


FROM THE EDITOR'S DESK

Two of our respected members, Dr David Blackley and Dr Muller-Mall, BASF, have
resigned from IPCG. David retired from his post at the University of North London
some years ago; his book on Emulsion Polymerisation was a classic and we all
eagerly await his new book on latexes. After 6 years, Dr Mdller-Mall has changed
his area of responsibility at BASF from Dispersions to Reactive Polymers and
Foams. His successor at BASF is Dr Dieter Distler. We thank both former members
for their many contributions to the IPCG.

My gloom at losing two such fine members has been somewhat alleviated by the
agreement of five new members to join IPCG: Drs Steve Downing (ICI Paints); Dr
Joseph DeSimone (University of Nth Caroliina); Dr Ger Koper (Leiden University); Dr
Chee-Chong Ho (University of Malaya); and Dr Masayoshi Okubo (Kobe University).
Welcome all to the Group! The first contributions of some of these new members
appear in this Newslefter and we look forward to their future contributions.

My depression was also relieved by the receipt of an important contribution from one
of our Founding Fathers (Parents?), Dr Bob Fitch. What a great joy it is to know that
Bob is still active in Polymer Colloids (a descriptor that he invented)!

NATO ADVANCED STUDY INSTITUTE

The NATO ASI will be held on 23 June - 5 July 1996 at the Hotel Bazatan, Elizondo,
Navarra, Spain on Recent Advances in Polymeric Dispersions. Details can be found
in this Newsletter. Dr Jose Asua is the Director.

4th UK POLYMER COLLOIDS FORUM
This wili be held at Keele University from 23-24 September 1996. Offers of papers
to Peter Lovell before the end of March.,

NEXT GORDON CONFERENCE .
Dr Don Sundberg has advised that the next Gordon Conference on Polymer Colloids
will be held at the Tilton School from 29 June - 4 July, 1977. Further details later.

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

D H Napper
Editor
(e-mail: d.napper@chem.usyd.edu.au)
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CONFERENCE SCHEDULE

CONFERENCE LOCATION DATE/CONTACT
1996
* 211th ACS National Meeting New Orleans 24-23 March
* Colloidal Aspects of Complex Cambridge 26-28 March
Fluids
* Smart Colloids Bristol April (Ottewill)
* 2nd International Symposium Genoa 26 - 31 May

on Free Radical Polymerisation

* 70th Annual Colloid & Surface  Potsdam, NY 16 - 19 June
Science Symposium

* NATO ASI Elizondo, Navarra 23 June - July (Asua)

Spain

« IUPAC Macro 96 Seoul, Sth Korea 4 - 9 August

* 212th ACS National Meeting Boston 25-30 August

* 4th UK Polymer Colloids Keele, UK 23-24 Sept. (Lovell)

1977

« 213 ACS National Meeting San Antonio, Tx 6-11 April

* Gordon Conference on Tilton School, NH 29 June - 4 July
Polymer Colloids (Sundberg)

214th Acs National Meeting Las Vegas 7-12 September
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ON THE STABILITY OF CARBOXYLATED
}:MULSIFIER-FREE LATEXES OF METHACRYLATES
SIGNIFICANTLY DIFFERED IN WATER SOLUBILITY

T.R. Aslamazova
Institute of Physical Chemistry of Russian Academy ot_' Sciences
Leninskij prospect 31, 117915 Moscow, Russia

In this contribution, the role of electrostatic and structural factors in the

stability of carboxylated emulsifier-freec methacrylate -butylacrylate lgtexes with
a contact angle of the particle surface of 24° and 76° was studied. These

parameters are compared with their values of noncarboxylated latexes.

It is well known that the introduction of carboxyl groups onto the polymer
composition tends to enhance the colloidal stability of a latex prepared without
emulsifier and initiasted by persulfates. This result is achieved by the
copolymerization of the base (hydrophobic) monomer with a low content of
unsaturated carboxylic acid in the aqueous phase. It was of interest to know how
these effects are manisfested when small amounts of monomeric acid are added
to the composition of the copolymerizing monomers with different solubility in
waler.

Vanation in the polymer surface hydrophobicity was achieved by the
variation in the concentration ratio of the copolymerizing monomers differed
significantly in their solubility in water. The solubility of methyl acrylate (MA),
butyl acrylate (BA) in water is equal to 5.6 and 0.32 % (30°) respectively and is
a measure of their polarity.

