


FROM THE EDITOR’'S DESK

We welcome as new contributors to the Newsletter Chee Ho of the University of
Malaya and Masayoshi Okubo of Kobe University, Japan. IPCG members will be
aware that polymer colloids have long been an area of very active research in
Japan. This is reflected in the staging of the 7th Iketani conference on the Advanced
Technology of Fine Particies, which is to be held in Yokohama in October, 1977.
Details of the main themes of this Conference appear on page (iii). Haruma
Kawaguchi is the Chair of the Organizing Committee and he has advised that first
cicrular will be sent to all IPCG members shortly. Details of the Fourth meeting of
the highly successful UK Polymer Colloids Forum, to be held at Keele University
later this year, are presented on p(ii). Peter Lovell is the organizer as Chair of the
Forum. Three outstanding plenary lectures appear on the program, as well as a rich
variety of contributed lectures. A must for all devotees of polymer colloids in the UK.

e-mail Address: Jose Asua advised a correction to his email address published in
the previous Newsletter which is: gppasgoj@sq.ehu.es

NEXT NEWSLETTER
Contributions should be sent to me by AIR MAIL by 1December, 1996

D H Napper
Editor
(e-mail: d.napper@chem.usyd.edu.au)
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Announcement of an International Conference

-

7th IKETANI CONFERENCE

~

‘International Symposium on Advanced Technology of Fine Particles

\

Conference Perlod: October 12-16, 1997 (Sun-Thu)
Location: Yokohama Symposla, Yokohama, Japan

J

Topics

Session 1 Polymerization for Particle Preparation

Session 2 Design and Characterization of Structured Particles
Session 3 Functional Microspheres

Session 4 Colloidal Dispersion Properties

Session 5 Particle Assemblies and Latex Films and Their Applications

Official Language: English

Coorganized by the Polymeric Microspheres Symposium Committee, Japan/

the International Polymer Colloids Group

Sponsored by lketani Science and Technology Foundation

Organizations

Honorary chairman S.Okamura (Professor Emeritus, Kyoto University, Japan)
Chairman H.Kawaguchi (Keio University, Japan)
Vice-Chairman M.S.El-Aasser (Lehigh University, USA)
Organizing committee
K.Furusawa (Tsukuba University, Japan) J.H.Kim (Yonsei University, Korea)

K.Higashitani (Kyoto University, Japan) P.Lovell (University of Manchester, UK)
M.Nomura (Fukui University, Japan) D.H.Napper {University of Sydney, Australia)
H.Ohshima {Science Univ. of Tokyo, Japan) Z.-R. Pan (Zhejiang University, China)
T.Okaya (Shiga Pref. University, Japan) C.Pichot (CNRS, France)
M.Okubo {Kobe University, Japan) T.G.M. van de Ven (McGill Univ., Canada)
S.0mi (Tokyo Univ. of Agr. Tech., Japan)

Secretariat:
K.Fujimoto

Departrnent of Applied Chemistry, Faculty of Science & Technology
Keio University

3-14-1 Hiyoshi, Yokohama 223, Japan

Phone: +B1-45-563-1141 ext. 3457 Fax: +81-45-562-7625
E-mail: polymer2@applc.keio.ac.jp

First Circular of the Symposium will be sent to all of IPCG members very soon.



CONFERENCE SCHEDULE

11

[ CONFERENCE LOCATION DATE/CONTACT B
1996
« 212th ACS National Meeting Orlando, flo 25-30 August

Water Soluble Polymers

4 UK Polymer Colloids Forum

213 ACS National Meeting

Gordon Conference on
Polymer Colloids

7th Colloid & Surface Science
Symposium

214th ACS National Meeting

2nd International Conference
on Emuisions

7th Iketani Conference

37th I[UPAC Sympesium

Wrexham, Clwyd

Keele

1997
San Francisco

Tilton School, NH

Newark, DE

Las Vegas

Bordeaux

Yokohama

1998

Gold Coast, Australia

11-13 September

23-24 September
(Lovell)

13-17 April

29 June - 2 July
(Sundberg)

29 June - 2 July

7-11 September
23-26 September

12-16 October
(Kawaguchi)

13-17 July
(Gilbert/Napper/
El-Aasser)
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INTERFACIAL BEHAVIOR AS THE FACTOR CONTROLLING
STRUCTURE AND PROPERTIES OF FLUORCONTAINING
MICROCOMPOSITE LATEX POLYMER

T.R.Aslamazova, 5.V.Bogdanova

Institute of Physical Chemistry-Russian Academy of
Science - Lenin prospect 31- 117915Moscow - Russia

INTRODUCTION

The role of phase interactions in the structure and physical properties of
microcomposite polymer latex particles and the films derived from them, which have
been produced by seeded emulsion polymerization of fluorcontaining (FA) and
traditional acrylates (TA), has been studied. The investigation is carried out by using
two reactive systems: l) copolymerization of FA and TA significantly differed by
monomer (polymer) polarity. As monomers, dihydroperfluorheptylacrylate (FHA) and
methylacrylate (MA) are used; 2) copolymerization of FA and TA characterized by
close polarity. As monomers, butylacrylate (BA) and fluorcontaining monomer (FOA)
CH;C(CH;)COOC;:H,OCOCF(CF,.CF R)sCF; are used. It is shown that phase
interactions at the boundary of polymer(monomer)/water (m/w) and polymer/air (p/a)
are the controlling factor of localization of fluorcontaining polyacrylate at the surface
of latex particles and films.

2. PHASE INTERACTIONS IN THE SYSTEM CHARACTERIZED BY
DIFFERENT POLARITY OF COPOLYMERIZED MONOMERS.

It is known that under seeded emuision polymerization of two monomers
differed by polarity (water solubility), the more polar polymer tends to orient at the
particles surface. This tendency depends on transmissional molecule mobility (glass
temperature, Tg). It is also known that the formation of microcomposite polymer film in
air may lead to phase inversion. The reason of the latter is the incompatibility of
polymers and difference in viscoelastic properties. Physico-chemical properties of FHA
and MA are given in Table I.

Table 1. Properties of FHA and MA.

Monomer| Solubility Interface Polymer | Adsorption Surface
in water,% tension glass energy of tension
(25°C) (m/w), temperature, | emulsifier’, (m/a), mJ/m?
mJ/m? oC mJ/m?
FHA 0.00 24.50 -40 10.50 10.90
MA 5.69 8.30 +10 7.00 25.37

At the boundary of m/w under saturation conditions. Emulsifier S-10.
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FHA and MA are strongly differed in terms of their polarity and characterized
by macromolecule mobility under polymerization temperature. By taking into account
a significant decrease in the difference between the interface tensions of FHA and MA
at aqueous boundary equal to 16.2 mJ/m?, after saturation of particles surface with
emulsifier it becomes 3.5 mJ/m:. Even after saturation this difference is enough so that
PMA is located in the particle“shell” and pFA in their “core”. The latter is illustrated
by transmission electron micrograph of microcomposite p(MA-FHA) latex prepared
using “stained"pFHA (Fig.1).

Fig.1. Micrograph of microcomposite
p(MA-FHA) latex prepared in a 65:35
wt.%o ratio using “stained”"pFHA.

As followed from the values of surface tension at the p/a boundary (Table 1),
their ratio is reversed relative to the situation for MA and FHA at an aqueous phase
boundary. Hence when the latex is dried in air, the two-phase structure undergoes a
morphological transformation. Due to the low Ty value of both polymers, phase
inversion occurs and pFHA becomes the matrix. It is illustrated by mechanical behavior
(Fig.2) and surface properties (Table 2) of microcomposite p(MA-FHA), pMA and
pFHA films. As seen, the bulk and surface properties of the film is determined by
pFHA properties. i '

Fig.2. Stress-deformation : 10 /
curves for the films: Py
7 : pMA -
1) pMA; 2) pFA; 3 zn,l e
3) p(MA-FHA) prepared 10;’ Fanaaniy I
LI et -
in an 80:20 wt.% ratio. - —_—_——::_'_--I;I;EA B
100 200 300 100 500 600 7n
Deformation. %
Table 2. Film contact angle (grad).
Latex Water Sulphuric Petrolium MA FHA
acid oil
p(MA-FHA) 16 118 90 72 44
(65:35)
pMA low low - 30 -
pFHA 100 122 95 - 50




3. PHASE INTERACTIONS IN THE SYSTEM CHARACTERIZED BY
CLOSE POLARITY OF COPOLYMERIZED MONOMERS.

Physico-chemical properties of FOA and BA are given in Table 3.

Table 3. Properties of FOA and BA.

Monomer Solubility Interface Polymer glass Surface tension
in water, tension temperature, °C (m/a), mJ/m?
04 (25°C) {(m/w), mJ/m?
FOA 0.3 16.4 < room 23.3
BA 0.2 23.2 -40 24.5

The lower value of interface tension of FOA at the monomer/water boundary in
comparison with BA and close value of surface tension of both polymers at the
polymer/air boundary testify to the localization of pFOA in particles “ shell” and film
surface. The surface properties of microcomposite latex films are given in Table 4. They
are close to the properties of fluorcontaining polymer.

Table 4. Fiim contact angle (grad).

Latex Water Petrolium
oil
p(BA-FOA) (60:40 wt.%o) 92 84
p(BA-FHA)  (60:40 wt.°0) 104 93
pBA low low
CONCLUSIONS

. The localization of fluorcontaining monomer in particle “shell” during seeded
emulsion polymerization is connected with the value of interface tension at the
monomer/water boundary, whereas its localization at films surface with surface tension
at the polymer/air boundary.

2. In case of the system characterized by monomers polarity strongly differed,
phase inversion is observed when latex is dried in air.

3. The surface and mechanical properties of the films in the both systems studied
indicate that their bulk and surface properties are largely determined by hydrophobic
fluorcontaining monomer.

-



INTERNATIONAL POLYMER COLLOIDS GROUP NEWSLETTER

Contribution from the Grupo de Ingenieria Quimica, Facultad de Ciencias
Quimicas. Universidad del Pais Vasco, Apdo. 1072, 20080 San Sebastidn.
Spain.

Reported by José M. Asua

KINETIC AND THERMODYNAMIC PROCESSES CONTROLLING THE
MORPHOLOGY OF LATEX PARTICLES.

Luis J. Gonzalez-Ortiz and José M. Asua

A mathematical model for the development of the particle
morphology in emulsion polymerization has been developed. The
model accounts for phase separation leading to cluster nucleation.
polymerization, polymer diffusion and cluster migration. The model
has been used to simulate batch emulsion polymerizations of methyl
methacrylate on a polystyrene seed for which experimentaily
determined particle morphologies have been reported. A good
agreement between experimental results and model predictions was
achieved. On the other hand, sensitivity analysis showed that the final
particle morphology was not significantly affected by neither the
initial cluster volume nor the cluster nucleation rate constant.

