

Remark Concerning Deformation Criteria. Deformation criteria were all
established in the framework of the capillary theory and were all of the general form
G<Kywa/R K being a numerical coefficient ranging from 34 to 266
depending on the particular assumptions made by the different authors. These criteria
are difficult to establish for several reasons. It is difficult to precisely take into account
and characterize the deformation of the particle. The viscoelastic approaches by
Lamprecht (29) and Eckersley and Rudin (23) are probably oversimplified and non
linear effects should probably also be taken into account (50, 57). Furthermore,
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quantification of deformation driving forces is not yet really possible. On the other
hand, the deformation criteria are difficult to verify because this requires a precise
measure of moduli at MFT, a region where they are highly temperature dependent.
Another difficulty arises from the problem of plasticization of the polymers by water.
This point was raised by several authors (22, 35, 4/, 52). It is often meaningless to use
moduli measured on dry films in order to check a deformation criterion. For all those
reasons, efforts committed to establish and verify deformation criteria are of little
interest at the present stage.

Let us now come back to the papers dealing with Brown's capillary theory. The ones
by Eckersley and Rudin are well known and important. In their first article (23), they
calculated the highest values of moduli at which deformation was still possible
according to Brown's or Mason's models. Those values are significantly lower than the
experimentally measured ones. They also measured the radius of the contact zone
between particles by SEM and compared the values with calculated ones based on
capillary (see above) and interfacial forces. Again, they observed that radii determined
on the basis of capillary forces alone were well below experimental values. The
agreement became better when they added a contribution from particle-water
interfacial tension. Their conclusions were that: "The capillary force acting alone is in-
sufficient to effect film coalescence. However, if the capillary force is accompanied by
an interfacial driving force, there is sufficient coalescing force to cause the observed
degree of film fusion." In subsequent work, they concentrated on a more rigorous
testing of their model (53). They carefully considered the effect of hydroplasticization,
thus improving the accuracy of the measurements of particle moduli, either in a wet or
in a dry environment (54). They also studied drying mechanisms (55) showing, like
Keddie et al. (42), that, roughly speaking, soft particles are deformed in the presence
of water and harder particles remain almost undeformed when water has left.
Consequently, they considered either a wet or a dry sintering process as the additional
contribution to capillary forces. The various interfacial tensions involved in the
deformation process were more accurately determined (56). A new testing of their
model involving capillary and interfacial forces was performed (57). The conclusion
was that the fit with experience was satisfactory. Our opinion is that, despite of all
improvements, it is hard to be convinced by Eckersley and Rudin's model. Among the
most important criticisms which can be raised, we would like to mention the
followings. i) The parameter time was not clearly discussed. Was the radius of the
contact zone considered as a constant after a certain period of time? Or was the time
between latex casting and SEM observation kept constant? Those points should be
clarified. ii) All is based on an observation of the surface of the latex. Is the surface
really representative of what occurs in the bulk of the film? Many authors, including
ourselves, doubt it. iii) There is such an uncertainty concerning the actual deformation
conditions, whether rather dry or rather wet, that an approximate fit between extreme
conditions (dry and wet, see figure 2 in reference 57) is hardly convincing,

Another argument against capillary forces can be found in reference 30. Dobler et al.
have established a limit film formation diagram for model latexes (58) in terms of
temperature and relative humidity (Fig. 11). The model particles have a well defined
core shell structure (59) with 10, 15 or 25 wt% of methacrylic acid in the shell. The
latexes are called CS10, CS15 and CS25, CS standing for core-shell. The important
point here is that all latexes fall on the same line, regardless of the composition of the
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Figure 10: Top view of the first layer of particles in a drying latex. Rectangular
surface used for the calculation of the capillary pressure.
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Figure 11: Limit coalescence conditions (T/RH) for CS10, CS15, CS25 purified
latexes and for CS10 with SDS adsorbed or neutralized by NaOH or both
(neutralized and SDS adsorbed). CS stands for core-shell. The core is a styrene /
butyl acrylate copolymer and the shell a styrene / butyl acrylate / methacrylic acid
terpolymer. In CS10, CS15 and CS25 latexes, the shells contain 10, 15 and 25
wt% of methacrylic acid, respectively. In the upper part of the diagram, latexes do
form films, in the lower part they do not. Reproduced with permission from refer-
ence 30. Copyright 1992 Academic Press.
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shell, the presence or absence of adsorbed surfactant, the neutralization of the
methacrylic acid in the shell. When SDS is added to the CS10 latex at a concentration
of 1.6 g/ liter, one can calculate (30) that the capillary force is divided by a factor of
2. Under the assumption that capillary forces alone ensure deformation of the particles
and on the basis of the variation of the modulus of the particles with temperature (60),
it is possible to calculate that, at a given relative humidity, the limit temperature for
deformation should be higher for the latex containing SDS by 4°C. This difference is
significant and is not observed experimentally. This seems to indicate that capillary
forces alone are not strong enough to deform the particles, a conclusion similar to that
of Eckersley and Rudin.

Above, we presented a way to calculate the capillary pressure when the water phase
is continuous in the drying latex. Another approach was proposed by Lin and Meier
(31) in the case where the water phase becomes discontinuous and only forms rings of
water around the contact zones between particles. Lin and Meier's paper elegantly
renews the vision of the role of capillary pressure in the latex particle deformation
process. The authors used a model latex of poly(iso-butyl methacrylate), a highly
hydrophobic polymer, with a Tg of 65°C. They determined Tg of both wet and dry
latexes by DSC and could not detect any difference in the measured values. From this,

. they concluded that poly(iso-butyl methacrylate) was not at all plasticized by water.

The deformation kinetics was established via AFM measurements of peak-to-valley
distances (corrugation heights) on the top of a monolayer of latex particles deposited
on mica. The corrugation height progressively decreases as deformation proceeds.
Particles deformed either in a completely dry or in a wet environment. The wet
situation was obtained by exposing the dry particles to a water saturated atmosphere.
Lin and Meier observed that deformation takes place 10 times faster for the wet than
for the dry particles. This difference was attributed to the capillary pressure arising
from the presence of water. The authors calculated capillary pressures and forces
versus water contents and polymer-water contact angles. They showed that capillary
pressures, and forces to a lesser extend, increase when water content decreases and
can reach very high values with seemingly insignificant amounts of water in the
interstitial regions of spherical particles. "Furthermore, (...) capillary pressure in wet
systems can be of sufficient magnitude to explain the observed deformation of the
latex particles at 50°C, i.e., 15°C below Tg." The authors conclusion was affirmative.
"We maintain that capillary pressure typically is the dominant driving force for film
formation."

Lin and Meier (3/) also raised a geometrical consideration concerning particle
deformation. They showed by AFM that, at least at the surface, the deformation
process does not change the particle center-to-center spacing. A similar conclusion
was drawn by Winnick and coworkers (6/). The question is always the same. To what
extent is the surface of a latex film representative of what happens in the bulk?

We are presently in a situation where some authors contest the capillary theory
whereas some others strongly support it. The question of the presence or absence of
water at the point where particles deform becomes even more critical.

Wet Sintering. The first who verified the possibility of deforming latex particles
under the sole influence of particle-water interfacial tension was Sheetz (25). Latexes
were agglomerated in dialysis bags to a solids content of 62.3 % and then placed in
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deionized water and maintained for 2 hours at 36°C. The solids content, determined
gravimetrically, raised to 84.8 %. Further heating at 50°C for 2 more hours only
increased the solids content to 87.2 %. When the agglomerated latex was put ina 1 %
surfactant solution instead of pure water for 2 hours at 36°C, the solids content
increased to 66.2 %.

Mason (28) criticized Vanderhoff's wet sintering theory (/2, 13) on the basis that
forces and pressures were confused. We shall not develop this point.

It was already mentioned above that Stewart and Johnson (35) used Vanderhoff 's
approach to study the dry sintering of latex particles. Their experiments and
calculations seemed to validate Vanderhoff's model.

The more extensive experimental study of wet sintering was performed by Dobler et
al. (27). They followed the solids content increase of arrays of model latex particles in
water as a function of time, temperature, surfactant adsorption and methacrylic acid
neutralization. The model latexes had core-shell particles with the same diameters and
the same bulk properties but different surface characteristics. It was confirmed that
particle-water interfacial tension was indeed able to provoke deformation of the
particles, even at temperatures below the glass transition temperature. The kinetics of
deformation was closely related to interfacial tension. It was shown that the rate
decreased when interfacial tension decreased, i.e., when the amount of methacrylic
acid increased in the shell or when sodium dodecyl sulfate was adsorbed on the
particles or when the methacrylic acid was neutralized by sodium hydroxide.
Activation energies of deformation in water were measured. They are equal to the
activation energy of the motions of the polymer at the glass transition as determined by
dynamic mechanical spectrometry (60).

This work allowed Dobler et al. to verify Kendall and Padget theory of deformation
of elastic spheres (62). According to Kendall and Padget, the diameter of the contact
zone between particles, d, is given by

4d® E

—_———— =

D’ y(1-v?
E being the Young's modulus of the polymer, v the Poisson's ratio, y the surface
tension and D the diameter of the particles. The latex film is fullg/ formed when d=D.
For Eckersley and Rudin (23), this latter condition is rather d*=0.0836D°. For the
CS10 latex at 32°C, the shear modulus is 10® Pa (60). If Kendall's equation and
Rudin's conditions are used, it is found that total deformation would only be possible
for y values above 600 mN/m. Such values are higher than usual particle-water
interfacial tensions by a factor of around 100 and impossible to reach. Thus, the theory
proposed by Kendall and Padget is not applicable to particle deformation in water.

187

Surface Layer. Sheetz's theory of surface layer (25) has aroused only little interest in
the literature. Even if some authors report observations which seem to support
Sheetz's theory, they do not relate them to Sheetz's work. For instances : "It was
found that the latex synthesized with excess CBr4 formed a coalesced skin at the film
surface while water was still present in the drying film." (53); or "This fits in with the
idea of a skin of partly-coalesced latex near the surface existing above a reservoir of
water near the substrate interface." (43). It is only in Dobler et al. (30) that one can
find an explicit support to Sheetz theory.

Following their work with model latexes in water (21), Dobler et al. have studied the
film formation process in standard conditions, i.e., with evaporation of water, always
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using the same latexes. They compared film formation kinetics in water to those when
water simultaneously evaporates and established the limit conditions for film formation
in terms of temperature and relative humidity (Fig 11). It was demonstrated that in
limit conditions, particle-water interfacial tension has a negligible contribution to the
mechanism of latex film formation when film formation and water evaporation are
concurrent. Evaporation of water seems to be at the origin of forces which ensure
deformation of particles. It was shown that the origin of particle deformation is
probably not the capillary forces which can develop at the surface of the latex when a
solid volume fraction around 75% is reached. This conclusion was drawn after prelimi-
nary research and it would be important to further investigate this point in order to
establish it more firmly. Dobler et al.'s results seem to support Sheetz's theory of film
formation. A simple visual observation of the latices during drying was used as a
source of information. Whatever the latex, with or without SDS, one could observe
the apparition of iridescent spots at the surface when the solids content reached 25-
30%. These spots then grew in size until the whole surface became iridescent. If,
during the extension period of the spots, the relative humidity was raised to 100% in
order to stop evaporation of water, the spots stopped growing and started to decrease
in size from the edges. A central part always remained, the size of which was larger
when water evaporation had been stopped later in the course of the drying process. If
relative humidity was decreased to allow water to evaporate again, the spots grew
again. However, once the whole surface had become iridescent, the iridescence was
irreversible. In Sheetz's theory, closing of the surface takes place when the particles
are already close packed. This seems not to be the case in Dobler's system. The surface
of the latices becomes iridescent far before the stage of close packing is reached. This
iridescence shows that particles organize regularly at the surface. When it covers the
entire surface, iridescence is irreversible. This shows that particles come into contact in
an irreversible manner. When in contact, they deform and form a superficial polymeric
film. Drying then can occur by diffusion of water through the surface layer and, when
the solid volume fraction reaches 74%, deformation of the whole array of particles can
start. The iridescence is observed at a solid volume fraction always less than 40% for
all latices. Thus, the compression phenomenon is identical for all latices, which ex-
plains that the limit conditions are identical in all cases. Further experimental evidence
for surface closure is desirable. Fluorescence could be a valuable technique to use.

Conclusion

The problem of particle deformation mechanisms in the phenomenon of film formation
from a latex is very important and interesting from both scientific and practical points
of view. However, despite several major recent contributions, the present situation is
still extremely confusing. One can find articles supporting all existing main theories :
dry and wet sintering, capillarity, surface layer. And some authors propose to combine
several different driving forces. No group has yet succeeded in fully convince the
whole scientific community involved in polymer colloid science. There is at least one
point on which everybody should agree : mechanisms are complex and depend on the
nature of the latex and on the film formation conditions.

It appears that one of the key points, currently, is to know whether particles deform
in the presence or in the absence of water. This question is related to the problem of
drying mechanisms of latexes and emulsions in general. Although an old problem (63-
65), it is not clear and still under investigation (55, 67).
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Another crucial issue is to consider the latex film formation mechanisms in filled
systems (68). In spite of its practical importance, this problem seems still in its infancy
in scientific literature.

As one can see, there are lots of stimulating questions remaining open for future
research work.
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Chapter 3

Geometric Considerations
in Latex Film Formation

Edwin F. Meyer III

ICI Paints, Strongsville Research Center, 16651 Sprague Road,
Strongsville, OH 44136

The theoretical study of latex film formation involves the transfor-
mation of a sphere into a polyhedron which, along with its neighbors,
fills all space. The type of polyhedra formed depends upon the man-
ner in which the latex particles are packed together after the film is
dried. If the lattice is known, the polyhedron, and hence its geomet-
ric parameters, can be determined. These geometric parameters can
then be used to model the degree of particle deformation and to cal-
culate the interparticle forces, pressures and contact areas at various
stages of the film formation process. Of the two lattices that close-
pack spheres, the face-centered cubic is by far the most popular in the
literature. However, hexagonal close packed is another close-packing
possibility that should be considered.

The theoretical study of latex film formation involves the transfor-
mation of a sphere into a polyhedron which, along with its neighbors,
fills all space. The type of polyhedra formed depends upon the manner
in which the latex particles are packed together after the film is dried.
If the lattice is known, the polyhedron, and hence its geometric pa-
rameters, can be determined. These geometric parameters can then be
used to model the degree of particle deformation and to calculate the
interparticle forces, pressures and contact areas at various stages of the
film formation process. Of the two lattices that close-pack spheres, the
face-centered cubic is by far the most popular in the literature. How-
ever, hexagonal close packed is another close-packing possibility that
should be considered.
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The process of latex film formation has been divided into three[1],
four[2], and five[3] steps. These steps involve particle ordering, evap-
oration of the water, particles sticking to each other, deformation of
the particles, coalescence of the particles and finally interpenetration
of the cores of the particles. It is understood that these steps overlap
somewhat. That is, there is particle deformation before the evapora-
tion is complete and there is some interdiffusion while the particles are
deforming. To characterize the film formation process researchers have
developed models to represent the physical phenomena involved. Virtu-
ally all the models use the rhombic dodecahedron (RDH) as the shape
to which the latex spheres ultimately conform. This shape is shown in
figure 1. The RDH has 12 equivalent rhombi as its sides. Using this
shape as a model, researchers can calculate contact areas, the length of
contact edges, lattice spacing and various other geometric parameters
as a function of the deformation and then relate these back to physical
parameters such as surface tension, contact pressure, and evaporation
rate. However, the RDH will be the ultimate shape of the spherical
latex particles only if the particles are packed in a face-centered cubic
(FCC) lattice. The FCC lattice is one of two lattices that close-pack
spheres. The other is the hexagonal close-packed (HCP) lattice. If the
latex particles are arranged in a hexagonal close packed (HCP) lattice
then the final shape is a trapezo-rhombohedron (TRH), which is shown
in figure 2. The TRH has six trapezoidal sides and six rhombic sides.
In actual latex films the structure into which the particles ultimately
settle after the evaporation process depends upon many parameters.
The final packing structure is often a mixture of more than one lattice.
To get an understanding of the geometry of the film formation process
it would be helpful to examine each possible lattice individually. For
simplicity we will focus only on the two lattices that close pack spheres:
FCC and HCP. Both of these lattices are characterized by 12 nearest
neighbors and a packing fraction of 71/2/6 which is about 74%. These
two lattices can be thought of as multiple layers of triangular nets.
A net is the two-dimensional counterpart of a lattice. Two layers of
triangular nets will not determine the nature of the three dimensional
packing. The differentiation comes in the third layer. If the third layer
is placed so the spheres are directly atop those in the first layer then
we have a section of an HCP lattice. If the spheres in the third layer
are placed over the intersticies of the first layer so that none of the
spheres in the three layers are directly atop each other, then we have a
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Figure 1. A rhombic dodecahedron

Figure 2. A trapezo-rhombohedron
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section of an FCC lattice. If the initial layer is not a triangular net but
a square net, then a HCP structure is not possible and thus the FCC
is the only way to get close packing. However, a mono-layer of spheres
will naturally conform to a triangular net [4] so it is reasonable to as-
sume that surface at which latex film formation begins is a triangular
net of spherical latex particles.

To compare the geometric characteristics of the RDH and the TRH
it is helpful to have a length metric. The metric used here is the perpen-
dicular distance from the center of the polyhedra to any of the twelve
sides. Since this length is a characteristic pseudo-radius of the polyhe-
dra we will call this length R. With this definition we can calculate the
characteristics of the sides of the shapes (table 1).

Next we can calculate the edge length, surface area and volume of
these two shapes as a function of R, the center to side distance (table
2).