The study was performed with model latexes obtained by emulsifier-free
polymerization of methacrylates - MA and BA - at different ratio B ( Mo/M;+M,,
where M, - is the more hydrophobic monomer). Latex concentration 15%.
Initiator - potassium persulfate. Concentration of monomeric (methacrylic,
MAA) acid equals 4% per the base monomers,



Fig.1a,b present the dependence of the coagulum concentration m./m,
(where m¢, m, - is the weight of coagulum and initial monomer) and {-potential
on ratio  of carboxyl- and noncarboxylcontaining latexes respectively. As seen,
the introduction of MAA in the monomeric composition significantly increases
the latex stability. In the case of carboxylated latex one can also observe the
region of the greatest latex stability. The expansion of this region is connected
with the high content of carboxylic groups on the particle surface (Scoou = 5-14
A%), i increasing for hydrophobic surfaces (Scoon = 5 A°?). This effect leads to
the increase in the absolute values of {-potential for COOH-containing latexes in
comparison with those for noncarboxylated ones due to the possible dissociation
of COOH-groups at the specified pH values (pH 4,76-5,37) and because of the
resulting participation of these groups in the electrostatic stabilization of the
particles, _

The lower values of the surface tension for the carboxylated latexes also
indicated the formation of the higher concentration of surface-active oligomers
in comparison with noncarboxylated latexes as a result of the participation of
monomeric acid in the aqueous phase polymerization. It indicates the possible
contribution of these oligomers to the electrostatic and structural stabilization.

The similar pattern of changes in the dependences mc/m, = f (B) und ¢ =
f(B) in the both cases allows also to apply the conclusions on diminishing the
role of the surface electrostatic stabilization with decreasing hydrophobicity for
the carboxylated latexes.

The data on the dependence of contact angles 6 and the coefficient of
structural forces on the monomeric composition B (Fig.2a,b) are similar to the
pattern of dependence obtained for noncarboxylated latexes. This fact confirms
the role of the hydrophilic-hydrophobic properties of a polymer in the dispersion
stability which improves with the incorporation of carboxylic groups into the
particles surface layer.



Hence the results of the study of carboxylated latexes based on monomers
with significantly different solubilities in water indicate an increase in the latex
stability within the whole range of B and the expansion of the region of
maximum stability in comparison with noncarboxylated latexes, which is
determined by the increase in the electrostatic stabilization and decrease in the
coefficient of structural energy.
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Reported by José M. Asua

ON THE MODELLING OF RADICAL DESORPTION IN EMULSION
POLYMERIZATION

M.J. Barandiaran and J.M. Asua

The goal of the present work is to demonstrate that the detailed model for radical
desorption proposed by Casey et al. (1) js mathematically equivalent to the model proposed by
Asua et al.¢2} whose simpler mathematical form presents practical advantages.

Asua et al.(2) proposed the following general equation for the desorption rate coefficient:

(ZinNiINTJIﬁ
ka = kem [MJp —I=0 — W

1-(1-B) Y Pi 1N/ NT]
i=0

where kg, is the monomer chain transfer rate constant, [M Ip the concentration of the monomer
in the polymer particles, N; the number of particles containing i radicals, Nt the total number
of polymer particles, P; the probability of desorption of 2 monomeric radical from a particle
containing i radicals, and B the probability that the desorbed monomeric radical reacts in the
aqueous phase by either propagation or termination. These probabilities are given by:

ko

P, =
. ko + kp[M]p + 2c(n-1) @

B= kp[Mlw + 2kew[R]w (3)
kp[M]w + 2kew[R)w + kaNT/ Na




where ko is the rate of exit of monomeric radicals out of the particle, kp the propagation rate
constant of monomeric radicals, kp, the termination rate constant in the aqueous phase, [M],,
and [R]\y the concentrations of monomer and radicals, respectively, in the agueous phase, k,
the entry rate coefficient for the monomeric radicals, N4 the Avogadro's number and ¢ the
lermination rate coefficient given by:

C=k[/VpNA (4}

where k; is the termination rate constant in the polymer particles, and vp the volume of the
swollen particle.

Because of the large increase in the number of equations and rate coefficients when the
number of radicals per particle increases, Casey et al.(1) restricted their model to a Zero-one
system. Nevertheless, in this work a general case was considered. For the purpose of the
present note, the relevant equation in the C'asey's model are the balance of monomeric radicals
in the aqueous phase and the population balance of particles containing monomeric rad.cais.
Under pseudo steady state conditions, the balance of monomeric radicals in the aqueous phase
is:

_k-g 3 m _ ® A ir- _
NAi_)_:lNl = kp[M°[M1y + 2key[M®IR ]y, + ko[M > )

where N is the number of monomeric radicals in particles with i radicals and [M°] the
concentration of monomeric radicals in the aqueous phase. In order to use a general
formulation, eq. (5) includes the consumption of monomeric radicals by propagation in the
aqueous phase that was neglected in the Casey's work. Equation (5) can be rearranged as
follows:

ka[M'1=§°T-(1-B)ZNi‘“ ©)

i=l
where 8 is given by eq. (3).