APPLICATION OF THREE ANIONIC POLYMERIZABLE
SURFACTANTS(SURFMERS) IN STYRENE-BUTYL ACRYLATE-
ACRYLIC ACID EMULSION POLYMERIZATION

Harold A.S. Schoonbrood, Maria J. Unzué, Ole-Jacob Beck, José M. Asua.
Amaia Montoya and David C. Sherrington

Three anionic (a methacrylic and a crotonic ester and a maleic diester)
polymerizable surfactants (surfmers) were investigated with respect to
their copolymerization behaviour in emulsion polymerizations of styrene,
butyl acrylate and acrylic acid at high solids contents. The methacrylic
surfmer appeared to be extremely reactive causing premature



coagulation. The crotonic surfmer reacted only to a low extent. and was
not incorporated well enough. The maleic surfmer appeared to have
intermediate conversions varying between 50% and 95%. It was clearly
shown that the degree of conversion of the maleic surfmer depends on the
particle diameter, with the conversion decreasing significantly at
diameters higher than 100 nm. In the case of very high conversion part of
the maleic surfmer appeared to be buried if no special addition strategy
for the surfmer was used. It was concluded that an ideal surfmer
behaviour is low conversion throughout the semi-continuous reaction with
a sharp rise at the end of the feeding period.

ON-LINE CONTROL OF EMULSION POLYMERIZATION REACTORS
BASED ON CALORIMETRY

[sabel Sdenz de Buruaga, Antonio Echevarria, Philip D. Armitage, José¢ C. de
la Cal, José R. Leiza and José M. Asua

Reaction calorimetry was used to monitor and control unseeded
semi-batch emulsion copolymerization of VAc and BuA. An external
personal computer, using the information derived from a commercial
reaction calorimeter, calculated on-line the thermal and material
balances of the calorimetric reactor, and thus the monomer conversions.
For a desired copolymer composition profile, previously calculated
conversion-dependent monomer feed profiles were used to determine
the rates of monomer addition every 20 seconds. Off-line gas
chromatography andgravimetry confirmed that copolymers having the
desired variable composition profiles were successfully obtained. The
control strategy devised lends itself to polymer quality control and safe
operation, since variable monomer inhibitor levels or sudden inhibition
during the reaction do not lead to either the formation of off-
composition polymer nor to monomer accumulation in the reactor.
Furthermore, the rate of polymerization can be limited by fixing upper
limits for monomer concentrations in the polymer particles, useful in
cases where the minimum-time optimal feed profile, which corresponds
to maximum swelling, might lead to thermal runaway. In addition, in a
separate series of unseeded semi-continuous polymerizations of VAc
andVeoVa 10. the heat of reaction was controlled according to a
predefined limit by manipulating the monomer feed rate. This type of
control strategy is applicable to industrial-type reactors with limited
heat removal capacity, for producing polymers in the minimum time
without risking thermal runaway.



RECENT DEVELOPMENTS IN MINIEMULSION POLYMERIZATION

Imanol Aizpurua, Javier Amalvy. Maria J. Barandiaran, José C. de la Cal
and José M. Asua

Some developments in miniemuision polymerization aiming at taking
advantage of its unique mechanisms minimizing the drawbacks of this
technique are discussed. The discussion includes preparation of highly
concentrated latexes, miniemulsion polymerization in continuous stirred
tank reactors (CSTRs), and elimination of the low molecular weight
hydrophobe.

SYNTHESIS AND CHARACTERIZATION OF LATEX PARTICLES
WITH ACETAL FUNCTIONALITY

Rosa Maria Santos and Jacqueline Forcada

Core-Shell latex particles with surface-acetal functionality were
synthetized for use in immuno-diagnostic testing. By acidification of the
acetal groups to aldehydes. covalent bonding with the amino groups of
biomolecules is possible. Acetal functionality was chosen due to the
chemical instability of the aldehyde group. The synthesis of this kind of
particles was carried out by a two-step emulsion polymerization in a
batch reactor. Firstly, a monodisperse core of polystyrene was obtained.
in a second step. a shell of styrene, methacrylic acid and
methacrylamidoacetaldehyde di(n-methyl acetal was formed around the
polystyrene cores. The shell has both acid and acetal functionalities. In
order to analyze the effect of the pH of the reaction medium on the
surface groups, reactions at acid and neutral pH were carried out. The
latex characterization consisted of the determination of the particle size
distributions and the amount of functionalized surface groups. The
particles synthetized in neutral medium were covalently bonded with
IgG a-CRP rabbit antibody. The complex latex-protein was
immunologically active against the CRP antigen.



MODELING THE EFFECT OF MIXED EMULSIFIER SYSTEM IN
EMULSION POLYMERIZATION

Elias Unzueta and Jacqueline Forcada

A mathematical model for the emulsion copolymerization of methyl
methacrylate and butyl acrylate has been developed. This model. which
applies the method of moments of a distribution to model the evolution
of the particle size distribution, predicts the effects of the concentration
and composition of anionic/non-ionic surfactant systems on the
polymerization process and on the characteristics of the product
obtained, including particle nucleation, growth and coagulation.
Nucleation is a dynamic process in which the surfactant system affects
the competition between homogeneous and heterogeneous nucleation,
with simultaneous coagulative processes of precursor particles, The
effect of surfactant system on nucleation is described mathematically
using a variable radical critical chain length, jce. The solution properties
of surfactant mixtures, mainly cmc and micelle composition, were
predicted using the thermodynamics of non-ideal mixtures. A good
agreement between model predictions in batch and semicontinuous
reactors and experimental results was found.



Contribution from the Department of Polymerization Reactions, Polymer
[nstitute, Slovak Academy of Sciences, Diibravska cesta 9, 842 36 Bratislava,
Slovak Republic
Reported by Jaro Barton

Effect of Polymer Additive on Inverse Microemulsion Polymerization of

Acrylamide.
{J.Barton. M.Stillhammerova)

The effect of polyacrylamide as an additive on preparation of inverse
microemulsion toluene-AOT (AOT - sodium bis(2-etylhexyl)sulfosuccinate) -water-
acrylamide-polyacrylamide and on the properties of polymer particles resuiting from
the free-radical polymerization of acrylamide was studied. It was found that the amount
of polyacrylamide which can be added without hindering the formation of the inverse
microemulsion depends on the toluene : AOT mole ratio (x:). Macroviscosity of the
inverse microemulsion depends on the value of volume fraction of aqueous phase
(water-acrylamide-polyacrylamide), ®aw, in the inverse dispersion system. Besides
influencing the formation and stability of inverse microemuision, the presence of
polyacrylamide in the inverse micelles enormously increases the final polyacrylamide
particle size. On the other hand. addition of polyacrylamide only marginally affects the
molecular mass of polyacrylamide formed in polymer particles.

(Chemical Papers, accepted)

Microemulsion Copolymerization of Butyl Acrylate.
(1.Capek. J.Chudej)

Abstract

The o/w microemulsion copolymerizations of butyl acrylate and acrylonitrile
initiated by a water - soluble initiator in the presence and absence of additives were
investigated. Copolymerizations show two distinct nonstationary rate regions. The
addition of isopropanol was found to decrease the rate of polymerization and the
decrease was more pronounced in the copolymerization runs. The rate of
polymerization decreases with increasing the acrylonitrile concentration. The addition
of acrylonitrile suppresses the dependencies of the of the rate of polymerization on the
particle concentration.

Introduction
In the previous paper [1] we have reported on the effect of a partly water -
soluble monomer AN on the kinetics of microemulsion polymerization for low and
medium AN concentrations. A goal of this paper is to study the three or four



components microemulsion copolymerizations of an oil - soluble monomer (butyl
acrylate) with a partly water - soluble monomer (acrylonitrile) at a very high AN
concentration. Acrylonitile partitions between water and micelles (or particles),
whereas butyl acrylate is mostly located in the micelles (or the polymer particles).
Thus, we intend to follow the effect of the monomer partitioning on the microemulsion
copolymerization.

Experimental Part

Materials: Commercially available monomers butyl acrylate (BA) and acrylonitrile
{AN), 2-propanol (IPA), initiator ammonium peroxodisulfate (APS) and emulsifier
sodium dodecylsulfate (SDS) were purified by the traditional methods.

Polymerization procedure; The batch polymerizations were run at 60 °C. In all runs
the recipe comprises 100 g of water, 20 g of SDS, 0.144 g of APS and 0.025 g of
NaHCOs. System A: 10 g of BA. system B: the weight ratio AN/BA = 75/25, 16 g of
monomer, system C; the weight ratio AN/BA = 75/25, 20 g of monomer. Amounts of
[PA varied as shown later. Conversion of monomer was determined by dilatometric
measurements (checked by gravimetry).

Results and Discussion
Polymerization rate

In all BA polymerizations the final conversion close to 100% was reached after
ca. 10 minutes. In the AN/BA copolymerizations the very slow polymerization (the
limiting conversion) was observed above 70 or 80% conversion. This conversion (ca.
80%) was reached after 3 - 5 hours. The limiting conversion may be ascribed to the
slow water-phase polymerization, the chain - transfer events (to isopropanol, IPA) in
the aqueous phase, participation of IPA radicals in the termination events and the
occludation events.

Variation of the rate of copolymerization with conversion is described by a
curve with a maximum at 10 - 20% conversion. Thus, the polymerization rate -
conversion curves show two distinct regions.

The (maximum) rates of (co)polymerization of BA and AN as a function of the
IPA concentration ( [IPA] < 0.5 mol.dm") obey the following equations (see Tab.1)

Roa [IPA}®® (BA)and Ry a [IPA]®® (BA/AN)

These resuits show that IPA (soluble in both phases) decreases the rate of
polymerization and the depress is a more pronounced in the copolymerization. In the
BA/AN system the copolymerization proceeds in both phases and this may be a reason
why [PA depresses more copolymerization. The maximum rate of polymerization is
situated at 15% conversion with BA, at 30 -40% with IPA/BA and at 10% conversion
with BA/AN/IPA. The decrease of the rate of polymerization beyond ca 20 - 30% is
due to the depletion of free monomer (droplets) phase.
Variations of the rate of polymerization with the monomer feed composition and IPA
concentration are expressed Table . Experimental results obey the relationship

R a [BA)'* (the BA system)

Re o [AN]'! [BA)** (the system B)

Re a [AN]?7 [BA]®? (the system C)




Table 1. Variations of the kinetic parameters of microemulsion (co)polymerization of

BA and AN ".

(BA] [AN] [IPA] Ry. 10° Ryp. 10” Q D N.10"
( mol.dm? ) (mol.dm?.s") (mol.particle”.s") (particle") (nm) (dm™)
0.92 - 0.122 8.0 2.6 0.26 35 6.3
0.92 - 0.245 6.7 1.5 0.15 31 9.0

. 0.92 - 0.49 6.0 0.9 0.09 27 14.0
0.92 - 0.98 3.8 0.7 0.07 30 10.0
0.226 1.64 0.12 1.35 1.9 0.04 48 2.0
0.226 1.64 0.24 0.97 3.2 0.07 65 0.86
0.226 1.64 0.48 0.55 14.0 0.16 250 0.012

» Inall runs 16 g of monomer per 100g water.