So, an RDH and a TRH with the same center-to-side distance have
the same total edge length, the same surface area and the same volume.
Using the calculated volume we can compare the lattice spacing of the
dodecahedra with the lattice spacing of the close-packed spheres before
they were deformed. Obviously the center to center distance of the
spheres is 2r, where r is the radius of the sphere. The center to center
distance of the dodecahedra in the lattice is 2R, simply from the way
we defined R. To compare R with r we have to make an assumption
regarding the density change of the particles upon deformation and the
isotropy of the deformation. It is common practice to assume that the
mass density of the particle does not change upon deformation and that
the deformation is isotropic. Since we are assuming no density change,
we set the volume of the two geometrical shapes equal to the volume
of the original latex particle. Setting the expressions for the volumes

equal,
8 3 (47 3
(ﬁ)R _(3)’"

and solving for the ratio r/R gives us,

T s 6
- = 1[— = 0.9047
R Vor

So, if the deformation is isotropic, the lattice spacing of the dodeca-
hedra in the final lattice is less than the lattice spacing of close-packed
latex particles. This means that as the spheres deform their centers
must get closer together.
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Table 1: The characteristics of the sides of the rhombic dodecahedron
(RDH) and the trapezo-rhobmohedron (TRH) with a center-to-side dis-
tance of R
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RHOMBIC SIDE
SHAPE | long diag | short diag edge
RDH 2R V2R (v6/2)R
TRH 2R V2R (vV6/2)R
TRAPEZOIDAL SIDE
SHAPE | long edge | short edge | skew sides
TRH | (2vE/3)R | (VE/3)R | (V6/2)R

Table 2: The total edge length, surface area and volume of a rhom-
bic dodecahedron (RDH) and a trapezo-rhombohedron (TRH) with a
center-to-side distance of R

Edge Length | Surface Area | Volume
RDH 12V6R (24/v2) R? | (8/V2) B?
TRH 12V6R (24/V2)R? | (8/V2) R

As we have seen the rhombic dodecahedron and the trapezo-rhombo-
hedron share many geometric features. An RDH and a TRH that
have the same volume also have the same number of sides, number
of edges (24), and number of corners (14). Of these 14 corners, each
shape has eight corners where three edges come together and six cor-
ners where four edges come together. If the distance from the center
of the RDH to the center of any side is R, the distance from the cen-

ter to any of the eight three-edge corners is \/3—/2R and the distance
from the center to any of the six four-edge corners is v/2R. The same
thing is true of the TRH. Also, the interior angle between opposite
sides of any four-edge corner is 90° and the interior angle between an
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edge of the three-edge corner and the line bisecting the opposite side
is 125.26°(90° + sin~!(1/4/3)) for both shapes. The four-edge corners
will be the location of the greatest deformation of the latex particle be-
cause the four edge corners are the furthest points from the surface of
the original spherical latex particle and because the four-edge corners
are sharper than the three-edge corners.

With all these similarities there are a couple of important difference
between the two shapes. One involves the directionality of the deforma-
tion. In the symmetric rhombic dodecahedron the six four-edge corners
are orthogonal. That is, they can be found along the x, y, and z axes
of a cartesian coordinate system whose origin is at its center. This
positioning spaces the four edge corners as far away from each other
as possible. In the trapezo-rhombohedron the six four-edge corners are
spaced, not at 90° from each other, but at 70.5° ((2sin~1(1/v/3)) as
measured from the center of the TRH. The second difference involves
the angle between the edges of the four-edge corners. In the rhombic
dodecahedron the angle between the edges and the angle between the
sides of the four-edge corners are all 90°. However, in the trapezo-
rhombohedron the angle between the edges of the four-edge corners is
109.47°, the tetrahedral angle. So, the four-edge corners of the RDH
are sharper than the four-edge corners of the TRH. These differences
are due to the asymmetry of the trapezo-rhombohedron shape. The
six trapezoids form a ring whose plane of symmetry is parallel to the
original layer of latex particles. The consequence of this asymmetry is
that hexagonal close packed spheres will have to deform to a greater
extent in the direction along the layers of latex particles and to a lesser
extent in the direction perpendicular to these layers. The symmetry of
the face centered cubic lattice results in a uniform deformation of the
particle in all six orthogonal directions.

The two main experimental techniques used to provide insight into
the packing of latex particles are microscopy and neutron scattering.
In the literature there are micrographs of a freeze fracture surface
showing hexagonally packed particles each exhibiting three rhombi on
the exposed surface[5]. These are being used as evidence supporting
the prescence of rhombic dodecahedra. However, a lattice of trapezo-
rhombohedra will give the same structure if fractured along its dom-
inant fracture plane. Some micrographs do indeed provide conclusive
evidence for the presence of the RDH shape[3], [5]. However, it seems
the detection of a section of FCC packing is being cited as evidence
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that all latex particles are packed in an FCC lattice. The small angle
neutron scattering results[3], which are cited as evidence of the FCC
structure, are inconclusive with respect to the FCC vs HCP question.
Indeed, the authors never address HCP packing; they support the face-
centered cubic structure over the body-centered cubic (BCC) structure.

The rhombic-dodecahedron may indeed be the geometric destiny of
the spherical latex particle but the current literature provides no con-
clusive evidence on this matter.
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Chapter 4

Influence of Polar Substituents
at the Latex Surface on Polymer
Interdiffusion Rates in Latex Films

Mitchell A. Winnik

Department of Chemistry, University of Toronto, Toronto,
Ontario M5S 1A1, Canada

We investigate the influence of surface properties of several
different types of poly(n-butyl methacrylate) [PBMA] latex particles
on the kinetics of polymer diffusion across the interface in their latex
films. A series of core-shell PBMA microspheres were prepared,
containing different amounts of methacrylic acid groups in their
shell, or with poly(ethylene oxide) [PEO] chains at the surface.
These latex are compared to PBMA latex with a surface containing
only sparsely spaced -OSO, groups. Interdiffusion, examined by
energy transfer measurements on labeled latex, was found to be
significantly retarded by the presence of the acid groups or their
salts in the latex shell. PEO chains at the latex surface were found to
promote interdiffusion only in the early stages of film formation and
aging. By contrast, PEG-containing non-ionic surfactant was found
to act as a traditional plasticizer for PBMA to promote interdiffusion.

Of the various aspects of latex film formation and aging, the aspect that has
seen the greatest progress over the past decade has been in measures of
polymer interdiffusion across the interparticle boundary. Originally sug-
gested by Voyutski (1) as the source of the growth in mechanical properties
of latex films with time, the first demonstration of interdiffusion was provided
by Hahn and coworkers (2) at BASF using small angle neutron scattering
[SANS] to study PBMA latex films in which a fraction of the particles were
deuterated. This technique has been used to good effect by Klein and
Sperling (3) at Lehigh for the case of melt-pressed polystyrene latex films,
and more recently by Joanicot et al (4) at Rhéne-Poulenc for styrene-butyl
acrylate films. Our approach (5) to this problem involves direct non-radiative
energy transfer experiments, in which some (typically half) of the particles are
labeled with a donor dye (D, e.g. phenanthrene, Phe) and the rest with an
acceptor dye (A, e.g. anthracene, An). Interdiffusion brings D and A into

0097—-6156/96/0648—0051315.00/0
© 1996 American Chemical Society

In Film Formation in Waterborne Coatings; Provder, T., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: October 15, 1996 | doi: 10.1021/bk-1996-0648.ch004

Downloaded by UNIV MASSACHUSETTS AMHERST on October 14, 2012 | http://pubs.acs.org

52 FILM FORMATION IN WATERBORNE COATINGS

proximity, making energy transfer possible when the film sample is excited
with light absorbed selectively by D. In this chapter, | review DET results on
interdiffusion in latex films, focusing on the effect on the interdiffusion rate of
polar groups or substances attached or adsorbed to the latex surface.

An essential characteristic of latex microspheres is that polar groups
are introduced at the particle surface during emulsion polymerization. These
groups provide colloidal stability for the particle dispersion. When the disper-
sion is applied to a substrate and allowed to dry, compression forces deform
the spherical particles into space filling cells, and the polar groups originally
at the particle surface sit at the interface between adjacent cells. When these
groups are few in number and well separated, they presumably remain
relatively isolated in the interface. If present in larger amounts, as in core-
shell latex materials, they then form an interconnected membrane in the film.
This hydrophilic membrane gives the nascent film a morphology similar to
that of a foam (6).

Here we are interested in the influence of this membrane on the rate of
interdiffusion of polymer molecules between adjacent cells. At one extreme,
if the membrane coponent is immiscible with the core polymer, and if its glass
transition temperature Tg is very high, it might serve as a barrier to prevent
interdiffusion. Mechanical strength in such films would come only from inter-
actions within the membrane phase. Interdiffusion could occur only if the
system were heated well above this Tg, which would allow for break-up of the
membrane phase. Extensive investigations of poly(acrylic acid) [PAA] mem-
branes in latex films have been reported by the Rhone-Poulenc group (4,6).
Altematively, polymers may be able to diffuse through the membrane. In
certain instances, the polar membrane might be composed of a substance
that might soften the interface and promote interdiffusion. Examples of these
processes will be given below.

Following Interdiffusion by DET

We prepare latex films on small quartz plates from dispersions containing an
equal number of Phe- and An-labeled particles. These samples were
annealed for various periods of time in a temperature-controlled oven, re-
moved and cooled to room temperature for donor fluorescence decay [l(t)]
measurements, and then returned to the oven for further annealing. Decay
profile measurements are carried out using the single photon tlmlng tech-
nique (5). Decays are first fitted to the equation (7)

b 2 B k4
eXp(——t— - P(—t—) ) + A2exp{—t—)

L)) b ) (1)
with B = 0.5, where first term approximates the contribution to the donor
decay of energy transfer in regions of the film where polymer interdiffusion
has taken place. A better measure of the extent of interdiffusion is obtained
from the areas under the decay profiles, calculated by integrating Ip(t), using

It) = A,
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parameters obtained in eq.(1) after normalizing at t=0. Note that t' refers to
the fluorescence decay time scale and t, to the sample annealing time.

Area = I = fo " Ip(t)dr "

The decrease in area is proportional to the increase in extent of energy
transfer, which in turn is related to the fraction of mixing, fm.

Area(t) - Area(0)
Area(eo) - Area(0) (3)

f =

The term f, in fact measures the quantum efficiency of mixing, which is
different from, but proportional to, the mass fraction of mixing (7-9). Since
the proportionality constant depends primarily on the An content of the A-
labeled latex (10), which is kept constant in all experiments reported here,
one can use f, values to calculate apparent diffusion constants D, for the
polymer by reference to a spherical Fickian diffusion model. Simulations
(10,11) suggest that values of D, differ from "true" values of the center-of-
mass diffusion coefficient D_, by as much as a factor of 2 to 5. In the case of
systems in which the level of acceptor labeling and the mixture of D- and A-
labeled particles remain constant, changes in D,,, exactly parallel changes in
D... and thus provide a powerful means to evaluate changes in polymer
diffusion rates (5c,8,9). Here the external variables which cause changes in
the diffusion rate are temperature and the surface composition of otherwise
identical latex.

Effect of Surface Carboxyl Groups on Interdiffusion

These experiments involve latex films prepared from core-shell latex particles
in which PBMA is the core polymer and the shell contains methacrylic acid
[MAA] as a comonomer [P(BMA-co-MAA)]. This series of core-shell PBMA
latex particles containing different amounts of MAA groups in their shell were
prepared by three-stage emulsion polymerization under monomer starved
conditions (7). The latex dispersions were purified using a mixed bed ion-
exchange resin to remove low molecular weight electrolytes including
surfactant. The surface charge density (Qs) was determined by potentiometric
titration of freshly ion-exchanged latex. Films prepared from the ion-exchan-
ged latex have a carboxylic-acid-group-rich phase as an interparticle mem-
brane, whereas films prepared from the same particles at high pH form an
ionomer phase in the membrane. We will see that these structures retard but
do not prevent interparticle polymer diffusion.

The characteristics of the latex particles and their constituent polymers
are presented in Table |. Note that the core-shell samples are similar in size,
in molecular weight and molecular weight distribution, but differ only in the
content of carboxyl groups. The latex samples referred to as MA2, MA4, and
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Table I. Characteristics of PBMA Latex

Latexes Diameter 10-5My Mw/Mn 105Qs2)  S. Ab)
[nm] [eq/g] [A2/acid]

An-MAO 129 4.8 3.6 1.0 730
Phe-MAO 128 4.1 3.2 0.99 750
An-MA2 152 4.8 2.9 4.52 140
Phe-MA2 147 4.4 3.2 4.98 130
An-MA4 150 4.2 2.9 7.98 79
Phe-MA4 150 4.0 2.7 6.54 96
An-MA6 149 4.9 3.0 11.6 55
Phe-MA6 146 4.3 2.6 12.1 54

a) Total surface charge density of -OSO3H and -COOH groups.
b) The average surface area occupied by an acid group.
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Figure 1. Plots of f_, or f, vs t'? for four latex films samples. The solid lines represent
f,, the mass fraction of mixing, calculated from a spherical Fickian diffusion model with
diffusion coefficient values (cm’s™) of MAQ, 6.5 x 10'° ; MA2, 6.0 x 10°'%; MA4, 2,7 x
10'%, MA6, 0.9 x 10°'¢
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MAG6 have increasing amounts of MAA in their shell. Films were prepared
from mixtures of donor- and acceptor-labeled latex, and, once dry, were an-
nealed in an oven. In Figure 1 we present f_ values, plotted against square-
root of annealing time, for this series of latex films. Two features of this graph
are important. First, we note that the rate of polymer diffusion depends sensi-
tively on the carboxyl group content of the latex: f, values at the same annea-
ling time decrease significantly in films prepared from latex with increasing
carboxyl group content in the shell.

The second important observation about the data in Figure 1 is that
interdiffusion occurs even at the early stages of annealing time, in the all
films. This result is different from that reported by Joanicot et al (4) for a dif-
ferent latex film. They found that polyacrylic acid [PAA] at the surface of a
poly(styrene-co-butyl acrylate) latex effectively suppressed interdiffusion until
the film temperature exceeded the Tq of the PAA, at which point the polar
membranes ruptured. The essential difference in the two systems is one of
carboxyl content in shell. In their system, the shell polymer was extremely rich
in PAA. In the latex particles we prepared, the composition of the shell-poly-
mer did not exceed 9 mol% MAA, but this phase comprised about one-third of
the polymer in latex (7). Thus our particles have a thicker shell composed of
a materials likely to be more miscible with the core polymer.

A deeper analysis of the data is possible through the calculation of
D,,, values. These are in fact cumulative diffusion coefficients, since we use
the diffusion model to find the value of D, that best describes f at any
annealing time. Since the polymers have polydispersity in both molecular
weight and composition, these D,,, values decrease as a function of f . The
fastest diffusing species dominate the mixing process at early times. Dapp
values calculated from the data in Figure 1 are presented in Figure 2 as a
function of fr,.

For each of the samples, we see that the D, values are initially con-
stant, and then decrease sharply once a certain extent of interdiffusion is
attained. This crossover point where the diffusion begins to slow down shifts
to lower f_ for films richer in -COOH groups. This effect is even more pro-
nounced for samples in which the latex is pretreated with inorganic base
(8,9). Neutralization involved one equivalent of base corresponding to the
number of titratable acid groups in the latex. In Figure 3, where we compare
the behavior of an unneutralized MAG film with those prepared from disper-
sions that were neutralized with NH4OH, NaOH, and Ba(OH),. The first
feature of interest here is that D, for the polymers with acid groups present
as the ammonium salt are essentially identical at early annealing times with
those with their acid groups in the protonated form. Some differences are
apparent at later times, but the absence of a significant effect of NH3 on
polymer D,,, value points to a tendency for the ammonium groups to
dissociate upon drying or annealing of the film (8).
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Figure 2. Plot of D, values calculated from the data in Figure 1 as a function of fp,.
The symbols are the same as in Figure 1.
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Figure 3. Plot of D, values of latex films of MA6 annealed at 100 °C as a function of
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When the MAG film is neutralized by sodium hydroxide, one observes
not only a substantially smaller initial value of D,,,, but also a very pronoun-
ced decrease in D,,, throughout the interdiffusion process. Moreover, this
diffusion is retarded even further in the case of the barium carboxylate film.
Here the initial D, value is ca 10-17 cm?/s, and appears to increase before
decreasing. One possible reason for the initial increase of D, with f, may be
related to the mutual attraction of ion pairs to form a segregated, ion-rich
microphase. This kind of phase in ionomer materials has been detected by
small-angle X-ray scattering (12). The major conclusion to be drawn from this
data is that neutralization of the carboxylic acid groups at the latex surface
with NaOH and Ba(OH)2 induces a pronounced decrease in the interdiffusion

rate, and that the divalent Ba2+ salt is more effective than Na+* at retarding
interdiffusion.
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Figure 4. Plot of D, vs (T - Tg) for D, values obtained at f, = 0.5. (x) refers to data
obtained from latex with -COOH groups at the surface, examined at different T; (o)
refers to latex with -COO" groups at the surface, with Na* or Ba>* as the counterion,
examined at 100°C.

It is possible to estimate the Tg of the membrane phase in these vari-
ous latex samples (9). When we examine values of D,,, as a function of (T -
Tg), where T is the annealing temperature, a surprisingly simple result is
obtained. Here we are careful, since D,,, depends upon f, to compare
values at identical f,. As seen in Figure 4, the data from all of our experi-
ments (for f, = 0.5) fall on two relatively closely spaced straight lines, one
representing data for the -COOH latex in which T was the variable. The other
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line represents experiments carried out at 100°C, in which the extent of neu-
tralization and the metal counterion affect Tg. In all of these samples, the
annealing temperature T is well above Tg of the membrane copolymer, and
thus our results are consistent with those reported by the Rhéne-Poulenc
group (4,6) for films of latex containing PAA at the surface.

Effect of PEO Chains at the Latex Surface

A second type of PBMA, prepared from a styrene end-capped poly(ethylene
oxide) [PEO] macromonomer 1 as a steric stabilizer, has a surface rich in
PEO chains (13). PEO is miscible with PBMA and has the potential to act as
a plasticizer. Here we find that the membrane polymer actually accelerates
interdiffusion in the early stages of the interdiffusion process (14).

n=53
CH;3-0-(CH,CH,0),-(CHy)7= @ M,,/M,=1.06

These PBMA latex particles were prepared by dispersion polymeriza-
tion in methanol-water (13), and then transferred to a purely aqueous phase.
The characteristics of these microspheres are listed in Table Il. The diame-
ters of the two PBMA/PEO particles are very similar to one another and are
only slightly larger than those of the PEO-free PBMA sample composed of
similar molecular weight polymer. The PBMA/PEOQ patrticles contain 14 wt%
PEO. Since the PEO was introduced as a macromonomer, it is present in the
latex in the form of a PBMA copolymer with PEO branches.

Table Il. Characteristics of PBMA Latex with PEO at the Surface

Latex Diameter/nm 10-5My Mw/Mn
An-PBMAa2) 115 2.44 3.6
Phe-PBMAD) 117 2.86 3.4
An-PBMA/PEQD) 129 2.64 2.9
Phe-PBMA/PEQb) 132 2.35 2.7

a) SDS surfactants were removed by ionic exchanged resin.
b) PEO macromonomer is 14.4 wt%.

Films were prepared from the two sets of samples described in Table
Il. One immediately apparent difference is that the PBMA/PEO latex formed
transparent films at 20°C, whereas the PBMA dispersion required higher tem-
perature (ca 30°C). The surface PEO chains appear to lower the minimum
film forming temperature [MFT] of the latex. Interdiffusion measurements
were carried out on these two films, and f, values were calculated, Figure 5.
These results are quite surprising. One notices first that the surface PEO
chains promote interdiffusion at early times. This result is consistent with the
PEO also lowering the MFT of the system, and suggests that PEO acts as a
plasticizer for the particle surface.