The population balance of the monomeric radicals in particles containing i radicals is:



gﬁ=k [M®]N; +PN'ml +kim[M] N'p-!-ikoN'm] ﬂ.‘_
dt a i-1 1- m ptyi 1+ (i+l)Ni+1
Gl . Nin-ll-Z m m,: Nim
HIC(1 +2)(i + DNj + 2———— — kgN;™ — koN;®(i — 1) ——
ic(+2)(i+1) ’+2(i+2)Ni+2 oN; oN; ( )iNi
N,m N_m
~kp[MIpN;™ - 2¢i(i = DNi—— = (i ~ 2)ci(i - HN; ~im — pN;™ )]
iN; iN;

Assuming that pseudo steady state conditions apply, and rearranging, eq. (7) can be
rewritten as follows:

koN® = [kal M*)N; _ 1 + p(N2, - N™) +kem[M NP

X N‘ml N.m
+kol iIN® s ~(i-DNDP=L
"( TN, ONTRS

+edi+DNT2 - (- 26 - DN®)Jp; (8)

The total rate of radical desorption is:

Re = Y koN™ (9)

i=1
Substituying for koN{" from eq. (8) into eq. (9) gives:

Re = kM 1Y PiNi_1+pY B(N®; - N®) +kem[M]p Y PiN;P

i=1 i=l i=1

.- m Nin-ll-] mNiIll
+k Py iN; —_— (- NI
02 l( i+1 (+DNj 41 (i-DN iNiJ

+C3 R(iG+DNE 2 - G- 2)(i= DN 10)
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In eq. (10) the terms corresponding to the transfer of monomeric radicals between
particles with different number of radicals due to radical entry (second term), radical exit of
other monomeric radicals (fourth term), and termination of other radicals (fith term) are much
smaller than the other terms because the positive and the negative terms in the summations
counteract one each other. Therefore, they can safely neglected, and eq. (10) reduces to:

Re = kalM 1Y, PiN; 1 +ken[Mp Y PiNF (1)

i=1 i=1

Substituying for kafM°] from eq. (6) into eq. (11) and rearranging the resulting equation
yields:

kim[M]p) PiN;P
R{h - . — i=1
1-1-BY PiN; _1/Nt

i=1

Taking into account that NiP=i N; (because N;P >> N/ and i Nj = NjP + N;i), Pg=0
and kg=Rge/(fi NT), eq. (12) gives: '

kem[Mlp Y iPiN; /N¢fi
kg= =0 (13)

1-(~B)Y P+ 1Ni/ Ny
i=0

which is the equation proposed by Asua et al.(2) for kg, Actually, this is not surprising because
contrary to what was suggested by Casey et al.(1) the distinction between initiator derived
radicals and monomeric radicals was properly taken into account in the desorption model
developed by Asua et al.(2) that under some conditions leads to very simple equations for k£2).
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KINETICS OF THE EMULSION COPOLYMERIZATION OF STYRENE AND
BUTYL ACRYLATE

Lourdes Lépez de Arbina, Marfa J. Barandiaran, Luis M. Gugliotta and José€ M. Asua*

The kinetics of the chemically initiated seeded emulsion copolymerization of styrene and
butyl acrylate was investigated in experiments in which the diameter of the seed, the number of
seed particles, and the concentration of initiator were widely varied. The experimental data were
fitted with a model in which the rate coefficients for radical entry and exit were the adjustable
parameters.

ON-LINE CONTROL OF EMULSION POLYMERIZATION REACTORS

1. Sdenz de Buruaga, M. Arotgarena, A. Urretabizkaia, P.D. Armitage, L.M. Gugliotta, J.R.
Leiza and .M. Asua

Two experimental setups and control strategies for on-line control of emulsion
polymerization reactors are presented. The first uses an on-line gas chromatograph (G.C.). This
installation is capable of handling latexes of high solids content (~ 55 wt %). Homogeneous
VAc/MMA/BUA terpolymers were successfully obtained in this setup. However, on-line G.C.
provides only infrequent and delayed measurements, and is an invasive measurement.
Calorimetry can overcome these drawbacks, needing only temperature measurements on-line to
calculate polymer conversion and composition, based on the heat evolved during the
polymerization. For this purpose a modified commercial reaction calorimeter was used. Based on
the same control strategy developed for use with on-line G.C. based control, homogeneous
copolyraers of vinyl acetate-butyl acrylate of different compositions were produced.