The rate of (co)polymerization was found to decrease with increasing [AN] and
[IPA]. This may be connected with the dilution of the monomer phase, the desorption
of radicals and the formation of more stable radicals. The same trend was found in the
rate per particle in the BA system. The opposite trend observed in the BA/AN probably
results from the coagulation nucleation mechanism and the growth of particles by the
agglomeration. Desorption of radicals in the microemulsion polymerization of BA was
experimentally proved by the increase of the particle number after the cessation of
irradiation [2].

If the rates of polymerization are divided by the number of particles and the
appropriate constants, the average particle radical number , Q, can be estimated
according to the approach described earlier {3]. The values used were kpray = 1360
dm’.mol. .5, keam = 5000 dm’.mol".s*, [AN/BA] = 8.5 mol.dm™” and rax = 1.08,
rea = 0.816 [3,4). The estimated values for Q are shown in Tab. L. These results
indicate that the Q in the AN/BA copolymer particles is smatler then that in the
poly(butyl acrylate) particle [5). The low radical concentration in the copolymer
microparticles probably results from the higher desorption rate of monomeric radicals
(mainly AN). The addition of IPA increases the radical concentration in copolymer
particles.

The colloidical parameters

In the system A the diameter of monomer/polymer particle is nearly
independent of conversion (30 - 32 nm). Here the size slightly increases above the
critical conversion 80%. With increasing the AN concentration or the total monomer
concentration the critical conversion is shifted to the lower conversion. Thus, the
agglomeration of particles begins at the lower polymer fraction. The critical conversion
in the system B and C is 60% (with D ca. 42 nm) and 30% (ca. 48 nm), respectively.
The agglomeration of polymer particles is very effective at higher conversions.

The dependence of N versus conversion in the microemulsion AN/BA
coploymerization is described by a curve with a maximum at 50% conversion in the
system A (N = 5.5 .10" dm?), at 40% in the system B (N = 3.0 .10" dm™) and at



25% in the system C (N = 2.0 .10" dm”). In the BA system the number of particles
increases linearly with conversion [6]. In the comonomer systems the number of
particles reaches the constant value at low or medium conversions. The decrease of the
copolymer particle number with conversion, especially at high conversions, is caused
by the increased agglomeration of polymer particies. This behaviour can be ascribed to
the increased water-phase homopolymerization of AN. the change of copoiymer
composition on the particle surface and the decreased interaction polymer particle
surface - emulsifier.

The surface area of the (initial) micelles is by several orders in magnitude larger
then that of the polymer particles [1.5,6]. Thus, the small fraction of micelles is
nucleated or used for the stabilisation of polymer particles. The polymer particles,
thus. can only slightly compete with the monomer containing micelles in capturing
radicals. The each entry of radical to monomer-swollen micelle ieads to the nucleation
event (formation of a primary particle). The very large number of micelles (Neucetes
> > Nunicis) indicates that radicals are predominantly capmred with the monomer-
swollen micelles.

The number of particles was found to vary with increasing [AN], [BA] and
[IPA]. The exponents a, b, and ¢ from the relationships N a {AN]". [BA)® and [IPA]* is
estimated to be

the BA system (see Tab. 1): b = 1.4, ¢ = 0.56
the system B (see Tab. 1):a =-0.41,b =9.3,¢c =-3.7
thesystem C:a =-3.7. b =0.8

Copolymerizations of transparent o/w microemulsions of BA and AN initiated
by APS do not produce stable microlatexes. These latexes contain spherical AN/BA
copolymer particles with diameter ranging from 40 to 60 nm.

The dependencies of the rate of polymerization and the number of the particles
versus conversion are described by a curve with a maximum at certain conversion.
These resuits were discussed in terms of the variation of the monomer concentration,
the nucleation of particles and the agglomeration of particies.

The addition of IPA decreases the rate of (co)polymerization and favours the
formation of larger number of polymer particles.
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Superposition of Oscillations on Steady Shear Flow as a Technique for Investigation
. the Structure of Associative Polymer Solutions

V. Tinaatmadja*, K. C. Tam *, R. D. Jenkins *, M. L. Farmer®, and D. R. Bassett’
* School of Mechanical and Production Engineering, Nanyang Technical University, Singapore
" Union Carbide Corporation, UCAR Emulsion Systems, Cary, North Carolina, USA
° Union Carbide Corporation, Technical Center, Singapore

Introduction

A contemporary problem in associative polymer science is measuring how an associative network
in solution breaks down under applied shear stress. Since the breakdown and reformation of associative
network junctions in solution is the primary mode of relaxation, measuring how the relaxation time
function depends on shear rate or shear stress measures the dissociation of the network under applicd shear.
By superimposing small amplitude oscillations on shear flow at constant stresses, the linear viscoelastic
properties (including the relaxation time function) of the associative network under various applied stress
conditions can be obtained. The network structure is not perturbed from its conformation in the steady
shear flow field as long as the strain amplitude of the oscillation is sufficiently small,

The equations for the shear stress T, and ¥,, strain for when oscillatory flow is superimposed on
simple shear flow are as follows:

Ty, = T + Tosim(ax) 1Y, = Yst + Yosin(on + &)
where T; and ?s are the steady shear stress and shear rate, respectively, T, and v, are the amplitudes of the
oscillatory stress and strain at frequency @, respectively, and & is the phase shift between the oscillatory
stress and strain. This was accomplished experimentally by applying a prescribed steady shear stress T; or
rate Ys to the sample until sieady state was reached, and subsequently superimposing an oscillatory flow
at a frequency  and a specified stress amplitude T, or strain amplitude ¥,on the shear flow.

By resolving the response stress or strain curve into its steady and oscillatory components, the
steady shear viscosity and dynamic properties can be determined in the usual manner. The superposition
experiments were casried out over a range of frequencies to determine the dynamic viscoelastic properties
of the fluid at the applied shear rate or shear stress. Analogous to determing the Maxwell - type relaxation
lime of the fluid at rest, the relaxation time function at each applied siress was calculated using the
relationship:

G'(t, . 0}

o’ W' (T, ®)

AT, 0) =

Experimental

The associative polymer studied in this report was the product of the emulsion copolymerization
of ethyl acrylate, methacrylic acid, and a macromonomer containing an 35 mole ethoxylate chain with a
terminal C20 hydrophobe. The synthesis of the polymer is described clsewhere [2.3]. At high pH. the
polymer solubilizes to form a network of both intra- and inter- molecularly associating hydrophobic
junctions.

The rheological properties of a 1 wt. % solution the associative polymer solution at a pH adjusted
10 9.5 were measured on a controlled stress rheometer, Carri-Med model CSLS500, using a conc-and-plate
fixture with a 40 mm diameter, 2° angie cone. The measurements were camried out at 2520.1°C. In
addition 10 the customary steady shear and oscillatory shear measusements, measurements using
superposition of oscillations on steady shear flows at constant shear stresses ranging from 1 to 60 Pa were
carried out. As described in our previous contribution to the IPCG Newsletter [1]. oscillatory strain sweeps
were performed at various imposed shear stresses and frequencies to determine the linear viscoelastic
region. The dynamic properties reported here were in the linear viscoelastic region, where the amplitude of
the oscillatory strain employed was a sufficiently small value so that the responses were independent of the
applied strain.

Results And Di .

Figure 1 plots the relaxation time function against frequency for various applied shear stresses.
The maximum value with respect to frequency at a given applied shear stress may be taken as an estimale
of the longest relaxation time of the fluid under the prevailing stress conditions. Figure 2 plots these
longest relaxation times as they depend on applied stress. The terminal relaxation time function of the
polymer network diminished by almost four orders of magnitude as the applied stress increased from | to

(12



60 Pa, indicating that intermolecular associations between the hydrophobic units in the network were
disrupted by the increase in applied stress

Since the network junctions formed by the intermolecular hydrophobic associations are temporary
Junctions that are continually being destroyed and reformed, this shows that the hydrophobically
associating intermolecular junctions are being destroyed at a faster rate than their rate of formation,
resulting in a decrease in the junction density and a drop in steady shear viscosity.

Work is underway to study the effect of association bond strength by varying the number of
carbons in the hydrophobe as well as the number of ethylene oxide units between the hydrophobe and
polymer backbone (3].
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Summaries of progress in several research areas of our Center are presented below.,

Influence of the Hydrophobe Structure on Microstructure and
Rheology in Associating Polyacrylamides Prepared by Micellar
Polymerization (E. Volpert, J. Selb, F. Candau)

Our recent studies in hydrophobically modified polyacrylamides prepared by
micellar polymerization have aimed at elucidating the mechanism prevailing in
these systems and the compositional heterogeneity effects occurring in some cases.
Our first studies dealt with polyacrylamides modified with low amounts of
ethylphenylacrylamide (e¢AM) (see previous reports). In this process, the
hydrophobe (¢¢AM, 1-3 mol% based on the monomer feed) is solubilized within
SDS micelles whereas the hydrophilic monomers (acrylamide, AM) is dissolved in
the aqueous continuous phase. This method was found to generally lead to
multiblock copolymers in which the number and length of the hydrophobic blocks
vary with the initial number of hydrophobes per micelle. Kinetic studies showed
that the epAM was consumed at a faster rate than AM, leading at full conversion to

a sample heterogeneous in composition.

As the monomers have the same polymerizable group and therefore similar
reactivity ratios, this drift in copolymer composition was ascribed to a micellar
effect. In order 1o check whether the observed drift was a universal feature of the
micellar polymerization process, we undertook a systematic study on the
incorporation behavior of different types of hydrophobes and on their effects on the
rheological copolymer properties. Interestingly, the use of disubstituted
acrylamides leads to homogeneous samples with an average copolymer
composition independent of the degree of conversion, in contrast to what is
observed with monosubstituted acrylamides (see the example of Figure 1 relative
to hexylacrylamide (HexAM) as a monosubstituted AM and methylhexyl-
acrylamide as a disubstituted AM). Solubility measurements of both types of
hydrophobes indicate that the micellar dynamics is not responsible for this
behavior but rather the difference in polarity between the bulk phase and the
micellar phase. This microenvironment effect modifies the reactivity ratios of those
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hydrophobes capable of forming hydrogen bonds or an amide-enol equilibriura
whereas the reactivity of other hydrophobes remains unaffected. More details on
this work are given in Ref. 1.

20

-
o

th

hydrophobe contert {mof %)

Fie.l, : Variation of the average copolymer composition with conversion for
AM-HexAM (@) and AM-MeHexAM (O) copolymers.