In Film Formation in Waterborne Coatings; Provder, T., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Downloaded by UNIV MASSACHUSETTS AMHERST on October 14, 2012 | http://pubs.acs.org

Publication Date: October 15, 1996 | doi: 10.1021/bk-1996-0648.ch004

4. WINNIK  Polar Substituents at the Latex Surface 59

1.0

08

0.2

0 1 | 1 | 1 | Il
0 20 60 80

40 g
ANNEALING TIME (min)"2

Figure 5. Plot of f, vs the square-root of annealing time for PBMA(D) and
PBMA/PEO (m) latex films at 90 °C.

At later stages of the interdiffusion, the two curves cross, and the PEO-
containing latex film experiences a smaller diffusion rate. These experiments
are still in their very early stages, and thus it is premature to draw firm
conclusions. Our current explanation for this retardation is that it corresponds
to the diffusion of the PBMA-PEO copolymer. lts diffusion is slower either
because of its enhanced molecular weight or because the branches interfere
with the diffusion.

Effect of Non-ionic Surfactant at the Latex Surface

Because of the unusual features of the influence of surface-grafted PEO
chains on interdiffusion, we wished to carry out comparison experiments with
non-ionic surfactants on ordinary PBMA latex. Here results are reported for
NP-20, a nonylphenol surfactant containing on average 20 EO units, along
with some preliminary results for NP-100 (15).

C9H19_©—O(CH2CH20)n-H (2) NP-n, n=20, 100

In Figure 6, the values of D,,, for samples containing various concen-
trations of NP-20, are plotted against f,. One sees that there is a marked in-
crease in the polymer diffusion rate by addition of NP-20 surfactants, and the
extent of enhancement increases with increasing NP-20 concentration. It is
also apparent in Figure 6 that D,,, values decrease with increasing f,, for all
four sets of samples. In the absence of NP-20, this decrease can be explain-
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ed in terms of the molecular weight polydispersity of the latex polymer, since
the most mobile polymer molecules dominate the early stages of mixing.

Originally we thought that only surfactant molecules adsorbed onto the
latex surface would promote polymer interdiffusion. According to this idea,
we would expect the enhancement of polymer diffusion to level off when the
amount of surfactant reached monolayer coverage of the latex. Monolayer
coverage of NP-20 onto these PBMA latex occurs at about 6 wt%. Interes-
tingly, D,,, values continue to increase above this concentration. This
strongly implies that the surfactant dissolves in the PBMA polymer and acts
as a traditional plasticizer.

Modeling the plasticizer effect. While NP-n surfactants might contribute
in several ways to enhancement of polymer diffusion, the most likely
mechanism is one in which, as a plasticizer, it acts to increase the free
volume in the film. This idea can be tested by fitting the data to the Fujita-
Doolittle equation (16),

D,(T.®,)

£,%(T, 0)
n__
D,(T, 0)

F, B(T) (4)

Here fp(T, 0) is the fractional free volume of the polymer in the absence of

surfactant, and @3 is the volume fraction of the surfactant. B(T) represents the
difference in fractional free volume between the surfactant (fs(T)) and the
polymer (fp(T,0)) at temperature T.

In Figure 7, the values of D, calculated from f obtained in the pre-
sence of NP-20, are superimposed on corresponding data obtained in the
absence of surfactant (15). In this way we obtain a shift factor which corres-
ponds to the inverse of the term on the left hand side of equation (4). One
sees that all data can be superimposed onto a single curve, to afford a
master curve of D, and f . From this result we conclude that NP-20 acts as
a traditional plasticizer for PBMA.

In the case of NP-100, where our data are less complete, we still
obtain full agreement with eq. (4), but with a significantly smaller value of
B(T). NP-100 is a less effective plasticizer of PBMA toward polymer diffusion.
Thus the influence of PEO-type non-ionic surfactant molecules on polymer
interdiffusion in PBMA latex films is relatively simple. The surfactant acts as a
plasticizer in complete accord with the Fujita-Doolittle model. As the disper-
sion dries, the surfactant diffuses into the latex polymer. Understanding the
timing and rate of this diffusion process is an important topic for future
research.

-1
] = £(T,0) +
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Figure 7. Master curve generated by fitting the data to the Fujita-Doolittle expression,
eq. (4), from which a value of b(T) is obtained.
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Summary

Polar groups at the surface of latex particles have an important influence on
the healing of the interfaces between adjacent cells in latex films. In our sys-
tems the membrane has a composition relatively similar to that of the core
polymer. This influence seems to operate primarily through the Tg of the
membrane phase. Interdiffusion occurs only at temperatures above the Tg of
all components. |If the latex surface is rich in carboxylic acid groups or their
salts, the high Tg of this phase acts to retard interdiffusion. If, on the other
hand, the membrane phase substituents are miscible with the core polymer
and act to plasticize it, then interdiffusion is accelerated. An issue which
remains unanswered from this work is the consequence of a membrane
phase which is largely immiscible with the core polymer. Here one antici-
pates that the membrane can act as a barrier to prevent interdiffusion until the
temperature is raised to the point where the membrane begins to break up.
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Chapter 5

Steady-State Fluorescence Method To Study
Film Formation from Latex Particles
Having a High Glass-Transition Temperature

O. Pekcan and M. Canpolat

Department of Physics, Istanbul Technical University, Maslak,
80626 Istanbul, Turkey

Direct energy transfer (DET) method conjunction with steady state
fluorescence (SSF) technique were used to study interdiffusion of
polymer chains across the particle-particle junction, during film
formation from high-T latex particles. The latex films were prepared
from pyrene (P) and naphthalene (N) labeled poly (methyl
methacrylate) (PMMA) particles and annealed in elevated time
intervals above glass transition (T,) at 180°C. Monte Carlo simulations
were performed to model the N and P fluorescence intensities (I, and
I) using photon diffusion theory. Number of N and P photons (N, and
N;), emerging from the front surface of the latex film are calculated
when only N is excited. A novel correction method was suggested and
employed to eliminate the P intensity due to the optical variation in
latex film. P intensity solely from the energy transfer processes were
monitored versus annealing time and was used to measure the polymer
chain diffusion coefficient (D), which was found to be 5.9 x 101*
cm?/sec at 180°C.

Interdiffusion processes during latex film formation have been widely investigated
over the past few years. These phenomena can be considered as special cases of crack
healing or polymer welding processes. Latex films are formed from small polymer
particles produced initially as a colloidal dispersion, usually in water. The term “latex
film"” normally refers to a film formed from soft or low-T latex particles (T, below
room temperature) where the forces accompanying the evaporation of solvent are
sufficient to deform the particles into a transparent, void-free film. Latex films can
also be obtained by compression molding of a dried latex powder composed of a
polymer such as polystyrene (PS) or poly (methyl methacrylate) (PMMA) that has T,
above drying temperature. These latexes are generally called high-T particles. During
drying process high-T latex particles remain essentially discrete and undeformed. The

0097—-6156/96/0648—0064315.00/0
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mechanical properties of such films can be evolved by annealing which is called
sintering of latex powder.

Recently, freeze fracture TEM (FFTEM) has been used to study the structure
of dried latex films (7,2). Small-angle neutron scattering (SANS) has been used to
study latex film formation at the molecular level. Extensive studies using SANS have
been performed by Sperling and co-workers (3-5) on compression-molded PS films.
Using time-resolved fluorescence (TRF) measurements in conjunction with dye-
labeled particles, interdiffusion during latex film formation has been studied by
Winnik and co-workers (6-9). Direct non-radiative energy transfer (DET) method was
employed to investigate the film formation processes in dye-labeled PMMA (6,9) and
PBMA (7,8) systems. The DET method is particularly sensitive to the early stages,
whereas the SANS technique becomes more sensitive to later stages of the
interdiffusion processes. The steady state fluorescence (SSF) technique combined with
DET was recently used to examine healing and interdiffusion processes in dye-labeled
PMMA latex films (10-12).

Because of photon diffusion, radiative and non-radiative energy transfer
processes, special attention has to be paid during SSF measurements to study the
evolution of latex film formation. Film thickness and annealing time intervals are very
critical for the quality of the film. In that sense photon diffusion, radiative and non
radiative processes compete and may play important role during SSF measurements.
In this work, SSF measurements were performed to study interdiffusion processes
during film formation from PMMA particles, using DET method.

The PMMA particles prepared by non-aqueous dispersion (NAD)
polymerization. These particles were labelled with appropriate donor (naphthalene, N)
and acceptor (pyrene, P) chromophores (13). The 1-3 pm dia particles were used
having two components; the major part, PMMA, comprises 96 mol % of the material
and the minor component, poly-isobutylene (PIB) (4 mol %), forms an
interpenetrating network through the particle interior (14,15) very soluble in certain
hydrocarbon media. A thin layer of PIB covers the particle surface and provides
colloidal stability by steric stabilization. (These particles were prepared in Professor
M.A. Winnik's laboratory in Toronto)

In this paper two sets of isothermal experiments were performed by annealing
PMMA latex film samples at 180°C, in elevated time intervals. In the first set; after
annealing, only P was excited at 345 nm and emission intensity (I,,) was observed
versus annealing time. This set of experiments were performed to detect the evolution
of the quality (transparency) of the film samples. During the second set of
experiments, after annealing the film samples, N and P intensities (Iy and Ip) were
monitored against annealing time, where the films were excited at 286 nm. In this set
of experiments we aimed to observe the chain interdiffusion across the particle-
particle junction. Monte Carlo simulations were carried out to model the /,,, Iy and
I, intensities emitted from latex film, using photon diffusion theory (PDT) (16). A
novel correction method was suggested and employed to separate the P intensity (Ip)
due to nonradiative and radiative energy transfer, from the total P intensity I,, which
produced the characteristics of chain interdiffusion.
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Experimental

Latex film preparation were carried out thus; the same weights on N and P particles
were dispersed in heptane in a test tube; after complete mixing, a large drop of the
dispersion was placed on a round silica window plate with dia of 2 cm. Heptane was
allowed to evaporate and the silica window was placed in the Solid Surface Accessory
of Model LS-50 fluorescence spectrometer of Perkin-Elmer. All measurements were
carried out in the front face position at room temperature. Slit widths were kept at 2.5
mm. The N-P film sample was excited at 286 nm in order to maximize naphthalene
absorbance while minimizing pyrene absorbance. Film samples were illuminated only
during the actual fluorescence measurements and, at all other times, were shielded
from the light source. The film of latex particles was annealed above T, of PMMA
for various periods of time at 180°C. The temperature was maintained within +2°
during the annealing. The variation in optical density of N-P film was controlled by
only exciting pyrene at 345 nm for each measurement.

Theorical Models

Photon Diffusion and DET. The journey of an exciting or emitted photon to or
from a dye molecule in a film formed from annealed latex particles can be modelled
by photon diffusion theory. The collision probability, 3p of a travelling photon with
any scattering center in a film is given by

P=1 -exp ( -r] <r>) (1)

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

Sz:Zn:riz (2)

where i labels the successive collisions during the journey of a photon. Photons
emerging from the back and front surfaces of the film without interacting with a
pyrene molecule have to satisfy the conditions given below

S>d and <0 (©)

respectively. The total number of photons emerging from the front surface is then
represented by N, which is assumed to be proportional to the intensity, /. of the light
scattered from latex film during SSF measurements.
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When the interaction of a photon by a dye molecule is considered, mainly two
types of Monte Carlo simulations can be carried out; At first, number of photons (N,,)
emitted from the front surface of the latex film is calculated when only pyrene
molecules are excited which models the direct emission intensity from pyrene (I,,).In
the second part, number of photons emitted from the latex film is calculated when
only naphthalenes are excited. In this part of the simulation non-radiative and radiative
energy transfer processes are considered and, naphthalene and pyrene emissions (I
and /,) were modeled by counting N and P photons (Ny and N,) emitted from the
front surface of the film.

In order to drive the relation for the fluorescence intensity, 1,, emitted from the
latex film, we defined the probability of a photon encountering a pyrene molecule to
bea

g=1-exp (-s//). (4)

Here, s represents the total distance (optical path) and ! is the mean distance the
photon travels in the film, before it finds a pyrene molecule. If s is large, the
probability of the photon encountering a pyrene is high, or vice versa. After collision
with a pyrene the photon travels again according to equation 1. Then d is compared
with the z component of the total distance, s, as in equation 3, to find if the photon
is emitted from the film surfaces. The number of photons emitted from the front
surface of the film is given by N,,, which is assumed to be proportional to I, the
fluorescence intensity. In Monte Carlo simulations [ and d were taken to be fixed
parameters with the values of 150 and 50 respectively. Here we have to note that [ is
considered to be inversely proportional to the pyrene concentration in latex film which
is assumed to be constant during the film formation processes. The mean free path,
<r> was varied between 1 to 100 for a given d and for each <r>, the number of
incident photons was taken to be 3 x 10* during the simulations. The number of
collisions, n is varied so that the conditions in equation 2 are satisfied.

In the second part of Monte Carlo simulations, the probability of a photon
encountering a naphthalene molecule can be defined as

Pyl e ix, (5)

Here, sy is the total distance and [, is the mean distance, the photon travels in the
film, before it finds a naphthalene molecule. After collision with a naphthalene,
photon travels again by satisfying equation 1 and emitted from the film surfaces
according to equation 3. The number of naphthalene photons emitted from the front
surface of the film is given by Ny and assumed to be proportional to Iy, the
naphthalene fluorescence intensity. There is always a certain probability of
encountering a pyrene molecule by a naphthalene photon, which is defined by

p,=1-e s, (6)

This process is called "radiative energy transfer” where, s, represent the total distance

and /, is the mean distance, the naphthalene photon travels in the film, before it finds
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a pyrene molecule. In equations 5 and 6 I, and [, are considered to be inversely
proportional to the naphthalene and pyrene concentrations in latex film. Here, again
after collision photon travels by satisfying equation 1 and emitted from the film
surfaces according to equation 3. After the radiative energy transfer is taken place, the
number of pyrene photons emitted from the front surface of the film is given by Npp.
During simulations I, and I, are taken to be fixed parameters with the values of 100
and 1000 respectively.

When the distance between N and P molecules is short enough they can
interact and excited N molecule can transfer its energy to nearby P molecule, before
emitting a photon. This process is called “direct nonradiative energy transfer” (DET).
This mechanism is know as dipolar Forster interaction in photophysics terminology.
During film formation from latex particles, P and N labeled chains interdiffuse and
can form a Forster domain where excited N molecule can transfer its energy to P
molecule with 90% probability. (Experimentally determined from the completely
mixed, chloroform cast films). Then the excited P molecule release a photon which
then travels by satisfying equation 1 and emitted from the film surface according to
equation 3. After the DET, the number of P photons emitted from the front surface
of the film, is presented by Npyz. The total number of P photons, emitted from the
front surface of the film is then given by Np=Npg*Npyg.

Interdiffusion by Fluorescence Method. In bulk state the interdiffusion of polymer
chains can be explain by several theories (17,18) that are based on the reptation
model of de Gennes (/9). In the bulk state, polymer chains have a Gaussian
distribution of segments. When chains are confined to the space adjacent to the
interface they have distorted conformations. Interdiffusion across the interface leads
to conformational randomization and recovery of a Gaussian distribution of segments
(20,21). Entanglements prevent macromolecules larger than a certain (critical) length
from undergoing large amplitude sideways diffusion. These macromolecules are
pictured as being confined to a tube, and their diffusion occurs by coherent back and
forth motion along the center line of the tube with a curvilinear diffusion coefficient,
keeping the arc length of the chain constant. This worm-like motion is referred to as
“reptation”. The reptation time, T,, is the time necessary for a polymer to diffuse a
sufficient distance so that all memory of the initial tube is lost. The diffusion rate of
this reptation across a polymer-polymer interface should be sensitive to the location
of the chain ends. Since there is more free volume at the interface than in the bulk,
an enrichment of chain ends at the interface is expected.

Tirrell et al (22) studied interdiffusion in terms of the steady state fluorescence
of an acceptor emission intensity due to DET from a donor, 1n our case DET process
can be represented by:

N +P—N: P~ (7)

Here N" and P are the excited naphthalene and pyrene molecules respectively. When
the donor is excited exclusively and can transfer its energy to nearby acceptor groups
the fluorescence intensity of the acceptor, (), increases with time:
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10t) -1(0) ~Ioa [ C(x, ) [ G-C(x, 1)) dx (8)

where I(0) is I(t) at time zero, and the x-axis is taken as normal to the polymer-
polymer interface. Here I, represent the incident light intensity, o is a constant, C(x,z)
is the concentration profile of an acceptor at time ¢t and C, is its interface
concentration. At times longer than T,, concentration profiles can be obtained from
Fick’s law of diffusion (23)

oc(r,t)

T:DVZC(r,t). (9)

Then equation 8 can be rewritten as (22):

I(t) I(0)=0.165ac¢(Dt)? (10)
where D is the center-of mass diffusion coefficient of the polymet chain.

Result and Discussion

Transparency and Photon Diffusion in Latex Film. Emission (I,,) and scattered
(I,) spectra of a latex film annealed at 180°C in elevated time intervals and excited
at 345 nm, are shown in (Figure 1). Upon annealing P intensity (I,,) increased for 15
min interval then decreased, by increasing time intervals however I, decreased
continuously from the beginning by increasing annealing time. The behavior of (,,)
and (I.) versus annealing time are plotted in (Figuare 2a) and (b) respectively.

The behavior of (/,,) and (/) can be interpreted by results of Monte Carlo
simulations. N,, and N, are plotted versus square of mean free path (<r>?% of a
photon in (Figuare 3a) and (b) respectively. Here it is assumed that the relation

<r>=\/Dr is obeyed, where ¢ is the annealing time and D is given in equation 9. In
(Figuare 3a), N, first increases suddenly then decreases by increasing <r>2 These
indicate that for very short <r>2 values s is short but as <r>? values increase the
optical path, s of a photon becomes longest and the probability of encountering a
pyrene in the film becames highest, as a result N, reaches a maximum. However, for
longer <r>? values s becomes shorter again and photons can easily escape from the
back surface of the film and as a result both N,, and N, decrease continuously by
increasing <r>? values. Cartoon representation of film formation from high-T latex
particles and its relation with the mean free and optical paths (<r> and s) are
presented in (Figuare 4). Early stage of film formation is shown in (Figuare 4a),
where heptane evaporates and close packed particles form a powder film which
includes many voids. This film yields low I,, and high I, values due to very short
<r>? and short s values. (Figuare 4b) presents a film where, due to annealing, particle
boundaries start to heal and disappear which gives rise to short <r>? and the longest
s values. In such a film one can observe high I,, and low I intensities. Finally
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Figure 1. Emission (I,) and, scattered (I.) spectra of a latex film before
annealing and annealed at 180°C in 15 and 120 min time intervals. Film is
formed from N and P particles and excited at 345 nm.
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Figure 2. Variation of a- (I,)) and b- (I,), intensities versus annealing time.
Film is excited at 345 nm.
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Figure 3. Variation of a- (N,,) and b- (Ny), versus , square of mean free path
of a photon. Results are obtained monte Carlo simulations.
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Figure 4. Cartoon representation of latex film formation from high-T latex
particles, a- before annealing, powder film, b- annealed film, beginning of
disappearance of particle boundaries, c- highly annealed, Almost transparent film.