These results illustrate in a clear manner the role played by interfacial and
microenvironment effects on the copolymerization mechanism in micellar imedia.
A practical conclusion of this work is that an adequate choice of the hydrophobic
monomer can correct for the drift in composition ofien observed in this type of
process and eventually lead to samples homogeneous in composition. This
difference in microstructure of the copolymers formed affects in turn their
rheological properties. These have been studied as a function of the copolymer
microstructure and type of hydrophobe used (bulkiness, degree of branching and
alkyl chain length). For example, at similar hydrophobe levels, double-chain
hydrophobes considerably enhance the thickening efficiency with respect to single-
chain hydrophobes.
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Mechanisms of latex film formation

F. Dobler and Y. Holl
Trends in polymer Science 4 (1996) 145

We reviewed the literature dealing with the mechanisms of film formation from a latex. Three
main steps can be distinguished in the process: concentration of the latex, deformation of the
particles; and healing of the interfaces between particles by interdiffusion of the macromole-
cules from one particle to its neighbours. The main emphasis is on the second step, as it is the
most controversial, with several key questions remaining open. The article is divided into two
parts. The first recalls 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 deals with subsequent works, which were all attempts to

experimentally verify and/or improve the main theories.

Key words - Latex film formation mechanisms; Deformation step, Dry sintering, Wet sintering;

Capillary theory, Surface layer theory.



SPREADING OF POLYMER MOLECULES ON SOLID SURFACES
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ABSTRACT

When a homopolymer adsorbs from dilute solution onto a solid surface it first attaches and
then maximizes its number of contacts with the substrate by means of a kind of spreading
process. Evidence for this spreading process can be obtained from experiments on the
adsorption kinetics. We report on a case where the saturation adsorbed amount depends
on the rate at which the polymer was supplied to the surface (dextran adsorbing on
zirconia). Also, we discuss competitive adsorption experiments in which one kiné! of chain
molecule attempts to displace another one from the surface. in these cases, the
desarption rate of the displaced species reflects the spreading rate of the displacer. When
this rate is slower than the supply of displacer molecules, oversaturated layers result that
spontaneously eject polymer. We have measured the rate of these displacement-driven
desorption processes in various cases and conclude that it depends strongly on the
energy of the segment-surface bond. A model invoiving the diffusion of defects over the

surface may account for this finding.

INTRODUCTION

Even though it is obvious that attachment of long homopolymers from solution to a flat salid surface
must involve a change in conformation form a coil-like shape to a relatively flat structure {a kind of
spreading), it is not at all clear how rapidly this takes place. Static properties of adsorbed chains have
received a good deal of attention and much understanding has been obtained from a combination of
theory and experiment. However, dynamic properties have been much less investigated, even though
these are essential in many applications where adsorbed polymers play a role (Ref. 1). Of course,



much less investigated, even though these are essential in many applications where adsorbed
polymers play a role (Ref. 1). Of course, these properties are much harder to determine. To the
best of our knowiedge, the molecular spreading process has never been followed directly. indirect
evidence can be obtained from experiments which follow the build-up and/or decay of adsorbed
iayers. It is the purpose of this paper 1o discuss these experiments as well as the conclusions that

can be drawn from them.

EXPERIMENTAL TECHNIQUES

Polymer adsorption processes can be quatitatively followed by means of various reflectivity
techniques. Ellipsometry is the classical example, but in the context of kinetic studies, two other
methods have proven particularly useful: ATR-IR spectroscopy and optical reflectometry. The ATR
technique, using the CIRCLE flow cell has been exploited succesfully by Granick et al. (Ref. 2)
and offers the advantage of giving specific information on the type of polymer being adsorbed.
Optical refiectometry in combination with an impinging-jet flow cell has been used by us in a
number of studies (Refs. 3-5). It has the particular advantage of giving access to fast processes
with very accurate control over transpor conditions near the surface. However, it is not polymer-

specitic, as it 1s based upon the difference in refractive index between the polymer and the

solvent.

Effects of spreading in adsorption

The first example that we discuss is the adsorption of a water-soluble polymer, dexirane, from
water on zirconia (ZrOg) in the form of a thin film sputtered onto silicon wafer. Dextran

(Pharmacia) is a bacterial polyglucose polymer with about 5% of its weight in side chains {50-100
units), as shown schematicalty i fig. 1 (Ref. 6). lts adsorption was followed by the reflectometric

Fig. 1. Primary structure of dextran .
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Fig. 2. Adsorbed amount of dextran on zirconia as a function of time for three different polymer
concentrations at a constant flow rate of 0.6 ml/min. The time is given in reduced units tJ (where J is the
initial polymer flux towards the surface) in order to superimpose the initial part of the curves.
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Fig. 3. Adsorbed amount of dextran on zirconia as a function of time for tour differant flow rates, at a
constant polymer concentration. The time is given in reduced units tJ {where J is the initial polymer flux

towards the surface) in order to superimpose the initial part of the curves.

technique as a function of the rate of supply of polymer towards the surface, which can be done either
by varying the concentration of polymer in the solution, or the flow rate. Figs. 2 and 3 give examples of
the results for either case, respectively. The data are plotted as adsorbed amount I (mass/unit area)
varsus the totat amount of polymer supply Jt, where J is the polymer flux towards the surface (mg/m? s)
and t the time. As can be seen, I" initially rises linearly with time, meaning that a steady-state condition,
with constant flux, is almost immediately reached in these measurements. The remarkable feature of
these data is that the saturation lavel reached at the end of the experiment becomes larger as the



supply of polymer occurs more rapidly, i.e., at high concentration or at high flow rate. Such a
pronounced effect of sample history has, so far, not been found by us. Pefferkorn et al. (Ref. 7).
studying the adsorption of a polyvinylpiridinium sampie, reported saturation adsorptions that were also
different for fast and for slow supply. In particular, at rapid supply the adsorbed mass had a temporary
overshoot that tended to relax back to a lower value, supposedly corresponding to equilibrium. Such a
relaxation clearly involves the dispiacement of part of the adsorbed chains by other chains that
increase their occupied surface area. Overshoots were also reported in several cases where

polymers were used with fluorescent labels attached to them (Refs. 8, 9}. However, these overshoots
appear to occur with all kinds of polymers, e.g., aiso with proteins, and could in some cases not be
reproduced with other techniques (Refs. 10, 1 1). It is therefore more likely that they reflect a change in
the quantum yield of the fluorescent probe (due to contact with the surface} rather than an overshoot
in the polymer's adsorbed mass.

The qualitative explanation of our dextran results is that at low rate of supply individual chains have
more time to spread {unfold) on the surface, so that the average extent of spreading that the
molecules reach is higher (and T correspondingly lower) than at rapid supply. Such an explanation
implies, however, that spreading at the empty, of partly covered surface is quite possible, but that on
the staturated surface spreading is essentially blocked. Hence, in a competitive situation on a crowded
surface spreading occurs very much slower than when there is ample area availabie to the
macromolecules. The data provided by Pefferkorn (Ref. 7) suggest. however, that also on a saturated

surlace spreading may well occur. Below we present evidence that corroborated this conclusion.

Spreading in competitive adsorption

Our second example refers to experiments where long chains compete with chemically identical, but
shorter polymer chains. We discuss two cases: poly{ethylene oxide) (PEQ) adsorbing trom water, and
polystyrene (PS) adsorbing from decaline, respectively. in both cases the substrate was silica in the
form of an oxidised silicon wafer. In these experiments, a binary mixture of short and long chains was
supplied, and the total adsorption T'(t) was followed by reflectometry. Fig. 4 gives the data for PEQ and
fig. 5 those for PS. As is seen, the adsorption process has three different stages. In the first stage,
there is a rapid linear increase. In this stage, there is sufficient surface area available to accomodate all
the chains that arrive, and T increases linearly with time (steady state). In the second, intermediate
stage, the rate of adsorption is clearly reduced. This is the stage in which exchange occurs: the longer
chains are displacing the shorter chains from the surface. The final stage is the approach towards
saturation which, in the case of PEO involves a second maximum in the adsorption rate. Careful checks

(Ref. 12) have led us to conclude that
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Fig. 4. Competitive adsorption kinetics in a mixture of two poly{ethylene oxide (PEO) polymers of
ditferent molar mass M, from water onto silica. The molar masses were 7000 and 400,000,
respectively. The full curve gives the overall adsorbed amount. the-dashed curve labeled “2" gives
the adsorption, from the mixture, of the high M component, and the curve labeled “(1+2)-2 gives
that of the low M component. The curve labeled “1" gives the adsorption of the low M com-
ponent in the absence of competing high M polymer. Concentrations: ¢, = 5 ppm. ¢,= 10 ppm.
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Fig. 5. Competitive adsorption kinetics in a mixture of two polystyrene polymers of different molar
mass M, from decaline onto silica. The molar masses were 9000 and 3,400,000, respectively.
The full curve gives the overall adsorbed amount {(“1+2"), the dashed curve labeled “2" gives the
adsorption, tfrom the mixture, of the high M component, and the curve labeled “(1+2)-2 gives that
of the low M component. The curve labeled “1” gives the adsorption of the low M component in
the absence of competing high M polymer. Concentrations: ¢, = 5 ppm, G, = 10 ppm.



the T'{t) curves can be decomposed, as indicated in the figure, into the separate contributions
from short (dashed) and long (dotted) chains.

" The important aspect to note is that in the PEO case the exchange takes place at constant
adsorbed mass. Theoretical calculations have convinced us that this implies that the composite
layer is in equilibrium . Apparently, the exchange takes place fast enough, so that the supply of
long polymers is the rate determining step in the process. Hence, throughout the exchange
process, the adsorbed layer is in a relaxed state. This is not so for PS. Here, the desorption of the
short chains does not take place at the rate at which long chains adsorb. [ is therefore higher
than it should be in equilibrium: we have an overshoot. Further proot of the non-equilibrated
nature of the PS layer comes form experiments shown in fig. 6 where the supply of long
molecules was interrupted before saturation. Clearly, T decreases spontaneously in this case with
a characteristic relaxation time of about 1 minute. The exchange experiment can also be carried

out more slowly, and this does indeed produce curves more like the one found for PEQ.
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Fig. 6. Desorption of polystyrene by relaxation of the adsorbed layer. In these experiments the
supply of high M polymer is stopped at the point indicated by a vertical marker. The dashed
horizontal lines represent the final vaiue expected after total desorption of all the low M polymer.

Concentrations: ¢, = 5 ppm, ¢, = 50 ppm.

Our interpretation of the data just discussed is visualized in fig. 7. The exchange process by
which iong chains take the place of short ones on the surface would seen to occur in two steps.
First, each incoming long chain attaches to the surface, thereby rapidly displacing some short
chains. Further displacement of short chains requires the gradual increase in the number of
polymer-surtace attachment points, i.e., spreading of the long chain. In the case of PEC, this
spreading occurs rapidly, and the mixed adsorbate layer remains in an overall state of equilibrium
(path A). Eventually, the longer chains build up a layer with more loops and tails and ' increases
to the saturation value for long PEO chains. In the PS case, however, spreading occurs more
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Fig. 7. Pictorial representation of the adsorbed layer during exchange. The open circles in the
upper graph {(labelled |, lia, lib etc.) refer to the cartoons below. Route a (top curve, left-hand side
cartoons) raepresents the non-equilibrated (slow spreading) situation, route b (bottom curve, right-
hand side cartoons) the situation according to an equilibrated layer (fast spreading).

sléwly. and there is no equilibrium during exchange. The long chains spread less and retain their

loops and tails that eventually characterize the saturated layer.
What determines the differences in spreading rate between PEO and PS? Two possibilities

would come to mind. The first possibility is that PEQ relaxes faster because it is more flexible than
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Fig. 8. Competitive adsorption kinetics in a mixture of two polyvinylpyridinium polymers of different
molar mass M, from aqueous salt solution onto TiO2. Two data sets are given: one for a low ionic
strength {a) and one for a high ionic strength (b). The molar masses used for diagram a were 3000 and
120,000, respectively. Those used for diagram b were 12.000 and 120,000, respectively. Difterent
curves correspond to ditferent mixing ratios of low to high M.

PS. In particular, rotation around the ether bonds in PEO does hardly encounter energy barners,
whereas the bulky phenyl groups in PS make rotation relatively slow, The second possibility is that the
strength of binding between monomer units and the surface is stronger in the case of PS. Segmental
adsorption energies have been determined for PS from a number of solvents (Ref. 13) but for PEO in
water, no data are available.

That at least the second effect plays a role is demonstrated by our next example. It is again a long
chain/short chain competition experiment, but this time with a polyelectrolyte (polyvinyl pyndinium
chloride. PVP+) adsorbing from aqueous salt solution onto titania (TiO2). Fig 8 gives the data for two
different sait concentrations, 0.025 M (left diagram) and 0.1 M (right diagram). If these two diagrams
(inparticular the curves labeled “3:1") are compared with the ones for PEO and PS, respectively, one
immediately sees that the diagram for the higher salt concentration has an inflection point, much in the
same way as PEO does, but that the other one does not and is more like the PS case. Clearly, the rate
of spreading is enhanced by an increase in salt concentration. Because the polymer is the same in
both cases, the flexibility cannot cause this difference. Since one expects the effective strength of the
monomer-surface ionic bond to be weakened by the addition of salt, we can conclude that at least one
factor that determines the rate of the spreading process is the rate at which monomer-surface bonds

break, and this rate would of course go up when the bonds become weaker.



Competition between chemically different polymers

Our last example concerns the displacement of one polymer by a chemically different one. We
have investigated several of these cases (Ref. 5), from which we select one, namely the displace-
ment of PS by poly(butyl methacrylate) (PBMA). The solvent is decaline, and the substrate again
an oxidised silicon wafer. Since the refractive index increment of PBMA in decaline is very close to
zero, the adsorption of this polymer is hardly detected by the refiectometric technique. Therefore,
the effect of PBMA on the adsorbed amount of PS is rather directly detected as a decrease in
the signal AS/S,, corresponding to a decrease in the amount of adsorbed PS. In fig. 9 we thus
show the desorption of PS induced by the introduction of PBMA into the system, as indicated by
the arrow labeled “PBMA". Several curves are shown, each one corresponding to a difterent
concentration of ethyl acetate added to the soivent. As can be seen, PBMA displtaces PS in ail
cases. This is o be expected because the ester group that the PBMA posesses gives it a

stronger hydrogen-bonding interaction with silica, i.e., a higher adsorption energy, than PS.
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Fig. 9. Displacement kinetics of adsorbed polystyrene (PS) by poly (butylmethacrylate) (PBMA)
from silica in decaline solution. The first arrow indicates the point where PBMA was introduced.
The second arrow (“soivent”) indicates the point where the supply of PBMA was terminated. Each
curve corresponds to a different weight fraction of ethyl acetate added to the solvent.

Two other point are worth mentioning. Firstly, the supply of PBMA has been stopped at the
point in the figure indicated by the arrows. This impties, clearly, that in this stage the displacement
process is an autonomous surtace process, which does not require any supply of mofecules from
the solution. Apparently, the PBMA molecules have already adsorbed, but not yet driven off the



PS molecules. Secondly, the rate of dispiacement is strongly aftected by the presence of ethyl
acetate. In pure decaline, the rate is extremely slow. With increasing concentration of ethyl
acetate, however, the rate increases enormously. Estimates of the desorption time constant have
been plotted in fig. 10 as a function of the ethyl acetate concentration, and it can be seen that
the time constant falls by almost three orders of magnitude. In earlier studies, it was shown that
ethyl acetate affects the segmental binding energy of PS on silica very strongly (Ret. 13).
Combining this information with the kinetic results in fig. 10 we must conciude that the segmental

binding strength plays a very important role in the displacement process.

5
10 E 3
10% Er i
T LN\
E 2
103 e S \c\.; 3
,E. N~
P T —
07 [ T~ :
3 T~
i
10° : : ‘
o 0.02 0.04
Weth

Fig. 10. The rate constant for displacement of PS by PBMA (data of tig. 9) as a function of the
concentration of added ethyl acetate Wyn.

On closer inspection of the displacement curves we note another important feature. The
displacement process occurs in fwo steps. The first step is rapid, and in fact almost simultaneous
with the adsorption of PBMA. The amount of PS displaced in this step is also a function of the
amount of added ethyl acetate, being small in pure decaline, and much larger in 3% ethyl
acetate. This is reminiscent of the two-step character of the displacement between chains of
unequal length discussed above. These data are qualitatively very similar to data obtained by
Granick and coworkers for a variety of systems. In most cases, they observed a rapid initial
desorption, followed by a much slower process. In their experiments, a tangential flow of solution
was employed, which leads to Lévéque kinetics, i.e., the supply rate decreases in the
downstream direction, and averaging over the exposed surface may blur out some details that we
tend to see. Granick fitted the desorption curves to a ‘strechtched exponential’ which would
probably also work to some extent for our data. Variation of solvent composition was not reported

by Granick.



Tentative explanation: displacement and spreading

. What information can we draw from the data presented above, on the actual mechanism of
spreading, in particular in the competitive case?

Granick has proposed the view that the incoming polymers would form an overlayer over the
preadsorbed chains, thereby pinning them to the surface. This would confine the pinned chains
to a kind of tube from which they would have to wiggle their way out during the exchange
process. In other words, the desorption would be a kind of reptation process. Strong evidence in
tavour of this viewpoint was that whereas linear PS would readily desorb, star-branched PS would
not, indicating that a topoiogical constraint was operative (Ref. 14).

This scenario raises various questions. Firstly, it 1S somewhat difficult to see what driving force
makes a pinned chain desorb at all. This should come from changes in conformation of the
overlaying chains which are already supposed to lay relatively fiat. Secondly, there is evidence
suggesting that chains first land on the surface in a coil-like conformation which implies that they
occupy initially a small area (Ref. 15). We can therefore envisage a ditferent scenario, namely

that the spreading of the displacing chains is the rate-determining process.

Fig. 11. A ‘defect’ in the adsorbed layer {(an unoccupied site and two segments from ditferent
chains competing for it} must travel to the end of one chain before it can desorb. For two
chemically identical chains, this process takes place at constant free energy; it is purely diffusive:
forward (F) and backward (B) rate are the same.

Let us first consider a simple 2-D situation in which polymers A and B adsorb on a line, thereby
competing for adsorption sites offered by the line, see fig. 11. Clearly, displacement of A by B
requires the repeated detachment of an A segment from a site, followed by the attachment of a
B segment. Hence, the elementary step in the torward process is the detachment of a segment.
This should occur with a charactenstic time t determined by the energy of the A-surface bond. Of
course, the backward process is also possible, and its rate depends on the energy of the B-
surface bond. For A and B chemically identical, the forward and backward rates are equal, and all
that remains is a pure diffusive displacement of the ‘defect’ (the point where A and B meet) along
the line. This leads to the desorption of the shortest chain {say, A) after a time T - Nit.



In reptation, the basic process is also defect ditfusion. In this sense, there is a similarity
between displacement and reptation. It is known that branching points effectively eliminate the
diffusing defect, which causes them to strongly suppress reptation. It is possible that branching
points have a similar effect on the displacement process: they suppress it because they eliminate
the diffusing defects. This could perhaps account for the results reported by Granick, without
invoking a pinning phenomenon. indeed did we find that the branched dextrane shows also a
remarkable reluctance to be displaced. For real (3-D) chains adsorbed on a 2-D surface the
displacement process cannot be described as simply as above. Yet, it seems likely that alsc for
this case the displacement process invoives a kind of defect ditfusion. This may explain both the
pronounced dependence on s and the topological effects signalled by Granick. It should be
useful to substantiate these ideas with help of 2 detailed molecutar simulation, trying to identify

the influence of xs and chain length.

ACKNOWLEDGEMENT

We acknowledge F. Stappers for making the measurements on the adsorption of dextran . Part
of this work was sponsored by Philips Research N.V., Eindhaven, the Netherlands.

REFERENCES

(1) P.F. Luckham, Current Opinion Colloid Interface Sci. 1 39-47 (1996).

(2) S. Granick, Colloids Surfaces A 86, 251-254 (1996).

(3) J.C. Dijt, M.A. Cohen Stuart , G.J. Fleer, Macromolecules 27, 3207 (1994).

(4) J.C. Dijt, M.A. Cohen Stuart , G.J. Fleer, Macromolecules 27, 3219 (1994).

(5) J.C. Dijt, M.A. Cohen Stuart , G.J. Fleer, Macromolecules 27, 3229 (1994).

(6) M. Yalpani, “Polysaccharides, Syntheses, Modifications and Structure/Property Relations”,
in: Studies in Organic Chemistry, vol. 36, Elsevier, Amsterdam 1988, p 22-25,

(7} E. Pefferkom, H. Elaissari, J. Colloid Interface Sci. 138, 187-195 {1990).

(8) D. Parsons, R. Harrop, E.G. Mahers, Colioids Surfaces 64, 151-160 (1992).

(8) V.A. Rebar, M.M. Santori, Macromolecules, in press.

(10) M.A. Bos, J.M. Kleijn, Biophysical Journal 68, 2573-2579 (1995).

(11) J.C. Dijt, M.A. Cohen Stuart, J.E. Hofman, G.J. Fleer, Colloids Surfaces 5, 141-158 (1990).

(12) J.C. Dijt, PhD thesis, Wageningen Agricultural University, 1993.

(13) G.P. van der Beek, M.A. Cohen Stuart, G.J. Fleer, J.E. Hofman, Macromolecules 24, 6600-
6611 (1991).