In Film Formation in Waterborne Coatings; Provder, T., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: October 15, 1996 | doi: 10.1021/bk-1996-0648.ch005

Downloaded by STANFORD UNIV GREEN LIBR on October 14, 2012 | http://pubs.acs.org

5. PEKCAN & CANPOLAT  Film Formation from High-T Latex Particles 73

(Figuare 4c) shows a almost transparent film with the longest <r>? but smaller s
values. This film naturally presents both low I,, and I, intensities.

DET and Monte Carlo Simulations . As the interdiffusion process of polymer
chains proceeds, particle boundaries disappear and DET between N and P molecules
takes place. This picture can be quantitatively modelled by the results of Monte Carlo
simulations. The total number of P and N photons (N, and N,) emitted from the front
surface of the film are plotted versus <r>? of a photon in (Figuare 5a) and (b)
respectively, where N, decrease continuously however N, increase at the beginning
and then decrease by increasing <r>? As annealing time, t increases, <r>? also
increases due to disappearance of interparticle voids and interfaces, then one should
expect an increase in P and decrease in N intensities due to energy transfer from N
to P molecules. Since, N, contains photons from both radiative and non-radiative
processes, above contradiction can be resolved using Monte Carlo simulations.
(Figuare 6a) and (b) present the plot of Nz and Ny, versus , where one can observe
continuous increase in Npy; photons due to non radiative energy transfer process from
N to P molecules. Number of photons, due to radiative energy transfer (Npz) process
present very high values at the beginning of film formation, then decrease imidiatly
due to increase in values. Now (Figuare 5b) and (6b) look consistent by showing
decrease in N photons and increase in P photons respectively but still this
correspondence is not one to one. In other words this picture still does not fit to
Tirrels Model in equation 7 and 8. Here, emission from naphthalene due to variation
in film quality (VN,,) dominates the total Ny emission. This contribution can be
rationalized by comparing (Figuare Sb) and (Figuare 3a) where the quality of the film
(or <r>) effects the number of emitted photons in both case. In order to eliminate the
photons (N,,)created due to the variation in the quality of the film and to separate the
contributions solely from the radiative and non-radiative energy transfer processes we
normalize the total number of photons emitted from the front surface of the film as
follows

No+ Ny=1000 (11)

where, N,'and N’ are the normalized total number of P and N photons emitted from
the front surface of the film respectively. N,’ and N, ‘are plotted versus of a photon
in (Figuare 7a),and (b) respectively in which one to one correspondence between P
and N emissions now can be seen. When (Figuare 6b) is compared with (Figuare 7a)
it is seen that N,'is created by non-radiative energy transfer process(Npyz) except at
very early Np; contribution. The normalized photon emission from naphthalene N,'
now decrease due to non-radiative energy transfer from N to P as the mean free path
<r> of a photon increase, except at the early stage, radiative energy transfer
contribution.

Diffusion Coefficient. The emission spectra of a mixture of N and P labeled
latex films before annealing and after annealed at 180°C for various time intervals are
measured, when the film is excited at 286 nm, where I, and I, both increase suddenly
by annealing the film sample for 15 min, then decrease continuously by increasing
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Figure 5. Variation in total number of a- P (N,) and b-N (Ny) photons versus
square of mean free path of a photon.  Result are obtained from Monte Carlo
simulations.
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Figure 6. Variation in number of a- P photons (Nyg) due to radiative transfer,

b- P photons (Npyg) due to non-radiative transfer from N to P molecules, emitted
from the front surface of the film.
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annealing time intervals. The variation in Iy and I, intensities versus annealing time
are shown in (Figuare 8a). From the point of view of DET, the decrease in Iy is
expected but the decrease in I, is quite surprising. One would naturally expect an
increase in /, due to DET processes as I, decrease. In previous section Monte Carlo
simulations have predicted that this anomalous behavior in I, is produced due to the
variation in the quality of the film, which can be resolved by using equation 11. The
emission due to the variation in optical quality of the film can be eliminated by
normalizing the total P and N intensities to 1000. This can be done by adjusting the
total area under N-P spectra (Iy+1,) to 1000 at each annealing step. Then the area of
the pure P spectra (I,') is calculated and supracted from 1000 to produce the N spectra
(Iy). The variation in normalized P and N intensities (/,' and I,") versus annealing
time are presented in (Figuare 8b). As expected from Monte Carlo simulations, now
as I, increase 1’ decrease by increasing annealing time. This behavior in /" and I’
intensities show one to one correspondence which indicates that the energy transfer
processes between N and P are purely radiative and non-radiative. In order to quantify
the above results equation 10 can be used for I, intensity as follows

IX1) -TK0) (Dr)V2 (12)
ITK® -1K0) R

Here, R is the radius of the particle and I,'( «) is the P intensity at t=oo. Equation 12
is fitted to the data in (Figuare 8b) and chain diffusion coefficient, D is produced from
the slope of this fit in (Figuare 9a). The linear relation in (Figuare 9a) supports the
Tirrel's model, given in the theoretical section where Fickian type of diffusion is
considered for times longer then the reptation time T, of polymer chain. The diffusion
coefficient, that was observed in this work is found to be as D=5.9 x 10"} cm¥sec,
which is order of magnitude faster than it was observed in the similar system at 170°C
by using transient fluorescence technique (6).

The linear curve in (Figuare 9a) does not go through the origin, which means
that there is a delay in chain interdiffusion which may corresponds to healing time(ty)
(12). Presumable during first 15 min chains move halfway across the interface surface
and particle boundaries start to disappear. This picture can be visualized by the result
of Monte Carlo simulation. When the normalized total number of photons N,' are
plotted against mean free path of a photon <r>, which now corresponds to (time)'?,
it is seen that a certain delay is required for non-radiative energy transfer to start.
(Figuare 9b) presents the plot of N,'versus <r> where at the beginning, for very short
<r> values number of P photons due to radiative energy transfer (Npz)dominates to
N,', then decrease by increasing <r>. As <r> values continue to increase, which is
equivalent to saying that interdiffusion increase in time, the number of P photons due
to DET (Npyg) increase.

In conclusion, this work has presented simple steady state fluorescence method
to measure backbone diffusion coefficient, D during film formation from high-T latex
particles, where the experiments are easy to perform and spectrometer is inexpensive
to obtain. Here, we have performed Monte Carlo simulations to introduce a novel
correction technique for the energy transfer measurements for the steady-state
fluorescence method which is very handy for measuring D value.
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Figure 7. Variation in normalized total number of a- P (N,) and b- N(Ny)
photons versus , square of mean free path of a photon. Normalization is done
according to Eq(11).
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Figure 8. Variation in a- P(I;) and N(Iy) b-Normalized P(I;) and P(ly)
intensities versus annealing time. Film is excited at 286 nm.
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Figure 9. a-Plot of the data in Fig 8a versus square root of annealing time.
Slope of the linear plot produced diffusion coefficient as D=5.9 x 10-13
cm?sec. b-Plot of the data in Fig 7a versus <r>, mean free path of a photon.
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Chapter 6

Small-Angle Neutron Scattering Studies
of Polymer Interdiffusion
During Latex Film Formation

Ming-Da Eu! and Robert Ullman

Macromolecular Research Center and Department of Nuclear
Engineering, University of Michigan, Ann Arbor, MI 48109

An equation relating the growth of the radii of gyration of labeled latex
particles, commonly observed in small-angle neutron scattering (SANS)
experiments on interdiffusing latex films, to the interdiffusion
coefficient of the polymers was derived from Fick's law of diffusion.
SANS experiments were conducted on interdiffusing latex films
consisting of isotopic latex particles with large mismatch in molecular
weight. The interdiffusion coefficient, the interpenetration depth, and
the extent of intermixing were extracted from the scattering data. The
interdiffusion process can be described by Fick's law of diffusion with
a time dependent interdiffusion coefficient. The measured interdiffusion
coefficients decreased with increasing annealing time, suggesting that
faster moving species control the interdiffusion process at short times.
An analysis of the scattering data from completely interdiffused latex
films based on de Gennes' scattering function for polymer blends
reveals that molecular-level intermixing has been achieved in these latex
films.

Over the past years, the interdiffusion of polymer chain molecules during the final stage
of latex film formation has been the subject of much theoretical and experimental
attention (7). It is obvious that the extent of interdiffusion across the latex boundaries
has a dramatic effect on the properties of latex films. In practical applications,
increasing amounts of latex films are used in paper coating, paints, textile sizing, and
adhesives, due to the worldwide efforts to reduce the use of volatile organic solvents in
these applications. All of these applications require the latex to be film-forming, at least
to a degree. Therefore, an understanding of polymer-polymer interdiffusion process
?tlm'ng latex film formation is essential to the successful development of new latex

ilms.

Earlier studies on latex film formation process postulated that either polymer-air

surface tension (2), or "autoadhesion" (3), i.e., the interdiffusion of polymer molecules
across the particle-particle interfaces, is the driving force for the further coalescence of

1Current address: Abbott Laboratories, D—4E1, AP8A, 100 Abbott Park Road,
Abbott Park, IL 60064—3500

0097—6156/96/0648—0079315.00/0
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dried latex films upon aging. Until recently, it was not possible to measure polymer
interdiffusion during latex film formation. In the past several years, direct nonradiative
energy transfer (DET) and small-angle neutron scattering (SANS) have been used to
measure the interdiffusion coefficient and the molecular interpenetration depth during
film formation directly (4-15). The DET technique is sensitive to the intermixing of
fluorescent dye-labeled latex particles over a distance of a few nanometers, the
interdiffusion process is followed by measurements of the changes in fluorescence
decay curves. The interdiffusion coefficient can be extracted from the fluorescence
decay data by assuming appropriate forms of the interpenetration depth or fitting the
data with the solutions to the differential equation of Fick's law (4-10). SANS has
been used to follow the growth of deuterated latex particles as interdiffusion

progresses (11-15). The interdiffusion coefficient and the interpenetration depth were
determined from the increase in particle size due to interdiffusion. In both DET and
SANS studies, there is no consistent definition of the interpenetration depth, a
quantitative measure of the extent of interdiffusion across particle-particle boundaries.
Depending on the model assumed, various forms of the interpenetration depth have
been proposed (5,8,13-15). In this paper, we will show that a simple equation relating
the growth of the radii of gyration of labeled latex particles during interdiffusion to the
interdiffusion coefficient can be derived directly from Fick's law of diffusion. The
interpenetration depth defined through this equation also follows the scaling laws for
the molecular weight and time dependence of the interpenetration depth. A generalized
diffusion-scattering equation which reduces to the equation used by previous
researchers will be introduced. SANS experiments were conducted on interdiffusing
latex films composed of isotopic latex particles with large mismatch in molecular
weight. The interdiffusion coefficient, the interpenetration depth, and the extent of
intermixing will be obtained from the scattering data. The time dependence of the
measured interdiffusion coefficients will be discussed. Finally, the scattering data from
completely interdiffused latex films will be analyzed to study the miscibility of the
polymers in the final films.

Theory

The Growth of Labeled Particles due to Interdiffusion. In this section, we
derive the relation between the size of a labeled latex particle during interdiffusion and
the interdiffusion coefficient. Consider a spherical latex particle labeled with either
fluorescent dye or deuterium.  As interdiffusion progresses, the boundary of the
particle becomes diffused as shown schematically in Figure 1. The time evolution of
the concentration profile for the particle under consideration can be described by Fick's
law of diffusion

— =DV (1)

where ¢ or ¢(r,t) is the concentration of the polymer in the particle. D is the
interdiffusion coefficient. The origin of the coordinate system is the mass center of the
particle. Because of spherical symmetry of the particle, equation 1 reduces to the
following form:

ac 10 2 ac

—=D[5—(r"— 2
Frisi P @
where r is the radial distance from the origin. Multiplying both sides of equation 2 by
# and integrating over r, we obtain
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The integral on the right hand side of equation 3 can be evaluated by integration by part
as follows:

= 2[r’c|; -3 J; "dr r'c]

-6Ldr r’c @

where we have used the boundary conditions at r = © where dc/or = Oandc=0.
Note that the last integral on the right hand side of equation 4 is equal to the total
number of polymer molecules divided by 4, and is therefore a constant. Inserting
this result in equation 3, we obtain

—£ "’ _6D 5

where

drric(r,t)
RY(t) J— ©)

fdr ric(r,t)

It is obvious that Rg(t) is the radius of gyration of the latex particle at ime t.
Integration of equation 5 yields the desired result

Ri(t) = R(0) + 6Dt Q)

Equation 7 demonstrates that the relation between the growth of the radius of gyration
of a latex particle due to interdiffusion and the interdiffusion coefficient D can be
described analytically. Hahn etal. (11,12) studied the poly (butyl methacrylate)
(PBMA) latex film formation process by SANS. They found an increase in the radii of

gyration of the deuterated latex particles during the annealing process. To extract D
from the measured Rg(t), they obtained an analytical solution for c(r,t) in equation 2.
The solution was then used in equation 6 to calculate Rg(t) and to construct a master
curve numerically for the time dependence of Rg(t) as an universal function of Rg(0)
and Dt. The interdiffusion coefficients were then determined from the measured%l g(t)
and the master curve. It is obvious from above discussion that these data analysis
procedures can be avoided since one can use equation 7 directly to obtain D from the
measured Rg(t). The same master curve can be constructed from equation 7 without
the numerical computation step involved in obtaining Rg(t) from equation 6.

The relation Rg2(t) = Rg2(0) + 6Dt is perhaps not too surprised, considering the
fact that the difference Rg(t) - Rg2(0) is the "mean” square displacement of the centers
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of mass of polymer molecules. Instead of an ensemble average of the square
displacements of a particular molecule in time t, the mean square displacement here is
an average displacement over all of the polymer molecules in the latex particle.
Therefore Rg2(t) - Rg2(0) must equal 6Dt. The interpenetration depth d(t) can then be
defined as follows:

d() =[RY1)-RY0)]"* = (6D1)""* ®

For diffusion time greater than «, the reptation time of the polymer molecule, D x

M2, where M is the molecular weight of the polymer (16). Following equation 8, d(t)
is found to scale as follows:

d(t) « M2 t>1 )

This result agrees with the scaling law proposed by Kim and Wool (17) based on the
reptation theory. Att= v, d(t) equals the radius gyration of the polymer Rgj. This is

also consistent with equation 8 since Rgi = (6Dv)!/2. For t < 7, the interdiffusion
coefficient is ill defined since the center of mass of polymer molecule has moved over a
short distance smaller than it's own size. The reptation theory predicts the following
scaling law for d(t) in this time regime (16,17):

d(t) o« M4 t<t (10)

To account for this scaling relation, the D in equation 8 becomes an apparent
interdiffusion coefficient Dapp, and Dypp should have the following scaling law:

D,”(t) o« MV tet (11)

In other words, Dypp decreases with increasing annealing time for t < T, and equation 1
becomes

% =D, ()V’c t<t (12)

Equation 11 is essentially the same as the argument used by Wool and Whitlow (18) to
explain the decrease in D values with increasing diffusion time observed in their
secondary ion mass spectroscopy (SIMS) studies on polymer interdiffusion. This
point will be discussed in detail later.

Diffusion-Scattering Theory. Summerfield and Ullman (/9) derived an equation
to obtain the self diffusion coefficient from SANS data on polymers composed of
randomly mixed latex particles of protonated and deuterated polymers of the same
molecular weight. A more generalized diffusion-scattering theory based on
Summerfield and Ullman's equation was developed (20), the generalized diffusion-
scattering equation extends the applicability of the equation to polymers with different
molecular weight or chemical identities, and has the following form:

S(q,t) = S(q,0)exp(-2q™Dt) + S(q,%)[a(t) - a(0)exp(-2qDt)] (13)
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where S(q,t) is the scattering intensity from an interdiffused latex film at time t, q is the
magnitude of wave factor q, and is equal to 47t/Asin(8/2), A is the neutron wavelength
, B is the scattering angle. S(q,0) and S(q,) are the scattering intensities of the initial
and completely interdiffused latex films, respectively. Equation 13 assumes that the

interdiffusion is Fickian, i. e., equation 1 is valid in describing the interdiffusion
process. a(t) is a space-time correlation function defined as follows:

- <c(r,t) >

-

a(t) = (14

where € is the mean concentration of labeled molecules. The angular brackets
represent an average over the space. If the labeled latex particles are well separated
from the unlabeled latex particles initially, a(0) = 0. a(t) increases from O to 1 as
interdiffusion progresses. For a completely interdiffused latex film, a(t) = 1. In other
words, a(t) is a measure of the extent of intermixing during the interdiffusion process.
This is expected from equation 14 since <c2(r,t)>, the mean square concentration, is
always greater than T2, the square of the mean concentration, for an interdiffusing latex
film with concentration gradients throughout the space. Evidently, <c(r,t)>
approaches €2 during the interdiffusion process. The physical meaning of the
diffusion-scattering equation can be explained qualitatively by considering a latex film
composed of well segregated latex particles initially. This is shown schematically in
Figure 2. Working at low q is equivalent to using a low power magnifying glass (21).
We see large long wave length concentration fluctuations. The latex film is highly
inhomogeneous. One should observe strong scattering at low q. As the polymer
molecules start to interdiffuse across the latex boundaries, the long wave length
concentration fluctuations begin to decrease; the latex film becomes more
homogeneous; and the scattering intensity decreases as time increases (Figure 2a). This
part of the scattering is represented by the first term of the diffusion-scattering equation
S(q,0) exp(-2q2Dt). At high q, on the other hand, the dimension we observe is less
than the size of the latex particle since we are using the high power magnifying glass.
The scattering from either a labeled particle or an unlabeled particle is almost zero since
there is no concentration fluctuation at all in each particle initially. Thus we expect the
scattering intensity to be very small in this high q region at t = 0. As interdiffusion
progresses, however, each latex particle becomes more "inhomogeneous" since the
labeled particles begin to mix with the unlabeled ones, we expect the scattering intensity
to increase with time at high q. The physical picture at high q is shown schematically in
Figure 2b. The above qualitative argument is consistent with the prediction from the
diffusion-scattering equation. At high q, equation 13 reduces to S(q,t) = S(q,0)a(t),
since a(t) is an increasing function of time. It follows that S(q,t) increases with time at
high q.

Equation 13 can be used to extract the extent of intermixing and the interdiffusion
coefficient from the scattering data. S(q,0) is obtained from a sample containing
originally segregated latex particles, S(q,%) is obtained from a sample that is
completely interdiffused, and S(q,t) is measured at any intermediate time. Since for
any particular time, there are data points for many values of g, a(t) and D can be
obtained from the scattering data.

Notice that equation 13 is quite general for an interdiffusing latex film composed of
randomly mixed labeled latex particles. It reduces to the equation used by both Hahn et
al. (11,12) and Sperling et al. (13-15) in their SANS studies on interdiffusion during
latex film formation. Since either the interpenetration depth or the interdiffusion
coefficient was obtained from the measured radii of gyration of the labeled particles
(Rg(1) in their studies. Low concentrations of labeled latex particles were used to
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Figure 1. The growth of a labeled latex particle due to interdiffusion of polymer
molecules across the particle boundary. The radius of gyration of the particle at t =
0is Rg(0). R, (0) increases to Re(t) after time t. This phenomenon has been
observed in prevnous SANS expenments on interdiffusing latex films (11-15).

interdiffusion
_—,

(a) atlow q

interdiffusion
e ———

(b) at high q

Figure 2. The physical meaning of the diffusion-scattering equation. (a) Atlow
g, the concentration gradient decreases as interdiffusion progresses. The
scattering intensity decreases with increasing annealing time. (b) At high q, on the
contrary, the concentration gradient within a labeled or unlabeled latex particle
increases since they start to mix with each other. The scattering intensity increases
slowly with increasing annealing time at high q.
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ensure that Rg(t) can be determined from their scattering data. In this case, S(q,%) is
much smaller than S(q,0), equation 13 reduces to

S(q.t) = S(q,0)exp(-2¢’Dt) (15

In the Guinier region, where qRg < 1, 5(q,0) = S(0,0)exp(-q2Rg2(0)/3). Rg(0) is, of
course, the radius of gyration of the deuterated latex particle before interdiffusion.
Equation 15 can be rewritten as

S(q,t) = S(0,0)exp[-q*(R%(0) + 6Dt) / 3] = §(0,0)exp[-q*Ri(t) /3] (16)

Equation 16, the so-called Guinier approximation, was utilized by Hahn et al in their
SANS studies on polymer interdiffusion during PBMA latex film formation as
mentioned earlier (11,12). More recently, Sperling and co-workers (13-15) also used
equation 16 to study the correlation between the interpenetration depth and the tensile
strength build-up of polystyrene (PS) latex films prepared by either emulsion
polymerization or direct mini-emulsification. The interpenetration depth in their studies
was defined as follows:

d(t) = [Rg(t) - Rg(0))(5/3)1/2 17

Notice that the relation Rp2(t) = Rp2(0) + 6Dt is also recovered in equation 16. This is
again due to the fact that the growth of the labeled latex particle as a consequence of
interdiffusion can be obtained directly from Fick's law of diffusion.

In fact, the use of low concentration deuterated latex particles in latex films to
ensure that D and d(t) can be determined experimentally is not necessary. We can use
high concentration deuterated latex particles and apply equation 13 to obtain D and a(t).
The interpenetration depth can be obtained from the measured D according to equation
8. The use of high concentration deuterated latex particles offers the advantage of
stronger scattering intensities from interdiffusing latex films. The extent of intermixing
a(t) can also be determined from the high q portion of the scattering data. Finally, the
scattering from a completely mixed sample S(q,% ) can be analyzed to obtain the Flory-
Huggins interaction parameter and the correlation length of the polymers in the final
film. These parameters give a quantitative measure of the compatibility of the
components in the final film.

Experimental Methods

The polymers used in this study were monodisperse polystyrene (PS) (Pressure
Chemical Co., Mw/Mn<1.1), and deuterated polystyrene (dPS) ( Polymer
Laboratories, Mw/Mn<1.1). Latex particles containing the two diffusing species dPS
and PS were prepared by an ultrasonic emulsion method developed by Anderson and
Jou (22). The emulsions were made as follows: an aqueous surfactant solution (0.1g
sodium lauryl sulfate/20ml distilled water) was added to the dPS solution (1g of
dPS/10ml benzene) followed immediately by ultrasonic agitation for 30 seconds. The
dPS/benzene solution and the aqueous solution of the emulsifier were both kept at 65°C
before mixing since sodium lauryl sulfate does not dissolve completely in water below
65°C. Ultrasonic agitation produces a stable emulsion containing dPS latex particles.
The PS emulsion was prepared via the same procedures. dPS and PS emulsions were
then mixed together, freeze-dried to remove solvent, and washed with hot distilled
water to remove emulsifier. The resulting wet powder was dried under vacuum at

85°C until constant weight was obtained. The sizes of the latex particles range from
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0.05 pm to 0.5 um on the basis of SEM examination on the initial latex particles. Film
samples for SANS experiments were prepared by pressing the dried polystyrene
particles in a vacuum mold held in a hot press for 30 minutes at a temperature 110°C

and mold pressure 7x106 Pa. These conditions are just sufficient to produce
transparent films while minimizing chain interdiffusion between neighboring particles.

Thermal annealing was done in a vacuum oven. To prevent sample distortion
during heating, the latex films were placed within a steel O-ring spacer sandwiched
between two thin steel disks. Tubing clamps were used to hold the assembly together.
Two thermocouples, one on the top steel disk, the other on the bottom disk, were used
to monitor the sample temperature. For each experiment, 8 ~ 10 minutes were allowed
for temperature equilibrium before the clock was started to measure the annealing time.
As soon as the samples were taken out of the oven, they were quenched in an ice/water
bath to inhibit any further diffusion. The annealing temperatures was 120°C.
Completely interdiffused samples were prepared by annealing the films at 160°C for 24
hours followed by annealing at 120°C for an additional 24 hours to establish the
required thermodynamic equilibrium at the annealing temperature.

The SANS measurements were performed with the SANS facilities at the Oak
Ridge National Laboratory. The main results were obtained with a 14 m sample to
detector distance, a neutron wavelength of 47754, and source/sample slit diameters of
2.5 and 1.0 cm, respectively. A 8.0 cm beam stop was used. Neutrons were counted

with a 64 cm x 64 cm two-dimensional position-sensitive detector. In this
configuration useful SANS data were obtained over the range 4.6x10-3A-1 < q <
3.78x102A-1,

Results and Discussion

Scattering Profiles and Fickian Interdiffusion. Figure 3 shows scattering
profiles taken at different annealing times for latex films composed of equal amounts of
dPS (Mw = 68,000) and PS (Mw = 600,000) latex particles initially. The number in
the parentheses indicates the molecular weight of the polymer. Kratky plots (S(q,t)q2
versus q) were used in order to expand the high q portion of theses curves. As
expected from the diffusion-scattering theory, the scattering intensity decreases with
increasing annealing time at low q. The S(g,0)exp(-2q2Dt) term in the diffusion-
scattering equation dominates. On the other hand, scattering at high q (q > 0.02A-1) is
dominated by the a(t)S(q,%0) term and increases slowly with increasing annealing time.
A "crossover" region is clearly seen in Figure 3. These results are consistent with the
qualitative features of the diffusion-scattering equation discussed above. The extent of
intermixing a(t) was obtained from the high q parts of the data where a(t) = S(q,t) /
S(q,%). To extract the interdiffusion coefficients from the scattering data, we define a
function G(q,t) as follows:

_ S(a.1) - a)S(q.)
$(q,0) - a(0)S(q,%)

If the interdiffusion process can be described by Fick's law, then a semilog plot of
G(q,t) versus g2 at fixed annealing time should yield a straight line. Figure 4 shows
the semilog plots of G(q,t) versus q2. A series of lines with increasing slopes is clearly
seen indicating that the interdiffusion is indeed Fickian. We present the first 14 data
points only since we are interested in low q region (qRgj < 1, Rgi is the radius of
gyration of the polymer) where the transitional diffusion of centers of mass of polymer

G(q.t) = exp(—2q°Dt) (18)
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Figure 3. Kratky plots of latex films composed of deuterated polystyrene (Mw =
68,000) and polystyrene (Mw = 600,000) latex particles at different annealing
times. At low q, the scattering intensity decreases with increasing annealing time.
At high q, the scattering intensity increases slowly with increasing annealing time.
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Figure 4. G(q,t) versus g2 plots at various annealing times for the latex films in
Figure 3. These straight lines indicate that the interdiffusion between deuterated
polystyrene and polystyrene molecules is Fickian.
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molecules takes place. The interdiffusion coefficients were determined from the slopes
of these lines. Equation 8 was used to calculate the interpenetration depth d(t). These
results as a function of annealing time are presented in Table I.

Table I. Summary of SANS Results of Polystyrene Latex Films
containing dPS (Mw = 68,000) and PS (Mw = 600,000) Latex

Particles
annealing D at 120°C d a(t) exp(-2q2Dt) at
time (min.) (1017 cm?/sec) &) q=0.03 A-1
0 414 1
30 5.99 80 392 0.14
60 5.48 109 365 0.029
120 5.11 149 432 0.0012

The Kratky plots for latex films consisting of dPS (Mw = 129,000) and PS (Mw =
2750,000) latex particles at different annealing times are presented in Figure 5. Again,
the scattering intensity decreases with increasing annealing time at low q. In highq
region, the scattering increases with annealing time. Figure 6 shows the semilog plots
of G(q,t) versus g2 for these latex films. As seen from Figure 6, the interdiffusion
processes is also Fickian at each annealing time for these latex films. The values of D,
%(tl)),] anfl a(t) determined from the scatting data for these latex films are summarized in

able II.

Table II. Summary of SANS Results of Polystyrene Latex Films
containing dPS (Mw = 129,000) and PS (Mw = 2750,000) Latex

Particles
annealing D at 120°C d a(t) exp(-2q4Dt) at
time (min.) (1017 cm?2/sec) A) q=0.03 A-1
0 .464 1
30 4.32 68 399 0.25
60 291 79 379 0.15
240 1.79 124 .389 0.0099

Time Dependence of Interdiffusion Coefficients. As seen from Tables I and
11, the interdiffusion coefficient decreases slightly with increasing annealing time for the
first set of latex films. Such a decrease with annealing time is more pronounced for the
second set of latex films. The interdiffusion coefficients determined by both SANS and
DET were often found to decrease with increasing annealing time (4-15). In the DET
experiments performed by Winnik and co-workers (4,6,7,9), the measured D values
for poly(methyl methacrylate) (PMMA) and PBMA latex films were found to decrease
with annealing time. Sperling et al. (13-15) and Hahn et al. (11-12) also observed a
decrease in D values with an increase in annealing time in their SANS studies on
polystyrene and PBMA latex films, respectively. In all these previous studies, the
decrease in D values was attributed to the large polydispersity of the emulsion polymers
used, where short chains dominate the interdiffusion at short times. In this study, we
intentionally used polystyrene latex films composed of two kinds of polystyrene
molecules with mismatched molecular weight. It seems to us that the greater the
difference in molecular weight, the more pronounced is the decrease in D values with
increasing annealing time. Therefore, this study supports the proposition that faster
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Figure 5. Kratky plots for latex films composed of deuterated polystyrene (Mw
= 129,000) and polystyrene (Mw = 2750,000) latex particles at different annealing
times. Atlow q, the scattering intensity decreases with increasing annealing time.
Athigh q, the scattering intensity increases slowly with increasing annealing time.
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Figure 6. G(q,t) versus g2 plots at various annealing times for the latex films in

Figure 5. These straight lines indicate that the interdiffusion between deuterated
polystyrene and polystyrene molecules is Fickian.
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moving species control the interdiffusion process at short times and the slower moving
species become more significant at long times. However, we should be aware of the
fact that the values of d(t) determined here are smaller than the radii gyration of the
higher molecular weight polymers (211 A for PS with Mw = 600,000 and 451 A for
PS with Mw = 2750,000) for all of the annealing times covered in this study. For the
second set of latex films, d(t) is even smaller than the radius gyration of the smaller
molecular weight dPS (98 A) for annealing times less than one hour. Thus the
measured D values can decrease with annealing time according to equation 11. In this
time regime, D should be considered as an apparent interdiffusion coefficient Dapp. It
is also possible that conformational relaxation of high molecular weight polymers
constrained within the latex particles provides an additional driving force for
interdiffusion initially, as pointed out by several researchers (4,18,23). This effect
becomes more important for the high molecular weight polymers whose chain
dimensions are comparable to the sizes of the latex particles. To answer this question,
we can conduct SANS experiments on partially labeled latex particles to determined the
radius of gyration of the polymer within these particles. This approach has been
successfully used by Cohen et al. (24) in their work on the polymer chain
conformations within the microdomains of styrene-butadiene copolymers. In any
event, we need to use a time dependent Dapp(t) in Fick's law of diffusion to account for
the observed decrease in D with annealing tme. As mentioned earlier, the diffusion
equation becomes

ac 2
E =D, (HV'c (12)

The solution of equation 12 in the wave vector space q takes the following form:

c(q.t) = c(q.0) exp(—qu; dt' D, (1) (19)

Equation 19 shows that the term Dt in equation 13, the diffusion-scattering equation,
should be replaced by the integral J:: dt' D,,(t"). In other words, the measured D at
annealing time t is an average interdiffusion coefficient Dy between t=0and t :

13
dt' D_(t")
pp
D, -J;__t_.

(20)

Our scattering data suggest that equation 12 is valid in describing the interdiffusion
process for PS latex films since logG(q,t) shows q2 dependence for all annealing times
covered in this study. But the interdiffusion coefficient Dy defined in equation 20
should be used in interpreting the data. Similarly, d(t) has the following form:

4@ =[6f; dv' D, (1)]" = (6D, 1)"” @1

Extent of Intermixing. Notice that the a(t) in Tables I and II was obtained from the
high q portion of the scattering profiles where a(t) = S(q,t) / S(q,%), independent of
the data in low q region where the interdiffusion coefficient was determined. The
relation a(t) = S(q,t) / S(q,) is valid provided that exp(-2q2Dt) << 1. As seen from
Tables I and 11, a(t) increases slowly with increasing annealing time except for short
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annealing times where exp(-2q2Dt) is not much smaller than one. The values of a(t)
obtained at short annealing times are the apparent values only. True values of a(t) at
these times should be less than those at longer annealing times because the initial states
of the latex films were farther away from the equilibrium (completely mixed) state. Itis
interesting to comment on the apparent a(0) values. We postulate that some degree of
interdiffusion has been introduced during the sample preparation step (hot press).

Since the a(t) values increase slowly with annealing time as shown in Tables I and II, it
is reasonable to say that a(0) should be very close to the a(t) value at 30 minutes
annealing time. This is also supported by the Porod plots (log S(q,0) versus log q) of
the unannealed latex films at high q region (q > 0.015 A) where the roughness of the
boundaries between deuterated and protonated latex particles can be determined. If the
boundaries are sharp and smooth, S(q,0) ~ g4 (25). As shown in Figure 7, the power-
law exponents determined from the Porod plots for the unannealed films are smaller
than 4, indicating that the initial boundaries between latex particles are not smooth.
Some form of intermixing or coalescence between latex particles has been introduced in
the unannealed films. As a result of this early interdiffusion, the time zero mentioned in
the theory section previously should be shifted to some later time t;. The shift of the
origin of time to some unknown time t;, however, does not alter the results obtained in
this or previous studies with the same sample preparation method (11-15) .
Theoretically, equation 7 is valid between any two annealing times t; and tp:

RY(t,) =R(t) +6D(1,- 1) 22

D can still be directly obtained from either equation 7 or 22 since the additional
annealing time (12 - t;) after sample preparation was determined in these experiments.
Similarly, equation 13, the diffusion-scattering equation, takes the same form between
annealing times t; and tp (replacing exp(-2q2Dt) with exp[-2q2D(t2 - t1)] in equation
13). Therefore, the early interdiffusion does not change the results obtained so far.

Another measure of the extent of intermixing, the volume fraction of mixing, fm(t),
has been obtained from DET measurements on interdiffusing latex films (4-10, 23).
fm(t) is defined in terms of the fractional growth in fluorescence energy transfer
efficiency, and is the key parameter used to determine the interdiffusion coefficient
from the fluorescence decay curves. The present results show that the extent of
intermixing after 4 hours is about 0.4 for the PS latex films, at an annealing temperature
about 20°C above the Tg of PS (103°C). This value appears to be higher than the fm(t)
value for PMMA latex films (~ 0.2) determined by DET under similar annealing
conditions (6). In future studies, it will be worthwhile to compare the a(t) value
determined by SANS with the fm(t) value measured by DET for the same polymer latex
film under the same experimental conditions.

Miscibility of Polymers in the Fully Mixed Films. To assess the "final"
extent of intermixing or more appropriately the miscibility of the polymers in the
completely mixed films. We analyze the scattering data S(q,%) for these films. For
binary polymer blends in thermodynamic equilibrium in one phase region, using the so
called "random-phase approximation" (RPA), de Gennes derived for S(q,%) at small q
the following scattering function (26):

_ §(0,®)
q.®)= = s (23)
8(0,) = K(x, - %)™ (249
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2 2

z_l R.,A Rla oyl
13 6(ZA ™ + . %)(x. x) (25
1 1 1
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¢; is the volume fraction of componenti. z; and Ry; are the degree of polymerization
and radius of gyration of component i, respectively. K is a contrast factor depending

on the scattering lengths of the components. ¥ is the Flory-Huggins interaction

parameter, s is the value of y at the spinodal point (phase separated). E is the
correlation length which is a quantitative measure of the miscibility of the polymers in

the final films. When X approaches X, the E value becomes a large number, and the
scattering intensity increases dramatically. Equation 23 is valid when qRg; < 1.
According to equation 23, a plot of S(g,%)-! versus q2 (Omstein-Zernike-Debye or
OZD plot) at low q should yield a straight line. % and & can be obtained from the
intercept and slope of this line. Figures 8 and 9 show the OZD plots for the two sets of

latex films used in this study. The values of E obtained are 84 A and 163 A for the low
and high molecular weight latex films, respectively. These dimensions are either
smaller than or comparable to the radii gyration of the PS or dPS molecules, indicating
that molecular-level intermixing has been achieved in the fully mixed latex film. These
results demonstrate that an analysis of the scattering data from completely mixed latex
films by RPA provides detailed molecular-level information about the miscibility of the
polymers in the final films. This analysis is especially useful if mixtures of latex
particles composed of chemically different polymers are utilized to form the films.

The  values for both latex films are within the range of 10-5to 104, as expected

for these partially labeled isotopic mixtures. The y values found here are too small to
cause thermodynamic slowing down of the interdiffusion process due to deuteration of
one of the diffusion partner (Eu, M.D.; Ullman R. to be published). However, for

latex film composed of partially miscible polymer pairs, the effect of % on the rate of
interdiffusion can be significant (5). SANS measurements on these latex films can
provide a quantitative measure of the magnitude of the thermodynamic force.