(14) H.E. Johnson, J.F. Douglas, S. Granick, Phys Rev . Lert 70, 3267 {1983).

(15) Y. Adachi, M.A. Cohen Stuart, R. Fokkink, J. Colloid Interface Sci. 167, 346-351 (1994).



‘The Effect of Surfactants on Water Based Pressure Seasitive Adhesives

J. Delgado, D.J, Kinning, ¥.¥. Lu and T.V. Tran
JM Adhesive Technologies Center
3M Center, Bldg. 236-GB-16
St. Poul, MN 55144, USA

L. Introductiop

The Pressure Sensitive Adhesive (PSA) market has been
traditionally dominated by materials synthesized and
delivered from solvents. Their performance was
unchallenged for many years by solventless technologies.
With a change in the environmental and economic climate,
water based PSAs are finding more opportunities to replace
solvent based matzrials, overcoming very significant barriers
in the process. The heterogeneous nature of the emulsion
polymerization process and the stability needed to be
imparted to the colloidal particles during synthesis and
handling has been the root of the technological barriers
mentioned before. Surfactants, stabilizers, wetting agents
and defoamers used with emulsion PSAs affect the adhesive
properties of the materials.

It has been recognized for a long time that surfactants nsed
during the synthesis and processing of emulsion polymers
affect the properties of the film. Clasical works by
Voyutskii [1] and Vanderhoff et al. [2) pointed out to the
different behaviors that surfactant have upon film formation
and their effect upon subsequent use. More recently Zhao et
al.[3,4] investigated the surface composition of acrylic latex
films by XPS and SIMS and observed a significant
enrichment in surfactent at the film surface. Depending on
the surfactant type (sodium dodecy! diphenyl ether sulfonate
or sodium lauryl sulfate), they reported incresses or
decreases in peel strength. This work presents results on the
behavior of different surfactants on acrylic

PSAs, their effect on the adhesive properties of tapes
prepared with the PSA materials and responses upon aging.

IL Experimenta] Techoiques

All the PSA emulsions were coated on 40 pm thick primed
polyester film backing using a knife coater to provide a final
PSA thickness of 25 pum after drying. The PSA coated tapes
were dried in an oven at65°C for 10 to 15 minutes. Unless
eomditioned overnight in a constant temperature and
bumidity room at 72° F and 50% relative bumidity.

Peel adhesions o glass were measured at a 130° peel angle
and at a peel rate of 90"/min. sccording to ASTM P3330-78
or PSTC-1(11/75). Shewr holding power was determined by
spplying s piece of tape with dimensions of 0.5"x0.5" to &
stainless steel panel and henging a 1 Kg weight from the ape
at a 2° angle from the panel according to ASTM D3654-78
or PSTC-7. The time to failure was recarded.

X-1ay photoelectron spectroscopy (XPS) and static secondary
ion mass spectrometry (SIMS) were done using & Perkin.
Elmer Physical Electronics 5100XPS/6000SIMS instrument.
For XPS, Mg Kay; incident x-rays and & hemispherical
analyzer were used. The angle 8 between the sample
surface and the analyzer (takeofl angle) was varied between
15 and 90 degrees. The depth in the sample, normal (o the
surface, from which 35% of the observed signal intensity is
derived is given roughly as 3) sin® where A is the inelastic
mezn free path of the photoelectrons [5]. For organic
materials, and the experimental conditions used here, A will
be roughly 30 A [6]). Therefore sampling depths for takeofl
angles of 15, 30, 55 end 90 degrees are sbout 25, 45, 75 and
90 A respectively. Atomic concentrations were determined
by normalizing the aress under the high resolution spectra of
each element by the atomic sensitivity {actors detesmined for
the instrument (using a series of homopolymers of knwon
composition).

IIL Results and Discussion

1. Effect of amount of surfactant level and aging on peel
adhesion

Using known methods, a master acrylic PSA batch was
synthesized using a sulfur free radical initiatoc, 8
difunctional crosslinker and ammonium lauryl sulfate as
surfactant in an amount of 0.62% by weight based on the
total monomer smount  After the polymerization, increasing
amounts of ammonium lauryl sulfate surfactant were added
to the master PSA batch to vary the bulk concentration of
the surfactant between 0.62% and 2.17% by weight based on
polymer. The PSA samples prepared by this procedure thus
have the same particle size and copolymer composition
being the surfactant concentration in the PSA the only
varisble between samples. Because the PSA was
synthesized using & sulfir free radical initiator, the
surfactant is the only source of sulfur in the PSA and the
only source of nitrogen.

Figure 1 shows a plot of the peel adhesion of the PSAs to
glass after | minute dwelling time as a function of the total
percentage of surfactant in the PSA. It can be seen that the
addition of the surfactant to the bulk of the emulsion
decreases the initial peel adhesion of the PSA tapes. The
effect is very significant as o four fold incrense in bulk
surfactant concentration results in a decrease in initial peel
adhesion by a factor of seventeen (12.2 02/0.5" to 0.7
0z/0.5™). It has to be pointed out that amounts of surfaciant
in the vicinity of 2% based on polymer are not uncommon
for emulsion PSAs prepared at high solids. The effect of the
surfactant on the peel adhesion of the tape is dynamic. Open



face aging of the coated samples for s week in the constant
temperature and humidity room resulted in an overafl
increase in peel adhesion as shown in Figure 2.
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-

Peosl Achasian (e2/0.9%)
-~ -

o o

2
o
o

-

'y A R A
0.00 0.23 0.90 0.73 1.00 1.25 1.50 173 2.00 219 2.%0

X T wiaclent in P3A

i © 1 day open tace J
4’ ® 7 days open lacs

2l
1
N .
000 6.25 Q50 0.75 1.00 1.25 1.50 1.75 2.00 225 2.50

X Surfoctont in PSA

The sample containing 1.86% surfactant in the bulk was
coated, dried and analyzed inmediatly by XPS. XPS
analysis st a 35° angle determined 4.37% atomic sulfur at
the tape surface versus 0.85% atomnic sulfur determined st
the same angle after the sample was aged for | week in the
coustant temperature and humidity room. The reduction in
the amount of surfactant at the PSA surface corresponded
with an increase in the pee! adhesion of the tape. Peel test
showed a peel adhesion of 1.4 az/0.5™ for the unaged sample
versus 5.7 0z/0.5" for the aged smmple. These results are
indicative of the dynamic nature of the equilibrium between
the surfactant at the surface of the PSA and the surfactant in
the bulk.

2. Surfactant Configuration at the PSA Surface and Its
Effect of Peel Adheslon

A clear comrelation is observed between the amount of
surfactant on the surface of the PSA tape and the peel
adhesion of the tape when XPS analysis results in
the amount of surfactant on the surface of the PSA are
compared with the peel adhesion of the tape as shown in
Figure 3,

Figure 3
140
- 20
g:_ 0ok
2 me
g L% ] o
3 o
20} o
0.0
Y} 1.0 2.0 10 40 1.0
% Sulflur on the PSA surface (by XPS)

The higher the amount of surfactant on the surfsce of the

PSA (identified as atomic % sulfur in Figure 3), the lower
the peel adhesion of the tape. The effect is very significant
a3 the main drop in peel adhesion occurs over a very small
increase in surfactant amount at the surface. The possible
reason for the reduction in the pee! adhesion of the tapes by

the surfactant can be found in Figure 4.
Figure 4
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Figure 4 shows the atomic composition profile obtained by
invaﬁngt’hemgleruolved!ﬂ’Sdnh.fol!owhgﬂmmﬁhod
of Tyler et al. {7), for the surface of the PSA containing 1.8
wi% ammonium lauryl sulfate. It needs to be indicated that
the mathematical solution to determine the depth dependent
concentration based on integral experimental depth data is
not & unique solution. The sample was analyzed right after
coating and drying. The profile shows a madimum in the
amount of carbon just at the surface of the PSA tape snd a
minimum &f 8 depth of about 15 A. On the other hand,



oxygen, sulfur and nitrogen show minimum concentrations
at the surface of the other hand. However, sulfur shows a
maximum coocentration at a depth of about 10A. From this
analysis a picture of the probeble nirface of the PSA tape
can be dmwn. The surfactant is adsorbed on the PSA
surface with its hydrophobic hydrocarbon tail oriented
towards the air interface and its hydrophilic head towards
the bulk of the tape. This is in contrast with the usual way
that surfactants adsorb on the surfzce of the polymer
particles while in the latex form, where the hydrophobic
hydrocarbon tail is in contact with the polymer particles.
The type of orientation of the surfactant at the surface of the
PSA tape provides a large concentration of low energy CHy
groups for contact with the substrate.  This would result in
an initial lower adhesion. On the other hand, the presence
of the surfactant at the surface can also provide s weak
boundary layer for failure during peeling. This will also
result also in a reduction in peel adhesion. For either
phenomenon, the higher the amount of surfactant at the
surface of the PSA tape the lower the peel adhesion,

In order to corroborate the results chserved with ammoaivm
lauryl sulfate, the same PSA composition used in the
previous experiments was synthesized using lithium
perfluorodecyl sulfonate as a surfactant. The fluorinated
surfactant was used st an amount of 0.5% by weight besed
oa monomer. A sulfur free initiator was also used. The peel
adhesion of a tape costed with this was measured a3 &
function of the open face aging time of the tape in the
constant temperature and humidity room. Figure 5 shows
that increases and decreases in peel adhesion cormespond to
decresses and increases in fluorine in the tape surface
repectively. Bansthemﬁdmltheuﬁymofﬂm
in the tape the increase and decrease in peel adhesion
correspond thus to decreases and increases, repectively, of

surfactant at the PSA surface.
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Figure 6 shows the strong correlation for this system
between the peel adhesion and surfactant amount at the
surface of the PSA tape (measured as %fluorine and %
sulfur at the surface in Figure 6)
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For the system using ammoaium fauryl sulfate as surfactant
the peel adhesion of the tape was monitored as a function of
the dwell time of the tape against the glass surface it was
adhered to. Figure 7 shows these results.

FiE‘l

For all surfactant concentrations there is an sieady increase
in peel adehsion a3 a function of dwell time. The values for
the peel sdhesion seem to level off after a dwelling time of
three days against the adhered glass surface, regardless of
the amoumt of surfactant  Optical microscopy of the wetted
area indicated that there was no macroscopic increase in the
wetted ares that could explain the increase in peel sdhesion.
A likely explanation for the incresse in peel adhesion of the
tapes having these crosslinked polymer particles is based on
surfactant resrrangement st the PSA surface. i is

ized that when in contact with a high energy surface
the highly mobile surfactant reorients itself within the PSA
and at the PSA/substrate interface resulting in an increased
adhesion between the polymeric material and the substrate.