Summary

We showed that the growth of the radii of gyration of labeled latex particles, commonly
observed in SANS experiments on interdiffusing latex films, is related to the
interdiffusion coefficient of the polymers through a simple equation derived from

Fick's law of diffusion. The time and molecular weight dependence of the
interpenetration depth d(t) defined through this equation is consistent with the scaling
law for d(t) based on the reptation theory. We used the generalized diffusion-scattering
equation, which reduces to the equation used in previous SANS studies on latex film
formation, to analyze the scattering data from SANS experiments on interdiffusing latex
films consisting of isotopic latex particles with large mismatch in molecular weight.
The interdiffusion coefficient, the interpenetration depth, and the extent of intermixing
were obtained from the scattering data. Based on the observed q2 dependence of the
function logG(q,t) for all of the annealing times covered in this study, we concluded
that Fick's law of diffusion is adequate to follow the interdiffusion process during
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latex films (s(q,0)) at high q. The power exponents for both latex films are
smaller than 4, suggesting that some degree of interdiffusion has been introduced
during the sample preparation step.
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and E were obtained from the intercept and slope of the line in the Figure.
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polystyrene latex film formation. We also found that the measured D values decrease
with increasing annealing time. It seems to us that the greater the difference in
molecular weight, the more pronounced is the decrease in D values with increasing
annealing time. Therefore, this study supports the proposition that faster moving
species control the interdiffusion process at short times and the slower moving species
become more significant at long times. To account for such time dependence of the
measured D, we were compelled to use a time dependent interdiffusion coefficient in
Fick's law of diffusion. The measured D at annealing t is then an average
interdiffusion coefficient Dy between t = 0 and t. The scattering data from completely
interdiffused latex films were analyzed based on de Gennes' scattering function.
Molecular-level intermixing has been achieved in the these latex films since the
correlation lengths obtained from this analysis are either smaller than or comparable to
the radii of gyration of the PS or dPS molecules. We believe that the use of the
generalized diffusion-scattering equation and de Gennes' scattering function in SANS
studies on interdiffusing latex films will allow us to gain deeper insight into the
mechanism of polymer interdiffusion during latex film formation.
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Chapter 7

In Situ Sensor for Monitoring Molecular
and Physical Property Changes
During Film Formation

D. E. Kranbuehl, D. Hood, C. Kellam, and J. Yang

Departments of Chemistry and Applied Science, College of William
and Mary, Williamsburg, VA 23187—-8795

A frequency dependent electromagnetic sensing technique has been
successfully used to continuously monitor, insitu, the cure process of
commercially available epoxy and latex paints. The effects of
environmental conditions such as temperature and humidity, as well
as coating formulation differences due to pigments on the cure process
is measured insitu during cure. The ability of the FDEMS sensor to
monitor the extent to which a second coating can soften the initial
coating is discussed. The ability of the FDEMS sensors to monitor
the extent to which water can diffuse into the coating is also
described. Overall, the FDEMS sensor shows considerable promise
as an insitu on-line means of monitoring the buildup in durability of a
coating during cure in a variety of processing environments including
thermal, UV, and varying ambient conditions.

An insitu frequency dependent electrical measurement sensor (FDEMS) has been
successfully used to monitor cure and the buildup in properties during film
formnation. The planar micro-sensor is able to make continuous uninterrupted
measurements of the film while it cures as a coating with only one side exposed. It is
able to monitor reaction onset, cure rate, viscosity, buildup in hardness, cure
completion and related processes such as latex coalescence and evolution of volatiles
(1-5). Effects of storage, temperature, humidity, thickness, and variations in
composition on the cure process can readily be detected. The sensor monitors the
changes in the rate of translational motion of ions and rotational motion of dipoles
through frequency dependent complex permitivity measurements.

In this report the ability of the sensor to monitor cure of epoxy-polyamide and
latex films is discussed. The effects of the environmental conditions such as
temperature and humidity, as well as coating formulation differences due to pigments,

0097—-6156/96/0648—0096$15.00/0
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on the cure process will be reported. The ability of the sensor technique to detect and
monitor the three phases of latex filmformation are shown.The ability of the FDEMS
sensor to monitor the extent to which a second coating can soften the initial film is
described. The FDEMS sensor is also used to monitor the extent to which water or
solvents diffuse into the film. Overall, the FDEMS sensor shows considerable promise
as an insitu on-line means of monitoring film formation as well as the buildup in
durability of a film insitu in a variety of processing conditions including thermal, UV,
and *varying ambient conditions.

Experimental

Measurements at frequencies from S to 10° Hz are taken continuously throughout the
entire cure process at regular intervals and converted to the complex permitivity, €*
= €" - ie”. Measurements are made with a commercially available geometry
independent inter digitated DekDyne microsensor which was recognized with an
IR-100 award in 1989. The sensor is planar, 1 inch by I/2 inch in size and 3 mils thick.
Resin is spread on the sensor as a film ~ 1 to 10 mils thick. The DekDyne
sensor-bridge PC computer assembly is able to make continuous uninterrupted
measurements of both €” and €’ over 10 decades in magnitude of €” and €’ at all
frequencies. Measurements can be made remotely at distances of several hundred feet
away from the computer-bridge system. Automated measurements can be made
simultaneously on up to 6 sensors or more through multiplexing. Thereby samples can
be compared side-by-side under identical ambient conditions of humidity, air flow,
light flux, temperature etc. The sensor is inert and has been used at temperatures of
400°C and 1000 psi pressure. A more detailed description of the equipment and
procedures used to monitor cure has been published (1,2). A schematic is shown in
Figure 1.

Theory

Frequency dependent sensor measurements of the coatings' dielectric impedance as
characterized by its equivalent capacitance C, and conductance, G, are used to
calculate the complex permitivity, €* = €’ , where w = 2nf, f is the measurement
frequency and CO is the air replacement capacnance of the sensor.

e/(w) = CW) material ey
Cﬂ
GI/(Q)) _ G(w) material (2)
wC,

In Film Formation in Waterborne Coatings; Provder, T., et a;
ACS Symposium Series; American Chemical Society: Washmgton DC 1996.
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This calculation is possible when using the sensor whose geometry is invariant over
all measurement conditions.

Both the permitivity €’ and loss factor €” can have an ionic and dipolar
component.

€" = €",+€" and €'=€y,+¢€, 3

The dipolar component €, arises from rotational diffusion of molecular dipole
moments or bound charge. The ionic component €, arises from the translational
diffusion of charge. The dipolar term is generally the major component of the
dielectric signal at high frequencies and in highly viscous media. The ionic component
dominates €*(w) at low frequencies, low viscosities and/or higher temperatures and
generates a peak in €” when the measurement frequency 2nf=1/t, where 7 is the mean
rotational relaxation time.

One general form for the dipolar component's frequency dependence is the
Havrilak-Negami equation
C))

€ - €
€;—i€;’=——(° =) + €
1 + (ot
where €, and €, are the limiting low and high frequency values of €,. The rotational
diffusion rate of the polar moments is characterized by a mean relaxation time t. The
parameters & and [} characterize the distribution of the relaxation time.

Effects of ionic conduction in polymeric media subjected to an alternating
electric field are a function of the mechanism for ion transport and as such reflect the
viscosity of the medium, boundary conditions at the electrode surfaces, size of the
ions involved, and heterogeneities in the system. In fluids, ions migrate to the
electrodes and may form an electric double-layer at their surface causing electrode
polarization. These ions may then diffuse through this layer and discharge at the
electrode. As the viscosity increases, this motion is slowed, or sometimes blocked
altogether.

Considerable research has focused on the effects of ionic conductivity on the
frequency dependence of the dielectric constant €’ and the apparent conductivity,
Gapp of the dielectric loss term, €”. Friauf suggested that for both + and - ions
blocked, log €’ vs. log f would have a slope of -2.° However, if only one ion is
blocked and the other free to translate, then the frequency dependence of €’ is
proposed to vary as f*? while G should be proportional to f2.7

Johnson and Cole derived an empirical formula for the behavior of an ionizable
material (formic acid) in liquid and solid states’:

In Film Formation in Waterborne Coatings; Provder, T., et a;
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2
- id 2% | o)) o
Cap = €a " C"Z"s"{ _2')“) [8.85x10'”) e
Iz 1/ g nmn - o
€ =€ +——"  -CZcos|] —|o ™ —— 5b
@ "4 g85x10-140  ° ° ( 2 ) {8.85x10"‘ )

where C, is the replaceable capacitance in Farads, Z is the electrode impedance
induced by the ions, o(ohm™ cm™) is the specific conductivity and n is between 0 and
1. In their experiments the value of n for the liquid state was 1 and that for the solid
formic acid was 0.5. At particular values of n, Johnson and Cole's equations
correspond to various theoretical representations. Then n= 1 corresponds to the case
when electrode polarization effects become dominant. When n=0.5, equation (5)
reduces to that for diffusion controlled ionic effects. The boundary condition n=0 is
equivalent to pure d.c. conductance.

The d.c. ionic component of €” is the second term in eq (Sb) where the
specific conductivity o(ohm™ ¢cm™) is an intensive variable, in contrast to conductance
G(ohm™) which is dependent upon sample size ¢ and G reflects primarily the
translational motion of ions through the resin medium. The value €’, by contrast, is
affected by electrode impedance and charge layer effects and is observed to be less
informative for monitoring coating cure.

Discussion

Plots of angular frequency times the loss factor we"(w) make it relatively easy to
visually determine when the low frequency magnitude of €” is monitoring ionic
translational motion and when dipolar rotational motion dominates. A detailed
description of the frequency dependence of e*(w) due to ionic, dipolar and charge
polarization effects has been previously described (1,2). If we test for and avoid
charge polarization effects, which are usually small at frequencies above 10 Hz, the
magnitude of the low frequency overlapping values of we “(w) can be used to monitor
the time dependence of the ionic mobility. Peaks in a particular €”w line (i.e. at a
particular frequency) with time can be used to monitor dipolar mobility. Together the
ionic and dipolar mobility can be used to monitor the occurrence of critical cure points
such as dry-to-touch, dry-to-hard and the buildup in end-use durability.

Figure 2 shows a typical plot of log (2nfe”) vs time monitoring the
polymerization of a commercial Seaguard 151 marine epoxy-polyamide polymer
coating during the first twelve hours after the application under normal conditions,
i.e., 24°C and 45%RH. The cure is dominated by ionic diffusion for the first 100
minutes at the lower frequencies as indicated by the overlapping 2nfe" lines. The
rapid decrease in the signal monitors the decrease in the mobility of the ions reflecting

In Film Formation in Waterborne Coatings; Provder, T., et a;
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Figure 2 Log (e"w) versus time, SHz to 1 MHz, for a Seaguard marine
epoxy polyamide coating curing at 24°C, 45% relative

humidity.
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a rapid buildup in viscosity. In general, the overlapping 2nfe" lines are proportioned

to the inverse of the macroscopic viscosity where, 2nfe” = A(i) . At the time
n

of application the coating is in the 'wet' stage. In this stage the viscosity is in very low
and solvent evaporation occurs rapidly. Solvent loss from the coating was measured
by thermogravimetric analysis (TGA) in a pan of approximately the same film
thickness. The 'wet' stage of solvent loss is seen in the rapid weight loss in the first
144 minutes as seen in Figure 3. The evaporation slows down markedly after six
hours when the change in weight is barely noticeable. Thus a combination of solvent
loss and cross-linking of the resin rapidly increase the viscosity of the film which is
monitored in the lowering of the value of 2nfe” in Figure 2. At 100 minutes into the
run the coating reaches its set-to-touch point as defined by ASTM D1640-83
guidelines when the sensor output is log (2nfe”) = 4.2. Using the SOHz line to
monitor the initial cure, one observes again by ASTM inspection that the calibration
value of log (2nfe”) = 2.8 occurs at dry-to-hard. Achievement of these values by the
sensor can be used as an insitu means of detecting and monitoring when dry-to-touch
and dry-to-hard have occurred in any environment.

To monitor the long term properties of the coating it is more convenient to
examine 27tfe "' on a non-log scale due to the decreasing change in the signal. Figure
4 monitors the sample during the 3rd day, 44-56 hours after application. The
continual decrease in the signal shows that the sample is still curing. There is no
further detectable change in €” 68 hours after application. Therefore the sample, as
seen by frequency dependent impedance measurements, has obtained the fullest cure
possible under 24°C and 45%RH conditions.

The high frequency values of €” show peaks in Figure 2 and monitor the o
relaxation process. This is generally a cooperative relaxation process involving many
molecules. It is seen both in dielectric relaxation and dynamical mechanical
measurements. The occurrence of this peak monitors the buildup in Tg as well as the
corresponding final use properties of the curing coating. The peaks in the 5 kHz to
1 MHZ 2nfe” lines, points A,B,C,D,E and F, indicate the time when the characteristic
relaxation time for dipolar relaxation t = 1/2xnf has occurred. Thus, point A, 15
minutes, marks the cure time when t = (2x10°)" sec. and the point F, 400 minutes,
marks the time when the rotational relaxation time has slowed to t = 1/(2n*5x10%)
sec. The relationship between the value of t and the value of Tg or any other use
property can be quantitatively determined by correlating measurements of t© with
measurements of Tg or the use property of interest. Either using a correlation plot or
a mathematical WLF type fit where In © ¢ A/(B-(T-Tg)), the FDEMS output can be
used to continuously monitor the buildup in an end-use property such as Tg insitu
under the actual cure conditions.

In Film Formation in Waterborne Coatings; Provder, T., et a;
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Figure 3 Weight loss of coating in Figure 2.
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FDEMS output similar to Figure 2 and 4 can be used to monitor the variation
in cure rate with temperature, humidity, airflow, pigment loading, catalyst
concentration, thickness, age, batch, etc.

For example, it was thought epoxy-polyamide coatings would cure at
temperatures as low as 10°C(50°F), even though the time required to reach a given
stage is at least double that required at 22°C*. To examine the effects of decreased
temperature the polymerization process was monitored in an environmental chamber,
held at 11°C and 30%RH, for 3 weeks. Figures 5 and 6 show plots of log(e"*2mf)
measured with the FDEMS sensor. The time to set-to-touch was 420 minutes.
Dry-to-hard occurred at 695 minutes. The value of log(e °*2nf) at set-to-touch was
4.1 and at dry-to-hard was 2.9. The drop in e"*27f is much slower than at 24°C.
Figure 6 shows further curing of the sample during the 6™ day. The sample continued
to cure as seen by continual drop in e" even during the third week since application.
After 500 hours the SOkHz line still has not reached the degree of polymerization that
the same coating does in 48 hours at 24°C and the rate of cure as monitored by the
change in €” is relatively flat.

These FDEMS results clearly show that below 10°C, the curing is greatly
retarded and full cure is not achieved. More important this epoxy-polyamide will not
reach full until the temperature rises. Although the partly-cured film may feel dry,
poor resistance to abrasion, moisture and chemicals result.

The effect of humidity on the cure rate is shown in Figure 7. A 75% relative
humidity increased the time to dry-to-touch about 100 minutes to 300 minutes as
monitored by the time for log (€”w) where w=27f to drop to 4.2. Thus the presence
of moisture appears to significantly reduce the rate of cure as monitored by the
FDEMS sensor.

The ability of the FDEMS sensor to monitor cure in a Glidden-ICI Paints
proprietary latex coating is shown in Figure 8. Initially there is a rather rapid decay
in the log (€ "w) overlapping ionic lines form 10 to 8.5 at 30 minutes. This is followed
by a rapid drop of over 2 decades from 8.5 to 6.2 in several minutes. We ascribe the
initial 30 minutes to phase I packing of the latex spheres. There is a loss of volatiles
to the point where the latex spheres touch. After this point water is no longer the
continuous medium, the latex spheres rather than the suspending fluid are the
conducting medium. This transition generated the large drop in € “w. This rapid drop
is followed by a gradual decrease in log (€ " ). There appears to be another shift in
the slope around 72 minutes. We believe this shift in the rate of the drop of log (€"w)
at 72 minutes is due to the transitions from what is described as a predominately phase
11 deformation and packing cure process to a phase III autohesion and diffusion cure
process.
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Figure 5 Same epoxy polyamide curing at 11°C, 30% relative humidity.
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It is also interesting to demonstrate that the sensor can monitor the extent to
which the first coating of the Seaguard epoxy polyamide is softened by the second for
varying elapsed times since the initial coats application. Figure 9 displays the softening
of the first coating by the second when the second coating has been applied 144
minutes after the first for the epoxy-polyamide system shown in Figures 2-6. The
initial coating's values of log (€"w) have only dropped from 5.5 to 4.5. Upon
application of the second coating the values rise to 6.0 over 60 minutes as the 2nd
coat resoftens the 1st layer.

Next we use the FDEMS sensor to examine the extent of softening of the first
coat if 24 hours elapse before the 2nd coating. Figure 10 shows that after 24 hours,
the first coat has decreased its low frequency values of log (€“w) to 2 to 3. The
application of the 2nd coat on the next day resoftens the 1st coat back to values 5.5.
Hence 24 hours has no effect on the resoftening of the 1st coat for this paint system.

Finally, we examine the ability of the FDEMS sensor to monitor buildup in
durability. Customarily buildup in durability of a coating for marine systems is
evaluated over a period of weeks and months by immersing the coating in an 80°
water bath and monitoring the time to blistering as well as the number and size of the
blisters. Figures 11 and 12 monitor the coating on a series of standard 8 x 10 inch
steel panels over the initial 45 minutes after immersion in the 80°water bath. The
coating which was immersed after 4 days cure at 24°C, 45% RH shows a rapid and
large change in the values of log (€ ") with 10 minutes. The coating which was cured
14 days under these conditions shows a much more gradual change over 45 minutes.
The 4th day coating showed blistering based on medium ASTM blister frequency
failure criteria on the 38th day. The 14 day cured coating showed failure on the 58th
day. Clearly the FDEMS sensor gives a much more rapid, 1 hour versus 6 to 12
weeks indication of the buildup in durability and end-use properties. The sensor
output once calibrated for a particular paint system to the industries standard criteria
offers an immediate instrumented indication of the time the coating has attained its
desired end use properties.

Conclusions

It has been shown FDEMS sensing provides a sensitive method for monitoring the
cure of coatings, both latex systems and epoxy polyamide coatings. FDEMS can track
the varying cure rates which result from changing environmental cure conditions and
the sensor output provides an instrumental means for monitoring buildup in durability
under varying environments such as temperature and/or humidity. Exceptional
sensitivity can be attained with these sensor measurement techniques. The FDEMS
sensors can detect and monitor buildup in cure for up to 30+ days, up to and beyond
the time of attainment of acceptable service life properties. The FDEMS sensor output
monitors the buildup in durability and service life properties and the output can be
correlated with ASTM service life tests such as time to blister failure.
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Further FDEMS can monitor durability. As such, FDEMS should be able to
be developed as an effective sensitive means for studying degradation or knockdown
in service life properties or durability with time under use conditions such as heat, uv
light, moisture, etc. It is an ideal technique due to its sensitivity for accelerated aging
studies.
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Chapter 8

Dynamic Viscoelastic Properties
of Polymer Latex Films

Role of Core Chains and Particle—Particle Interfaces

J. Richard

Centre de Recherches Rhone-Poulenc, 52 rue de la Haie Cogq,
93308 Aubervilliers Cedex, France

The linear viscoelastic behavior of latex films is studied using
Dynamic Micromechanical Analysis (DMA). Dried latex films are
considered as cellular structures. The core of the cells consists of the
hydrophobic particle core, whereas the array of interfacial membranes
arise from the hydrophilic shells of the particles which provide
colloidal stability in the initial dispersions. Both cases of
electrostatically- and sterically-stabilized particles are considered. For
the former latex particles which bear copolymerized carboxylic
species at their surface, the influence of the cross-linking density
within the particle cores is investigated, together with the modification
of interfacial membranes induced by H bonding or ionic interactions.
The viscoelastic behavior is correlated with the structure of the films
which is determined by Small Angle Neutron Scattering (SANS)
experiments and Transmission Electron Microscopy (TEM). Segment
diffusion coefficients can be deduced from DMA spectra and make it
possible to predict membrane preservation or further coalescence. The
viscoelastic properties of films obtained from the latter latex particles
which bear a steric stabilizer partly grafted in their shell, are also
studied. The effect of thermal annealing of the films is more
particularly investigated. A specific rebuilding effect of the
membranes upon annealing is evidenced for this kind of film and the
influence of various parameters (particle size, volume fractions,
features of polymer shell) is semi-quantitatively investigated using an
equivalent mechanical model and the Kerner equation.