3. Effect of the nature of the surfactant on PSA
properties.

A series of ethoxylated surfactants were used during the
synthesis of an scrylic emulsion PSA to understand the
effect of the number of ethylene cxide units in the surfactant
chain on the PSA properties of the latexes. These |atexes
containing the ethoxylated surfactants were compared with a
latex of similer chernical composition prepared with sodium
dodecyl benzene sulfonate as surfactant. The results are
reporied in Table L Peel adhesions are from glass. The
PSA prepared with sodium dodecylbenzene sulfonate
{Siponate DS-10) has the highest shear value and the lowest
peel adhesion compared with the PSAs prepered with the
ethoxylated surfactants, The higher the number of ethylene
oxide units in the surfactant chain the higher the peel
adhesion and the lower the cobesive strength of the PSA. It
seems as if the ethoxylated surfsctants act as a plasticizer or
a chain transfer agent increasing the peel adhesion but
reducing the cobesive strength. This hypothesis is further
reinforced by the results presented in Teble I where the
same latex PAA compostion was prepared using increasing
amounts of Alipal EP 110. The higher the amount of
aurfuctant used in the synthesis of the PSA, the higher the
peel adhsion and the lower the shear values of the PSA.
This is in contrast with the results presented for ammonium
lauryl sulfate previously where a drastic decrease in peel
sdhesion was observed with increasing amounts of
surfactant This different behavior is a good illustration of
the different dynamics of surfactants and their effect on PSA
propetties and the complexity, and sometimes frustration,
associated with the choice of surfactant systems for
polymeric colloida,

Table I Effect of Surfactant Types oo Latex PSA
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Table [-Effact of Surfactant Concentrations on Latex PSA

Performence

Surfactamt Apd EP 110 Abgal EP 110 el EP 110
% active based oa L5 113 310
Mowomer _ *
Adhrsios (0.5 1) py] I

i) 116 3% 23
Siponsta DS10: Sodium dodecyl benrons suliooats (0 EO)
Alipe OO 436 : Arsmooiom skt of aifted scylphenory poly(etiniemcxy)
ethasol, (6 B0 )
Alipal EP110: A gait of mifisted nomyiphasoxy poly(sthyleasoxy)
ethwnod, (10 BO

lgepnl COB0 : Homylphmcypoly{ stiykencyjathancd (9 EO)

LV. Conclusions

Two different behaviors have been observed with two
different classes of surfactanis. Increasing amounts of alkyl
sulfates and perfluoroalkyl sulfates in PSAs result in
decreases in the peel adhesion of the tapes prepared from
the PSAs. The reduction in peel adhesion corresponds to an
increase in the amount of surfactant at the tape-air interface.
For any of the surfactant concentrations studied, open face
aging of the tapes coupled with PSA performance testing
and XPS analysis of the tape air interface have shown that
the amount of surfactant at the surface of the PSA changes
over time resulting in very significant changes in peel
adhesion. Depth profiling of the tape surface indicated that
very likely the alkyl sulfate surfactant (ammonivm laury
sulfiste) is oriented with its hydrophobic tail towards the air
and its hydrophilic head towards the bulk of the tape. This
orientation can explain the observed decrease in adhesion.

For ethoxylated surfactants an increse in peel adhesion is
observed as the amount of ethylene oxide repeating umits in
the surfacant is increased. At the same time a decrease in
shesr holding power is observed. The higher the amount of
cthoxylsted sufactant used in the synthesis of the PSA the
higher the pee! adhesion and the lower the shesr holding
power. For these P3A it is hypothesized that the ethoxylated
surfaciant acts a3 & plasticizer of the PSA or a chain transfer
ageat during the polymerization process.
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Our group is currently composed of 8 graduate students and 9 postdoctoral
fellows. We are concerned with the study and application of amphiphilic macromolecules
in a carbon dioxide continuous phase. The following abstracts outline some of the research
topics currently being pursued by members of the DeSimone group.

The Tailoring of the Amphiphilic Nature of Surfactants for CO; - The Concept of a Critical
Micelle Density. Douglas E. Betts and Joseph M. DeSimone

Currently we are considering the design and synthesis of several amphiphilic block
copolymers composed of a CO»-philic fluorocarbon block and a CO;-phobic block in
which the CO;-phobicity is tailored such that at higher CO; densities the originally CO,-
phobic block becomes soluble in CO;. The aggregation of such a material in CO; would
be dependent on the density of the CO», existing as micelles at lower densities and unimers
at higher densities. The density below which micellization occurs and above which
unimers exist is termed the critical micelle density (CMD). These block copolymers are
being synthesized using the "iniferter” controlled free radical technique for use as
surfactants in numerous applications including the stabilization of dispersion
polymerizations in CO,.

Siloxane-Based Stabilizers for the Dispersion Polymerization of Stvrene in Supercritical
Carbon Dioxide. Dorian A. Canelas and Joseph M. DeSimone

Recent advances have demonstrated that carbon dioxide presents an environmentally benign
alternative to the aqueous and organic solvent systems which have been traditionally used
by the polymer industry. The design and synthesis of stabilizing molecules which are
active in a carbon dioxide continuous phase has proven to be the key to achieving
successful dispersion and emulsion polymerizations. Current work focuses on
investigating the scope and limitations of siloxane-based diblock copolymers as stabilizers
for the dispersion polymerization of styrene in supercritical carbon dioxide. Using this
methodology, high yields of high molecular weight polystyrene can be produced, and the
resulting sub-micron sized polystyrene particles are recovered in the form of a dry, white,
free-flowing powder. Reaction parameters such as stabilizer composition, reaction time,
and carbon dioxide pressure were systematically varied and the effects on the resulting
polystyrene colloids are discussed.



Free Radical Dispersion Polymerizations in Liquid Carbon Dioxide Using a Redox
Initiator. E. Dessipri, Y.-L. Hsiao, A.C. Juventin-Mathes, K.A. Shaffer, and J.M.
DeSimone

The successful use of the combination of BPO and DMA as a low temperature
redox initiating system for the radical dispersion polymerization of MMA in liquid carbon
dioxide has been demonstrated. Polymerizations were run at room temperature and a
pressure of 76 bar using a variety of polymeric stabilizers. The effective stabilization by
PDMS homopolymer is of particular importance in view of its low cost, commercial
availability, and solubility in common organic solvents. The rate of radical production by
the BPO/DMA redox initiating system in liquid CQ; is being determined by UV/Vis
spectroscopy in the presence of diphenylpicrylhydrazine (DPPH) radical scavenger.

Characterization of Polymers and Amphiphiles in Supercritical CO; Using Small Angle
Neutron Scattering and Viscometry. J.B. McClain, 1.D. Londono, D.E. Betts, D.A.
Canelas, E.T. Samulski, G.D. Wignall, and J.M. DeSimone

The solution characteristics of 1.5 x 10% g/mol poly(1,1-dihydroperfluorooctyl
acrylate) (PFOA) and 16.5 x 103 g/mol poly(hexafluoropropylene oxide) (Krytox) were
examined in supercritical CO; over a range of temperature, pressures, and polymer
concentrations by small angle neutron scattering (SANS). CO; was found to be a
thermodynamically good solvent for PFOA as evidenced by a positive second virial
coefficient (A; -~ 2.2 x 10-3 cm3mol/g?2) at both 65 °C and 40 °C at 340 bar. Krytox
solutions in CO; (65 °C, 340 bar) were found to be at the Theta condition as evidenced by
Az =0.0 cm®mol/g2. SANS experiments were also performed for a 3.0 w/v % solution of
PFOA over pressures ranging from 350 bar to the visual cloud point (P = 240 bar) at 65
°C. Microscopic phase separation was in evidence 55 bar above the visual cloud point,
suggesting that PFOA remains entrained in CO; at densities below the point where CO,
ceases to be a good solvent. Viscosity studies of PFOA in CO; (6.7 w/v%, 50 °C and 340
bar) result in a relative viscosity of approximately 6.0.

llowi icati i i Vi w

Hsiao, Y.-L.; Maury, E. E.; DeSimone, J.M.; Mawson, S.; Johnston, K.P. "Dispersion
Polymerization of Methyl Methacrylate Stabilized with Poly(1,1-dihydrooctyl acrylate) in
Supercritical Carbon Dioxide." Macromolecules 1993, 28, 8159-8166.

Kappellen, K.K.; Mistele, C.D.; DeSimone, .M. "Synthesis of Poly(2,6-dimethyl
phenylene oxide) in Carbon Dioxide" Macromolecules 1996, 29, 495.

McClain, J.B.; Londono, D.; Combes, J.R.; Romack, T.J.; Canelas, D.A.; Betts, D.E.;
Wignall, G.D.; Samuliski, E.T.; DeSimone, J.M. "Solution Properties of a CO,-Soluble
Fluoropolymer via Small Angle Neutron Scattering” J. Am. Chem. Soc. 1996, 118, 917.

Shaffer, K.A., Jones, T.A., Canelas, D.A.,, DeSimone, J.M., Wilkinson, S.P.
"Dispersion Polymerizations in Carbon Dioxide Using Siloxane-Based Stabilizers”
Macromolecules 1996, 29, 2704.

Canelas, D.A.; Betts, D.E.; DeSimone, J.M. “Dispersion Polymerization of Styrene in
Supercritical Carbon Dioxide: Importance of Effective Surfactants” Macromolecules,
1996, 29, 2818.



IPCG Newsletter - Emulsion Polvmers Insutute, Lehigh Universiy

nucleation process. The particle size distributions were unimodal in this case. Characterizations
of the oil and aqueous phases of the initial emulsions showed that Triton X-405 partitions
between the two phases and this behavior differs for styrene and n-butyl acrylate. This difference
in partitioning affects the kinetics of these homopolymerizations to a great extent. In styrene
homopolymenrizations, the nucleation periods are attributed to homogeneous and micellar
mechanisms, respectively, which are controlled by the changing partitioning of the surfactant
between the phases during the reaction. The homopolymerization of n-butyl acrylate, however, is
not greatly affected by the partitioning of the surfactant between the oil and water; instead, it is

the relative instability of the particles which form and aggregate in the early stages of the
reaction.

2. Enhanced Droplet Nucleation in Miniemulsion Polymerization: A Kinetic and
Mechanistic Study
P. John Blythe

Miniemulsions are comprised of relatively stable oil droplets, ranging in size from 50 to
500 nm, suspended in an aqueous phase. The stability of these systems arises from the use of an
ionic surfactant and a low molecular weight, highly water-insoluble cosurfactant in the
emulsification process. In miniemulsion systems, the main locus of nucleation is the monomer
droplets due to their small size. However, nucleation of the droplets is typically an inefficient
process by which only a fraction of the initial number of droplets become particles.

Some debate still exists over the mechanism by which single radicals appear inside the
droplets/particles in emulsion polymerizations when oil-seluble initiators are used. One theory is
that the single radicals are formed by the desorption of one of the radicals formed by initiator
decomposition within the droplets/particles. The second theory asserts that the small amount of
initiator dissolved in the water phase dissociates forming radicals which subsequently enter the

oil droplets. Thus, this theory predicts essentially the same behavior as observed using water-
soluble initiators.

This presentation will focus on two main areas: (1) the relative importance of initiator
decomposition in the oil and aqueous phases in emulsion polymerizations when oil-soluble
initiators are utilized, and (2) methods of increasing the radical capture efficiency of
miniemulsion droplets. Results of adding polymer and various aqueous phase inhibitors to
emuision systems initiated with an oil-soluble initiator will be presented. Of primary interest are
findings showing a significant increase in the polymerization rate from a small addition of an
aqueous phase inhibitor, dipotassium salt, prior to polymerization.
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The titles of our current research projects are given in the Contents of our Graduate Research
Progress Reports, No. 45, January, 1996, which can be found at the end of this report. Abstracts of
several presentations made at the recent Annual Review Meeting of the Emulsion Polymers
Institute’s Industrial Liaison Program are given below.

1. Role of the Nonionic Surfactant Triton X-405 in Emulsion Polymerizations of Styrene
and n-Butyl Acrylate in the RC1
Eser Ozdeger

Gravimetry, dilatometry, and gas chromatography are some of the techniques used to
follow emuision polymerization kinetics. Using these techniques, one can obtain conversion-time
curves from which rates of polymerization can be derived. In contrast to these techniques, one
can obtain the rate of polymerization curve directly from the heat of reaction data in an almost
continuous manner (every 2 seconds) using the Mettler RC1 reaction calorimeter. In this way, the
details of a reaction can be easily followed. Other advantages of using the Mettler RC1 include
its comparability with industrial large scale reactors and its capability of conducting chemical

reactions under realistic conditions such as variable agitation speed and continuous addition of
reagents.

Over the last two decades, nonionic surfactants containing ethylene oxide groups have
become popular as the sole surfactants in commercial latex products. This is due to the lower
sensitivity of these latexes to acidity or ionic strength of the medium. The hydrophile-lipophile
balance (HLB) can be adjusted through the length of the poly(ethylene oxide) units on the
surfactant chains to achieve an optimum latex stability. Little work related to the mechanistic
aspects of emulsion polymerizations using nonionic surfactants can be found in the literature.

In this work, batch emulsion copolymerizations of styrene and n-butyl acrylate were
carried out in the RC! to monitor the reaction kinetics of the process. It was seen that the heat of
reaction curve, which is proportional to the rate of polymerization curve, did not follow the rate
behavior observed in classical emulsion polymerizations. Homopolymerizations of these
monomers, carried out to help explain the copolymerization results, showed similar behaviors.
Styrene homopolymerizations were relatively slow (taking hours) and two nucleation periods
were observed leading to bimodal particle size distributions. On the other hand, butyl acrylate
homopolymerizations were fast (taking minutes) with limited aggregation occurring during th/
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3. The Role of the Polymerizable Surfactant Sodium Dodecyl Allyl Sulfosuccinate in the
Emulsion Polymerization of Styrene
Johanna Chu

Polymerizable surfactants differ from conventional surfactants in that they can
copolymerize with the monomer(s) used in emulsion polymerizations. Hence, they can exhibit
behavior unlike that found in conventional polymerizations. Previous work on the role of sedium
dodecyl allyl sulfosuccinate (TREM LF-40, Henkel) in the emulsion polymerization of vinyl
acetate showed a decrease in the rate of polymerization when the concentration of surfactant was
increased. Results from parallel experiments using TREM LF-40 and its non-polymerizable
derivative suggested the influence of copolymerization in the aqueous phase and at the particle
surface between vinyl acetate monomer and TREM LF-40, as well as the presence of chain
transfer to TREM LF-40 at the particle surface. This latter reaction was concluded to be the main
reason for the unusual kinetic behavior.

In contrast to vinyl acetate, homopolymerization of styrene is favored over its
copolymerization with TREM LF-40 as indicated by the reactivity ratios. Results from bulk
polymerizations of styrene with TREM LF-40 at 60 °C showed that there was no measurable
chain transfer to the surfactant. Moreover, the rate of polymerization increased with increasing
concentration of the reactive surfactant, as in conventional emulsion polymerization. However, a
non-proportionality between the rate of polymerization and the final number of particles was
found which might be attributed to some copolymerization of the TREM LF-40 with styrene or
the formation of water-soluble polymers of TREM LF-40 which may influence the reaction.
Emulsion polymerizations of styrene were run with a homopolymer of TREM LF-40 as
stabilizer, and these were compared to reactions carried out with TREM LF-40. The former
reactions gave stable latexes, but were quite different from the latter ones, i.e., a longer
nucleation stage, lower heat of reaction (closer to that listed in the literature for styrene), and
broader particle size distributions were found.

4. Electrokinetic Lift Effect Associated with the Transport of Latex Particles in Capillary
Hydrodynamic Fractionation (CHDF)
Andrew D. Hollingsworth

Colloidal forces play an important role in the transport of latex particles through
microcapillary tubes in CHDF, a recently developed analytical method for particle size
characterization. We have discovered that at very low ionic strength, the average residence time
and axial dispersion of monodisperse polystyrene latexes being pumped under laminar flow
conditions are strongly affected by eluant flow rate. This behavior is inconsistent with an inertial
lift mechanism, becoming more pronounced with decreasing fluid conductivity and increasing
particle size. The present CHDF model which was developed from first principles without the
use of any adjustable parameters, predicts that particles in this size range will not be influenced
by hydrodynamic forces when the dimensionless product group RepPe (product of the particle
Reynolds number and Peclet number) is less than 3 which was the case for most of our work. The

3
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incorporation of the Bike-Prieve lift force theory {Bike, S.G. and Prieve, D.C., J. Colloid
Interface Sci., 175, 422 (1995)] into the model allows the qualitative prediction of average
particle velocities, indicating the existence of a strong repulsive force of electrokinetic origin.
Electrokinetic lift originates when a charged particle and the diffuse part of the electrical double
layer surrounding it are made to move relative to each other near another surface. In the CHDF
process, this lift force may be due to an induced streaming potential in the particle-wall gap or
the asymmetry of the electric field caused by the presence of the capiliary wall. Coupled with
these anomalous results is the effect of particie-particle interactions which appears to become
significant as the fluid conductivity is reduced. Particle separation experiments have
demonstrated that the use of very low ionic strength eluants in CHDF will provide better
resolution of colloidal particles than that presently obtained using higher electrolyte
concentrations.

5. Crosslinking of Isocyanate-Functional Acrylic Latex with Telechelic Polybutadiene
Jiangtian Xu

Isocyanate-functional acrylic latexes are candidates for ambient-curable, low VOC
thermosetting acrylic coatings. Their crosslinking behavior with a telechelic polybutadiene
(PBD) curing agent is presented here.

Telechelic polymers have low molecular weights and are terminated with functional
groups capable of further reactions such as chain extension and crosslinking. Initial
investigations in our lab showed that telechelic PBD can crosslink with a functionalized polymer
latex during film formation.

Amino-terminated PBD was obtained by polymerizing butadiene with 2,2-azobis(2-
amidino propane) dihydrochloride (V50) as initiator in an ethanol/water medium, and modifying
the end groups with lithium aluminum hydride. The number average molecular weight of the
PBD was 2000~3000. The amino functionality was 2.0. This telechelic PBD was miniernulsified
to form an artificial latex with ~20% solids content. This was then mixed with the isocyanate-
functional acrylic copolymer latex which was obtained by emulsion terpolymerization of
styrene/n-butyl acrylate/dimethyl m-isopropenyl benzyl isocyanate (TMI) with a weight ratio of
ca. 49/49/2.

A room temperature curable latex film was obtained from a blend of the copolymer latex
with the PBD artificial latex. When the content of the PBD was increased, the swelling ratio of
the film in toluene decreased, indicating that the crosslinking density of the film increased with
the concentration of the telechelic PBD, which acted as a crosslinking agent in the film. The
crosslinking reaction was studied by FTIR observation of the NCO group. The crosslinking
mechanism was studied using a core/shell model latex with a Stn-BA/TMI core and a St/n-BA
shell. The effects of shell thickness, telechelic chain length and functionality on the crosslinking
were studied. The use of the telechelic crosslinking agent provided the advantage of low
isocyanate content in the latex formula and good storage stability.

{38
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Contribution to the International Polymer Colloids Group Newsletter
Alice P. Gast

Department of Chemical Engineering, Stanford University, Stanford, CA 94305-5 025

The Gast research group is made up of six Ph.D. students and one postdoctoral student. Ben Frank,
Joanne Promislow, Ja Phalakornkul, and Albert Lee are advised by Alice P. Gast, Ssu Wang and Mike
Yatcilla ate jointly advised by Alice P. Gast and Channing R. Robertson, and Patrick Doyle is jointly advised
by Alice P. Gast and Eric S. G. Shagfeh. We are interested in the study of colloids and macromolecules, and

the following pages contain abstracts from three research projects from members of the group.



Evanescent Wave Dynamic Light Scattering (EWDLS)
to Study Polymer Dynamics Near a Wall

" Albert S. Lee, Alice P. Gast

Department of Chemical Engineering, Stanford University, Stanford, CA 94305-5025

Abstract:

An agueous suspension of polystyrene beads near a glass wall was studied by setting up an evanescent
wave correlation spectroscopy (EWDLS) experiment very similar to that of Lan, et al.! Using EWDLS,
particle diffusivities were measured in order to observe the hydrodynamic interaction between the particles
and the wall. In the EWDLS experiment, light is totally internally reflected at the interface between the
glaas and particle suspension, giving rise to an evanescent wave. The evanescent wave penetrates into the
suspension, scattering off of the particles. The scattered light is collected and analysed to calculate the
diffusivity. Because the evanescent wave decays with distance into the suspension, diffusivities are measured
only for particles which are near the wall. The effective penetration depth of the evanescent wave into the
suspension varies with the angle of incident light, such that diffusivities of particles at different distances
from the wall can be measured. The experiments were conducted for 220 nm diameter particles at a volume
fractions of 5 x 10~*%. Diffusivities were measured for particles at penetration depths ranging between 400
nm and co. At large distances from the wall, the diffusivity is close to the bulk value, but at closer distances
from the wall, the measured diffusivity is lower. Hydrodynamic theory predicts that the mobility of a particle
should decrease as the particle moves closer to the wall, beasye the wall exers a hydrodynamic force on the
particle. From EWDLS, this predicted slowing down of the particles near the wall is experimentally observed.

Currently, the dynamics of adsorbed chain polymers is being studied, using EWDLS. Polyethylene Oxide
(PEQ) at molecular weights on the order of 100k are adsorbed onto glass, and the dynamics of these chains
at the glass-water interface are observed. Thus far, the bate polymer chains de not scatter enough light from
the evanescent wave in order to produce an appreciable signal. Charged polystyrene par