Latexes consist of water dispersed polymer particles currently prepared by the well
controlled emulsion polymerization technique. They are mainly used as binders in
paints, paper coatings and adhesives, in which they play one of the most important
roles by achieving the final cohesive and adhesive properties. The polymer particles
are kept in stable aqueous dispersions, provided that repulsive interactions have been
created between the particles. The repulsions originate from the surface layers of the
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particles which are referred to as the membranes (/). These membranes very often
consist of hydrophilic polymer chains copolymerized or grafted on the particle core.
Colloidal stability of the dispersed system may originate from either electrostatic
repulsions when the polymer is charged or ionogenic in a given pH range (2), or a
steric mechanism when the hydrophilic shell polymer is non ionic but water-soluble
(3). Upon dehydration of the dispersions, continuous polymer films are formed
which exhibit a cellular structure ; the deformed hydrophobic particle cores form
polyhedral cells, while the array of particle-particle interfaces, i.e. the cell walls,
consist of the hydrophilic interfacial membranes (/).

This chapter presents a review of the work we have carried on to characterize
the effects of core and membrane features on the linear viscoelastic behavior of latex
films, in close correlation with structure modifications. Investigations are mainly
based on dynamic viscoelastic measurements, while structural information is gained
from Small Angle Neutron Scattering (SANS) and Transmission Electron
Microscopy (TEM) experiments (I, 4). Both cases of electrostatically- and sterically-
stabilized particles are considered. The model system chosen for electrostatically-
stabilized latexes consists of partly cross-linked styrene-butadiene copolymer
particles, whose colloidal stability arises from carboxylic species copolymerized at
their surface. The influence of the cross-linking density within the cores and the
modifications of interfacial membranes induced by H bonding or ionic interactions,
are investigated. The viscoelastic behavior is correlated with the structure of the films
and more precisely to its ripening through the further coalescence process. The
model system chosen for sterically-stabilized latexes consists of poly(vinyl acetate)
particles, on which poly(vinyl alcohol) chains are anchored either by chemical
grafting or physical adsorption. The effect of thermal annealing on the viscoelastic
behavior of these films is more particularly investigated and correlated with phase
rearrangement and strong modifications in the morphology of the interfacial
membranes' network .

Experimental Methods

The latex preparation method for both model! systems has been previously described
elsewhere (5, 6). For styrene-butadiene (SB) copolymers, the resulting latexes have
a solid content of 50 % by weight and a pH of 4.5. Particle size distribution, which
is determined using a classical turbidimetric method and TEM, is found to have a

narrow width and an average value of ~ 0.18 pm for all the samples. The average
composition of the SB copolymers is kept constant, namely 69 wt % of S and 27
wt% of B, for the whole series of samples. Classical chain transfer agents such as an
alkylmercaptan C1 and a polyhalogenated organic compound C2 are used to vary the
cross-linking density of the SB copolymers. The corresponding gel fraction values
G are measured in chloroform using the extraction method previously described (7).
The colloidal stability of the dispersions is obtained by copolymerizing an acrylic
-type comonomer, so that the interfacial membranes in the films consist of highly
carboxylated polymer chains. The content of this carboxylic comonomer is varied to
study the effect of this parameter on the viscoelastic properties of the films. As a part
of the acid comonomer is expected to be burried within the particle cores, the amount
of carboxylic acid groups actually located at the surface of the particles has been
determined by a conductimetric titration method. It has been also checked that the
amount of water-soluble low molecular weight carboxylated species is very limited
in our samples. Two reference latexes without any copolymerized carboxylic group
have also been prepared and stabilized with sodium dodecylsulphate (SDS)
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surfactant molecules. Finally, in order to study the effect of membrane modifications
on viscoelastic behavior of the films, the neutralization conditions are varied for one
of the latexes, which exhibit a very low gel fraction value (15 wt%), i.e. a very low
cross-linking density of the core. The pH of the latex has been adjusted to 9 using
various bases such as : ammonia, sodium hydroxide, a diamino-ended
polyoxyethylene (DAPOE) of low molecular weight (600 gmol'l), and an
aminoalcohol (AMA). The main data concerning the series of model electrostatically-
stabilized SB copolymer particles are given in Table 1.

Table I. Main features of the series of model SB copolymer
latex particles

CTA CTA Gel Total/Surface Neutralization
Latex type concn fraction  carboxylic conditions
(wt %) (Wt %) group contents (pH/Base)

(umol/cm'3 pol.)

SB1 CI 0 89.5 608/200 4.5/Ammonia
SB2 ClI 0.4 76 608/230 o
SB3 Cl 0.8 69.5 608/258 o
SB4 Cl 1.25 435 608/252 "o
SB5 ClI 2 15 608/241 "o
SB6 ClI " " " ! 9/Ammonia
SB7 Cl ! " " " 9/NaOH
SB8 (i ! " " " 9AMA
SB9 ClI ! ! " " 9/DAPOE
SB10 Cl1 2 15 304/133 4.5/Ammonia
SB11* ClI 2.4 10 0/0 o
SB12* Cl 0.6 72 0/0 o

SB13 C2 0.4 81.5 608/208 o
SB14 C2 0.8 71.5 608/220 A

SB15 C2 1.6 40 608/238 A
SB16 C2 3.2 17 608/200 A
SB17 C2 3 20 470/174 o
SB18 C2 3 20 780/188 A
SB19 C2 3 20 1090/461 "o

* Latexes stabilized with SDS surfactant molecules instead of copolymerized
carboxylic groups.
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For poly(vinyl acetate) (PVAc) homopolymers, a part of the PVA steric
stabilizer (Rhodoviol 25/140 from Rhone-Poulenc) has been introduced in the initial
charge of the reactor at various volume fractions (betwen 3.15 and 6.5 %).
Depending on this initial concentration, the resulting latexes have a rather broad
particle size distribution for the highest initial content and a rather narrow for the

lower ones. The average particle size is found to range between (.55 and 2 um. In
order to study the effect of PVA volume fraction and features on the viscoelastic
properties of the films, various amounts of PVA with viscosity grade 25 (namely the
viscosity of a 4 wt % aqueous solution of PVA at 20 °C) and different hydrolysis
level (HL) ranging between 80 and 99 mole %, have been introduced in the
dispersions after the polymerization (final addition) (7). Thus, the samples exhibit
total PVA volume fractions ranging from 3.15 % to 13.5 %. The main data
concerning the series of PVAc homopolymer particles sterically-stabilized by PVA
are given in Table II.

Table II. Main features of the series of the PVAc latex particles
sterically-stabilized by PVA

Latex PVA PVAc PVAL
volume fraction average hydrolysis
(%) particle size level*
initial final (d) (HL)
charge addition (um) (mole %)
(49 (®a)

Al 3.15 0 0.7 -

A2 5.2 0 1.2 -

A3 5.2 3.6 1.2 88

A4 5.3 4 2 80

AS 5.3 4 0.55 80

A6 5.3 5.7 0.55 80

A7 5.3 5.7 0.55 99

A8 6.5 0 1.2 -

A9 6.5 3.6 1.2 88

Al0 6.5 7 1.2 88

* This is the hydrolysis level of PVA added at the end of polymerization (final
addition).

Homogeneous transparent polymer films have been prepared from both series
of products by casting the latexes in silicone molds and evaporating water in an
oven for 6 hours at 50 °C, which is a temperature higher than their minimum film
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formation temperature (MFT). Samples with a constant thickness ranging between
0.7 and 1.6 mm are then cut to dimensions of ~ 1 x 5 cm2 and stored under vacuum
in a dessicating vessel prior to use. DMA experiments are performed on these dried
latex films using a Rheometrics RDS-LA viscoelastometer which works in the linear
simple extension deformation mode (6-9). It is equipped with an attachment for
temperature control in the range - 50 °C / + 150 °C. Thus, the isochronal temperature

dependence of the storage modulus (E'), loss modulus (E") and loss tangent (tan )
can be measured over a wide range of temperature at a frequeny of 1 Hz under a
nitrogen atmosphere. The strain amplitude is fixed at 10-3 which is checked to lie in
the linear viscoelastic regime. For the SB copolymer latexes, the isothermal
frequency dependence is also deduced by sweeping the frequency of the sine
deformation between 10-1 and 500 rad/s, at different temperatures close to the glass
transition temperatures of the polymers. Recorded spectra have been superimposed
by shifting them along the frequency axis until a reliable superposition could be

obtained for the three viscoelastic functions (E', E", and tan 0) with the same WLF
shift factor. Criteria of applicability of this method of reduced variables are checked
to be fulfilled (8). For PV Ac homopolymer latexes, the effect of annealing has been
studied by running the samples once from 25 °C to 150 °C, then annealing them at
150 °C for half an hour under a nitrogen atmosphere, and finally running them again
in the same temperature range. It is found that longer annealing periods do not
induce any additional alteration of the viscoelastic behavior of the films (6). Finally,
it is worthwhile noticing that the annealing temperature is chosen to be much lower
than the decomposition temperature of PVA under nitrogen atmosphere, namely
200 °C (10).

Structure of the films obtained from these latexes are fully investigated using
SANS and TEM techniques with appropriate selective labelling of the hydrophilic
particle-particle interfaces (4,6,9).TEM experiments are peformed on
ultramicrotomed samples. Contrast is enhanced by selectively staining the carboxylic
or PVA interfacial membranes with uranylacetate (9) or OsO4 (11), respectively. As
for SANS experiments which are only performed on the model SB latexes, high
contrast is obtained by rehydrating the dried films with D20 vapor, which selectively
labels the hydrophilic carboxylated interfacial membranes (4,12). The diffraction
patterns are radially averaged to yield the classical scattering curves where intensity I
1s plotted against the magnitude of the scattering factor Q. In this work, only the
presence and intensity of diffraction peaks in the logl - logQ plots will be discussed.
The vanishing of these peaks is considered as an evidence of the destruction of the
network of ordered interfacial membranes and hence interdiffusion of polymer
chains.

Results and Discussion
Electrostatically-Stabilized Particles

Effect of Cross-linking Density within the Particle Cores. Figure 1
shows the isothermal master curves recorded for the storage moduli E' of films from
the series SB1-SB5 in which CTA C1 is used to restrict the cross-linking density.
All the curves exhibit the classical strong relaxation from a glass-like behavior in the
high frequency region to a rubber-like one in the lower frequency zone. The effect of
CTA content on the viscoelastic properties of the films appears to be twofold : (i)
First, it is responsible for a large shift in the location of the transition zone on the
frequency scale over ~ 4 frequency decades. As proposed by Ferry (/3), this
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Figure 1. Log-log plot of the isothermal master curves obtained at Tg = 301 K
for the storage modulus E' of the series of model latexes SB1-SBS
synthesized with various contents of CTA C1.
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displacement reflects strong variations in the relaxation times and local molecular
motions at the chain segment level. (ii) Second, it controls the level of the storage
modulus approached in the low frequency region, which represents the modulus of
the rubber-like network. A high CTA content even leads to an almost complete
collapse of the modulus in this region. The same kind of behavior is obtained for
films from the series SB13-SB16 synthesized with CTA C2. However, as evidenced
from Figure 2, the shift of the relaxation frequency and the variations of the rubbery
modulus are found to be less pronounced. Interestingly, the above effects have been
also observed recently by Zosel et al. (14) for poly(n butyl acrylate) (PBA) latexes
whose cross-linking density has been controlled by adding a mercaptan as a CTA
and methallyl methacrylate as a cross-linking monomer.

Combining the classical rubber elasticity theory and the phenomenological
Marvin-Oser expression for the peak value of the loss compliance J"m (15), we
previously showed that it is possible to derive the main physical parameter
describing the network structure at the chain scale (7,8). This is the density of

elastically effective network strands between coupling loci V¢. In our system, these
coupling loci arise from either covalent multifunctional links or physical
intermolecular forces, such as hydrogen bonding between carboxylic groups or only
topological constraints. This analysis led us to conclude that the nature of CTA used
for the synthesis of the SB copolymers is of major importance : as a matter of fact, in
addition to the reduction of gel fraction of the polymer, it determines the density of
non covalent molecular interactions created by the free chains (7). Transverse proton
relaxation experiments performed on these latex films confirmed this analysis by
probing the state of constraints encountered at the semi-local scale by chain segments
embedded in the network (7).

Relationships between Molecular Dynamics and Further

Coalescence. It seems to be of particular interest to connect the molecular
dynamics of the chains with the structure of the films. More precisely, the occurence
of the further coalescence process, which induces fragmentation of the membranes
and fusion of the cores, is expected to strongly depend on the mobility of polymer
chains within the particles. For this reason, the structure of the films has been
studied using SANS expriments. SANS spectra recorded for the series of latex films
SB1-SBS synthesized with CTA C1 are shown in Figure 3. In this Figure, only
relative intensities are significant, since spectra are vertically shifted for the sake of
clarity. Inspection of these spectra reveals that the CTA content clearly controls the
structure of the latex films and the coalescence process. First, for the SB copolymer
particles which does not contain any chain transfer agent (sample SB1), the
diffusion pattern exhibits two strong intensity peaks, which originate from the
highly ordered array of non fully coalesced latex particles. This spectrum reflects the
high degree of organisation existing in the network of hydrophilic membranes,
which is obviously preserved in the film. Secondly, the amplitude of the intensity
maxima appears to gradually decrease as the CTA concentration increases in the
particles, i.e. as the cross-linking density decreases within the particle cores. These
peaks finally vanish almost completely for the sample SBS with the lowest gel
fraction value of the series. These variations in film structure with CTA content were
confirmed by TEM experiments (4). The same SANS and TEM experiments have
been performed on the series SB13-SB16. It turns out that even for the sample
(SB16) with the lowest gel fraction value of the series (17 wt%), further coalescence
does not occur when CTA C2 is used to restrict cross-linking density of the
particles, as evidenced from the TEM photomicrograph shown in Figure 4. This
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Figure 2. Log-log plot of the isothermal master curves obtained at T) = 301 K
for the storage modulus E' of the series of model latexes SB13-SB16
synthesized with with various contents of CTA C2. The corresponding

curve for sample SB1 is included in the diagram for comparison.
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Figure 3 . Log I - log Q plot of the SANS spectra recorded for the series
of model latexes SB1-SB5 synthesized with various contents of CTA C1.
Vanishing of the network of interfacial membranes and interdiffusion

of polymer chains is evidenced for sample SBS.

Figure 4 . TEM photomicrograph of stained ultramicrotomed sample SB16
(magnification X 44 000).
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outcome rules out the gel fraction value as the key parameter controlling the
occurence of further coalescence. Furthermore, it points out that molecular
interactions between free chains play a major part in the dynamics and diffusion
properties of these systems.

Then, in order to perform a more quantitative analysis of the above
observations, we have derived the diffusion coefficients of chain segments and
correlated their values and variations with the occurence of further coalescence. For
this purpose, we propose to describe the chain segment dynamics at the local scale,
using the monomeric friction coefficient &(, which can be derived from the DMA
spectra. From its definition, this parameter reflects the local segment mobility and
hence can be related to the translatory diffusion coefficient of chain segments Ds in a
simple way (14, 16,17) :

Ds =kT ng=kT/&p (1),

where T is the temperature, Llg the chain segment mobility and k the Boltzmann's
constant. At sufficiently long, but finite, diffusion times (t > tg where tg is the
characteristic time for glass-rubber relaxation(l6)), the over-all diffusion of the
chains which allows fusion of particle cores is expected to become Fickian (/8) and
can be consistently described using the curvilinear diffusion coefficient D¢. The
over-all diffusion of a chain trapped in the fixed curvilinear tube formed by its

neighbouring molecules is related to the chain segment mobility [ by the
expression (16,17) :

Dc=kT g/ N=kT/NEy=Dg/N ),

where N is the number of monomer units in the chain. Equation 2 assumes that
monomeric frictions are additive as stated for the free Rouse chain. It does not
remain valid for long entangled chains whose diffusion coefficient is expected to
follow a larger molecular weight dependence (18,19) :

Dc = Dg Ne / N2 @A),

where Ne is the average number of monomer units between entanglement points.

Hence, following this frame, the values of 3';0 and Dg determined from DMA spectra
can be correlated to the diffusion of polymer chains through particle-particle
interfaces, whatever the molecular weight dependence of the diffusion coefficient.
Then, according to Ferry(I3), the average monomeric friction coefficient £Q can be
derived from the low frequency end of the relaxation zone appearing in Figure 1 and
Figure 2. As previously shown, the most convenient method to derive &0 is to use
the frequency dependence of the complex compliance J* which is the inverse of the
complex modulus E* (4,6,7). Then, the values of §0 can be determined
experimentally from the low frequency end of the transition zone, following the
work by Stratton et al. (20) for a series of rubber vulcanizates cross-linked with
various agents. For the frequency dependence of J' and J" in this region, the
following equation applies :

log J'=1ogJ" =- 1/2 log ® - log (apNy/4Mo) - 1/2 log (4 §okT/3) 4),

where M( is the monomer molecular weight, p the density of the polymer, NQ
Avogadro's number, and a the root-mean-square end-to-end length per square root
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of monomer units (/3). In the present work, this latter is taken to be the average
value calculated from the large number of values reported by Ferry for this parameter
in various vinyl, diene and acrylate copolymers (/3), namely a'= 7 A. Then, from
the above isothermal DMA master curves, the corresponding values of £( and Dg are
calculated using equation 4 and equation 1 respectively, and considering that the
monomer molecular weight Mg is equivalent to the weight of a statistical SB

copolymer unit. The values of §() and Dg() which are obtained at temperature T() are
shown in Table III. Tq is close to the glass transition temperature Ty of the films and
is used as a reference temperature to obtain the DMA spectra. It is chosen to be equal
to 301 K for the whole series of samples.

Table III. Monomeric friction coefficients 0 and segment diffusion
coefficients Dgg of a series of SB copolymer latex films at
reference temperature T(

Latex o Dgo
(Ns/m) (cm?/s)

SB1 11 x 102 3,8 x 1020
SB2 87 4.8 x 10-19
SB3 86 x 10-1 48x10-18
SB4 71x 102 5.8 x 10-17
SB5 31x 10-2 1.3x 1016
SBI11 3x 102 1.4 x 10-15
SBI12 59 x 10-2 7.1x 10-17
SB13 47 8.8 x 10-19
SB14 6 6.9 x 10-18
SBI15 35x 10-1 1.2 x 10-17
SB16 29 x 10-1 1.4 x 1017

Then, a clear correlation between the value of the diffusion coefficient Dg(
deduced from the DMA spectrum and the occurence of further coalescence can be
established. Inspection of Figure 3 on one hand and Table III on the other hand
brings out strong arguments in favor of this correlation. The large increase of the
diffusion coefficient (over ~ 4 orders of magnitude) as CTA concentration in the SB
copolymer increases, is clearly correlated to the decrease of the amplitude of the
diffused intensity in the SANS spectra indicating less ordered structures. Moreover,
it appears that further coalescence leading to the fusion of particle cores only occurs
in a massive way when Dgq exhibits a value higher than 10-16 cm?2/s. This is the case
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for samples SB5 and SB11 (4). On the opposite, several samples (e.g. samples SB4
and SB12) which exhibit Dgg values smaller than but still very close to this threshold
value, does not undergo further coalescence under identical film formation and
storage conditions, even if the interfacial membranes are expected to be highly mobile
as in the case of surfactant double layers (sample SB11)(4). This result clearly
demonstrates that mobility of the core chains determines the occurence of the further
coalescence process. Although Dgg is only related to local segment dynamics, these
observations suggest that there exists a minimum threshold value for the diffusion
coefficent of chain segments which allows further coalescence to occur and fusion of
particle cores to take place. Indeed, the factor which controls local mobility is also
found to affect macroscopic diffusion, as expected from equations 2 and 3. In the
present system, the threshold value for Dgg ranges ~ 10-16 cm?2/s at Tg = 301 K.

Constraints Induced by Free Chains. Inspection of Table I and Table III
leads to the conclusion that Dgg is not correlated to the gel fraction value G of the SB
copolymer. For instance, in sample SB16 which exhibits almost the same low gel
fraction value as sample SBS, the segment diffusion coefficient Dg( is found to be
one order of magnitude lower than in SBS, and further coalescence does not occur
precisely in SB16. This behaviour can be more readily observed in Figure 5, in
which the segment diffusion coefficient Dgg at 301 K is plotted against the gel
fraction value G for the series of samples SB1-SBS and SB13-SB16. It points out
that not only covalent cross-links but also physical intermolecular interaction loci
exert constraints on chain segments and thus restrict local mobility. Moreover, for the
same fraction of covalently cross-linked chains, additional constraints are generated
by free chains in SB copolymers containing CTA C2. These constraints lead to a
strong restriction of the chain segment diffusion coefficient and limit coalescence.
CTA C2 seems to act as if while decreasing the constraints arising from covalent
knots in the polymer, it induces an increase of the density of physical interaction loci,
thus decreasing local segmental mobility and preventing further coalescence from
occuring. Hence, this work emphasizes the key part played by non covalent physical
intermolecular interactions in polymer chain diffusion and restriction of further
coalescence in latex films.

Effect of Modifications of the Interfacial Membranes. Films
obtained from SB copolymer particles with the lowest gel fraction values (i.e. G ~
15-20 wt%) and stabilized by copolymerized carboxylic surface goups, are
investigated. The hydrophilic membranes of the cellular domains are modified either
by varying the content of the carboxylic groups located at the surface of the particles
or by neutralizing them with various bases.

Figure 6 and Figure 7 show the isothermal master curves recorded for the storage
moduli of films from latexes with various amounts of copolymerized carboxylic
groups synthesized with CTA C2 and CTA C1, respectively. The principle of time-
temperature superposition (or method of reduced variables) 1s checked to be valid for
the whole series of samples with the classical WLF temperature dependence for the
shift factors. The main feature of these isothermal master curves is the classical
relaxation phenomenon from a glasslike behaviour in the high frequency region to a
rubberlike one in the lower range. The value of the rubbery storage modulus in the
low frequency region is found to be strongly dependent on the content of carboxylic
groups in the polymer. This behaviour brings out clear evidence of the specific
interactions between carboxylic groups which contribute to increase the density of

In Film Formation in Waterborne Coatings; Provder, T., et a;
ACS Symposium Series; American Chemical Society: Washington, DC, 1996.



Publication Date: October 15, 1996 | doi: 10.1021/bk-1996-0648.ch008

Downloaded by STANFORD UNIV GREEN LIBR on October 14, 2012 | http://pubs.acs.org

130 FILM FORMATION IN WATERBORNE COATINGS

Dso x 1021 (cm2/s)

105 +
+
o
o
104 |
o]
+
103
o
+
102 |
[:4
10 | | 1
0 25 50 75 100
G (wt %)

Figure 5 . Plot of the variations of the segment diffusion coefficient Dg(
x 1021 cm2/s) derived from the DMA spectra at T = 301 K against the
gel fraction value G (wt%) for the two series of samples SB1-SBS5 (+)
and SB 13-SB16 (O).
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Figure 6 . Log-log plot of the isothermal master curves obtained at T) = 301 K
for the storage modulus E' of the series of model latexes SB17-SB19
synthesized with CTA C2 and containing different amounts of copolymerized
carboxylic groups.
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Figure 7 . Log-log plot of the isothermal master curves obtained at T) = 301 K
for the storage modulus E' of the model latexes SB5 and SB10 synthesized
with CTA C1 and containing different amounts of copolymerized carboxylic
groups.
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coupling loci between the chains of the polymer network. These interactions likely
find their origin in the hydrogen bonding between carboxylic groups, leading to the
formation of dimers (27). A semi-quantitative analysis has been recently performed
to specify the part played in the viscoelastic behavior of the films by the carboxylic
groups which are located at the surface of the particles and those which are not (9).
The observed effect of rubbery modulus enhancement upon copolymerization of
carboxylic monomers was also reported by Zosel et al. (22,23) for model latexes of
n-butylacrylate homopolymers which contain acrylic acid as the stabilizing species.
The question arises whether a second continuous phase consisting of an acid-
rich copolymer with a high glass transition temperature is formed in the films. In the
present case, even when the content of copolymerized carboxylic groups is high
(latex SB19), the DMA spectrum exhibits only a single relaxation phenomenon from
glasslike to rubberlike behaviour. This observation brings out strong arguments
against the formation of a continuous segregated carboxylic phase within the films.
Otherwise, a second transition related to this acid-rich phase whould have appeared
in our DMA spectra. From data recently published by Zosel (24), we infer that the
appearence of this second phase only occurs for very high acrylic acid (AA)
contents, i.e. higher than 15 wt%. For such a high AA content, low molecular
weight water-soluble polyacrylic acid chains are expected to be formed in the
aqueous phase and be responsible for the formation of the second phase in the films.
This behavior is not observed in our samples. Only clustering of carboxylic groups
into separated microphases is suspected to occur in the membranes, when carboxylic

group content becomes higher than 900 pmol. cm-3 in the films (9). TEM
experiments performed on stained samples of latex films SB17-SB19 confirmed that
no segregated carboxylic phase exist in the films : only thin interfacial membranes
located at the boundary between particles can be observed in the photomicrographs
of stained ultramicrotomed samples (9).

A second qualitative comment arises from inspection of Figure 6. The position
of the relaxation frequency does not significantly shift on the frequency scale, when
the content of copolymerized carboxylic groups is varied. It strongly suggests that
the copolymerization of carboxylic groups does not affect the local monomer
dynamics, at least as far as concentration of this species remains lower than 1090

pmoles per polymer volume unit (cm3). Hence, the creation of a new coupling loci
through H bonding interactions does not sufficiently increase the tightness of the
polymer network for the local segment dynamics to be perturbed. However, the
DMA method only gives average information over the whole sample volume and the
monomer dynamics must obviously be affected in the interfacial membranes. It is
not detected in the DMA spectra, likely because only a small volume fraction of the
films is concerned. For latexes synthesized with CTA C1 (Figure 7), a noticeable
shift of the relaxation frequency is observed. SANS experiments performed on the
films clearly show that interfacial membranes have vanished and interdiffusion of
polymer chains taken place. For this reason, acid groups are likely to be more
uniformely distributed in these films and the probability of acid dimer formation
through H bonding is expected to depend on the carboxylic acid content. Thus, the
observed effect on the local chain segment dynamics is consistent with the more
uniform distribution of acid groups within the samples.

Figure 8 shows the isothermal master curves recorded for the storage moduli
of films from the series of model latexes SB5-SB9. It is worthwhile noticing that
these samples consist of the same carboxylated copolymer of low gel fraction,
whose neutralization conditions (pH and base) have been varied. Basically,
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Figure 8 . Log-log plot of the isothermal master curves obtained at T = 301 K
tor the storage moduli of films from the series of model latexes SB5-SB9
which are prepared under different neutralization conditions (pH, base).
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neutralization of surface carboxylic groups of the particles (from pH 4.5 to pH 9) is
found to produce two different effects, depending on the nature of the base used :

i) - When the base is chosen among ammonia, NaOH or AMA, neutralization
induces a large increase of the rubbery storage modulus in the low frequency range,
which is the signature of a large increase in the cross-linking density of the polymer.
This effect is attributed to the formation of physical ionic interactions in the
membranes, which act as cross-linking knots. It is reminiscent of the well-known
ionomer effect observed in bulk ion-containing polymers. In these systems, due to
the low polarizability of the surrounding matrix, ionic species tend to form dipoles,
or multiplets or even to cluster into larger domains, which link the chains together
(21,25-27) and yields a large increase of the tensile strength of the materials (28).
Very interestingly, the above changes in the viscoelastic behavior of the latex films
upon neutralization are correlated with structure modifications. SANS experiments
performed on the above samples (Figure 9 and Figure 10) clearly show that
neutralization induces the preservation of the network of interfacial membranes. As a
matter of fact, the SANS spectra of films from latexes neutralized to pH 9 exhibit 2
intensity peaks characteristic of a highly ordered structure, while the spectrum of the
low pH sample does not exhibit any peaks. For these reasons, it can be inferred that
in our latex films, ionic dipoles, multiplets or clusters which should arise from ion
pair interactions, remain confined in the polar interfacial membranes separating the
SB particle cores of low polarizability. It is worthwhile noticing that this ionomer
effect is found to be very sensitive to water and tends to disappear in the presence of
moisture. This result is quite consistent with data recently reported by Kim et al. for
bulk poly(styrene-co-sodium methacrylate) ionomers, in which water has been
shown to act as a polar plasticizer (29).

ii) - on the opposite, when the base used for neutralization is DAPOE, two main
alterations of the DMA spectrum are noticed. The position of the relaxation zone on
the frequency scale is shifted towards the higher frequency region and the rubbery
behavior in the low frequency region tends to completely disappear. It is replaced by
a rapid decrease of the storage modulus towards values typically reported for liquid-
like polymers. These two alterations are the signature of some kind of plasticization
of the latex film induced by DAPOE, which is actually a totally opposite effect
compared to the previous ionomer one. It could be related the size and the polymeric
nature of the neutralizing agent, which can give rise to particular non ionic
interactions with the chains belonging to the latex particles. SANS experiments
performed on this sample show that neutralization with DAPOE still induces
preservation of the array of hydrophilic interfacial membranes, accompanied by the
presence of large hydrophilic aggregates (Figure 10) (12). This leads us to conclude
that physical ionic cross-linking still takes place in the membranes, but the presence
of DAPOE is likely to strongly reduce the intermolecular forces among carboxylic
moieties. The same effect has been observed in bulk carboxylic ionomers based on
styrene-methacrylic acid copolymers, plasticized by alkyl phthalates (27,30).

From a further inspection of Figure 8, it can also be inferred that the nature of
the counter-ion used for neutralization plays a major part in the ionic cross-linking
effect of the membranes. For instance, the value of the rubbery modulus in the low
frequency region appears to be much higher when NaOH is used, compared to the
case of ammonia or AMA. It means that Na* counter-ions form a large number of
very stable cross-links and according to Navratil et al. (27), this behavior could be
attributed to the small size of the counter-ion, which is in favor of a stability of the
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Figure 9 . Log I - log Q plot of the SANS spectra recorded for the model
latexes SB5 and SB6 whose pH is 4.5 and 9 respectively. Only relative
intensities are significant. Neutralization of the carboxylic groups at pH 9
leads to the preservation of a network of interfacial membranes.
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Figure 10. Log I - log Q plot of the SANS spectra recorded for the model
latexes SB7, SB8 and SB9 which are neutralized to pH 9 with NaOH, AMA
and DAPOE respectively. Only relative intensities are significant.
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ionic multiplets. The isochronal temperature dependence of E' and tand recorded for
the samples SB5-SB8 makes it possible to perform a more refined analysis of the
ionic cross-linking effect (Figures 11 to 13). First, the strong ionomer effect
resulting in an overwhelming increase of the rubbery modulus in the high
temperature region is confirmed, with very stable cross-links over a wide range of
temperature for Nat counter-ions. Secondly, latex films SB7 and SB8 neutralized
with NaOH and AMA respectively, clearly exhibit a second transition located around

55 °C which can be easily observed on both E' and tand spectra (Figure 12 and
Figure 13). The appearence of this transition is the signature of the formation of
highly connected phase of ionic clusters located in the network of interfacial
membranes. When the second transition does not appear, as in the case of sample
SB6, the ionic groups are likely to remain in the form of isolated multiplets which do
not form a highly connected phase. Then, they only behave as additional cross-
linking knots and not as a different segregated phase of ionic clusters. The effects of
size of multiplets, formation of a separate phase and their relationships with the
strength of the ionic interactions have been very recently investigated by Kim and
Eisenberg for bulk poly(styrene-co-sodium methacrylate) ionomers (29). These
authors have correlated the size of the multiplets to the strength of ionic interactions :
the stronger the electrostatic interaction, the bigger the size of the multiplets and the
higher the Ty of the clusters. Following these authors, we can infer from inspection
of Figures 12 and 13 that in our latex films, AMA is likely to lead to a more effective
clustering effect. Moreover, Kim and Eisenberg have also specified that the degree
of neutralization of the carboxylic groups controls the effect of ionic clustering, this
phenomenon being not observed for neutralization level below ca. 50 %. This
statement suggests that in our sample SB6 neutralized with ammonia which is
volatile, the pH of the latex may have been decreased during water evaporation and
film formation so that the degree of neutralization of the carboxylic groups in the
dried film is likely lower than 50%, thus preventing the formation of ionic clusters.

Detailed information about the morphology of the films in close correlation
with the strong modifications of the DMA spectra upon neutralization are also
brought out by inspection of TEM photomicrographs (Figures 14, 15 and 16). It
appears that the counter-ion which generates the more stable cross-links, i.e. Nat,
leads to a very dense, regular, well-ordered network of interfacial membranes, while
ammonia and AMA give rise to either a rather loose, incomplete or even a thin dotted
network of membranes, respectively.

Finally, we would like to emphasize that the effect of ionic cross-linking in
latex films was earlier reported by Zosel for carboxylated poly(n-butyl acrylate)
(PBA) particles whose surface acrylic acid groups were cross-linked with a multi-
valent system, namely Zn(NO3)2 (31).

Sterically-Stabilized Particles

Specific Effect of the Membranes upon Annealing. Films obtained
from the sterically-stabilized model particles of Table II have also been studied as for
their viscoelastic behavior. More particularly, the effect of thermal annealing has
been investigated. Figure 17 shows the typical isochronal temperature dependence of

the storage modulus E' and loss tangent tand recorded before and after annealing at
150 °C for sample A10 in which the PVA volume fraction is 13.5 % (Table II).
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Figure 11 . Log plot of the isochronal temperature dependence of E' and
tand recorded for samples SB6 which is neutralized to pH 9 with ammonia.
The corresponding spectra for the non neutralized sample SB 5 (pH 4.5)
are also shown for comparison.
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Figure 12 . Log plot of the isochronal temperature dependence of E' and
tand recorded for samples SB7 which is neutralized to pH 9 with NaOH.
The corresponding spectra for the non neutralized sample SB5 (pH 4.5)
are also shown for comparison.
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Figure 13 . Log plot of the isochronal temperature dependence of E' and
tand recorded for samples SB8 which is neutralized to pH 9 with AMA.
The corresponding spectra for the non neutralized sample SB5 (pH 4.5)
are also shown for comparison.

Figure 14 . TEM photomicrograph of stained ultramicrotomed sample SB6
(magnification X 44 000).
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Figure 15 . TEM photomicrograph of stained ultramicrotomed sample SB7
(magnification X 44 000).

Figure 16 . TEM photomicrograph of stained ultramicrotomed sample SB8
(magnification X 44 000).
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Figure 17 . Log plot of the isochronal (f = 1 Hz) temperature dependence of the

storage modulus E' and loss tangent tand recorded before (a) and after (b)
annealing at 150 °C for sample A10 in which the PVA volume fraction is 13.5 %
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Annealing appears to result in dramatic changes in the viscoelastic behavior of the
films. Apart from the main transition observed at ~ 35 °C before annealing, a second
relaxation phenomenon clearly stands out at ~ 75 °C after annealing. The former
transition is associated with the glass transition of the PVAc cores, whereas the latter
is related to the PVA phase. The appearence of this transition is accompanied by an
overwhelming increase of the storage modulus E' in the temperature range between
the two transitions. In this zone, E' only exhibits a smooth variation with

temperature. In addition, after annealing, tan® exhibits two well-identified loss
peaks, which are the signature of a phase-separated blend of polymers, since each
component appears to experience its own glass transition (32). All these
observations strongly suggest that after annealing the film contains two clearly
distinct phases, which should consist of PVAc on the one hand and a PVA phase on
the other hand. This effect is related to a strong modification of the morphology of
the films. The mechanical detection of the second phase after thermal treatment arises
from an increase of PVA domain size or degree of connectivity within the PVA
phase. An analogous phase rearrangement has been observed for films obtained
from PS-PBA core-shell particles or homopolymer blends, upon annealing at a
temperature higher than the glass transition temperature for PS (32,33). It has been
attributed to a more or less extended coalescence of the PS phase at high
temperature. In the present case, phase rearrangement should stem from a thermally
induced coalescence of the PVA clusters initially contained in the films. Molecular
mobility of PVA chains likely becomes high enough at 150 °C, i.e. well above their
glass transition temperature, to allow the rearrangement of this phase via
macromolecular diffusion. The resulting equilibrium morphology is expected to
minimize the interfacial surface energy between PVAc and PVA phases.

Using Transmission Electron Microscopy (TEM) associated to a selective
staining of t<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>