COVALENT COUPLING OF ANTIBODIES TO ALDEHYDE GROUPS ON
POLYMER CARRIERS
J. M. Peula, R Hidalgo-Alvarez, R. Santos, J. Forcada and F. J. de las Nieves

The aim of the present work is to prepare and characterize a functionalized latex with acetal
groups on the surface and to obtain the covalent coupling of an a-CRP IgG protein. The acetal



latex was synthetized by means of a core-shell emulsion polymerization in a batch reactor. The
core was a seed of polystyrene and the shell was obtained by terpolymerization of styrene,
methacrylic acid and methacryloylacetaldehyde di(n.methyl)acetal. The latex was characierized by
TEM and conductimetric and potentiometric titration, in order to obtain the particle size
distribution and the amount of carboxil and acetal groups on the surface, respectively. Several
latex-protein particles with the IgG physically or chemically bound to the surface were obtained
by modifying the incubation conditions. In the covalent coupling experiments of the IgG, the
protein physically adsorbed was removed by redispersion of the complexes in the presence of a
non-ionic surfactant (Tween 20). The latex-protein complexes were characterized from the
electrokinetic point of view with the aim to determine the isoelectric point of the complexes and to
detect any difference in the electric state of the protein when these molecules are physically or
chemically coupled to the surface. The final part of this work was to study the immunoreactivity
of several latex-IgG complexes at several experimental conditions. By measuring the change in
the turbidity after the addition of CRP antigen into the dispersion, it was possible to compare the
immunoreactivity results when the protein is physically or chemically bound to the surface, and to
study the effect of the presence of a surfactant in the reaction medium.

SYNTHESIS OF COliE-SHELL TYPE POLYSTYRENE MONODISPERSE
PARTICLES WITH CHLOROMETHYL GROUPS

José Sarobe and Jacqueline Forcada

The synthesis of core-shell type polystyrene monodisperse particles with surface
chloromethyl groups was carried out by a two-step emulsion polymerization process at different
reaction temperatures. In a first step, the core was synthetized at 90 °C by means of batch
emulsion polymerization of styrene (St), and in the second step, the shell was polymerized by
batch emulsion copolymerization of St and chloromethylstyrene (CMS) using the seed obtained
previously. With the aim of optimizing the production of these core-shell type polystyrene
monodisperse particles with surface chloromethyl groups, the reaction temperature on the second
step, the purification or not of the functionalized monomer (CMS), the amount and type of the
redox initiator system used and the type of addition of the initiator system to the reactor were
studied.



SEMICONTINUOUS EMULSION COPOLYMERIZATION OF METHYL
METHACRYLATE AND N-BUTYL ACRYLATE: 2 EFFECT OF MIXED
EMULSIFIERS IN UNSEEDED POLYMERIZATION

Elias Unzueta and Jacqueline Forcada

The unseeded semicontinuous emulsion copolymerization of methyl methacrylate and n-
butyl acrylate using mixed surfactant systems (anionic SLS(sodium lauryl sulfate) and non-ionic
Brij35) in a wide range of concentrations and at different SLS/Brij35 ratios (1/0, 1/1, 1/3, 1/9,
0/1) was studied. Two different kinetic behaviours led to reactor “starved’ conditions with single
anionic or with mixed surfactant systems above a critical concentration, and reactor “flooded”
conditions with single non-ionic or mixed surfactant systems at the lowest concentration. The use
of mixed surfactant systems, compared to the use of SLS alone, led to a competitive effect
between decrease in particle number due to the addition of Brij35 and increase in particle number
due to the increase of the total concentration of emulsifiers. Moreover, narrower particle-size
distributions (PSDs) with larger average particle sizes were obtained with mixed surfactan.
systems than those obtained with single anionic systems. The PSDs at early stages of reaction lost
the positive skewness obtained in soapless emulsion copolymerization with the addition of
emulsifier, SLS being more effective than Brij35. High total concentration of emulsifier led (o
broad PSDs.

NEPHELOMETRIC ASSAY OF IgG CHEMICALLY BOUND TO
CHLOROMETHYL STYRENE BEADS

José Sarobe, Iris Miraballes, José Antonio Molina, Jacqueline Forcada and Roque Hidalgo-
Alvarez

Monodisperse stable latexes with reactive methylchloride surface functionalities and core-
shell type were prepared at two different reaction temperatures. The reaction temperature took an
important role in the amount of reactive functional groups. The covalent coupling had an
efficiency of more than 50 %. Antibodies covalently bound to those functionalized polystyrene
beads were used to detect specifically corresponding antigens by nephelometry.
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COPOLYMERIZATION OF POLYOXYETHYLENE MACROMONOMER WITH
STYRENE AND PROPERTIES OF AMPHIPHILIC COPOLYMER PRODUCT.
(R.Murgasova, D.Berek, I.Capek*)

Abstract:

Comb-shaped copolymers were synthesized by the
dispersion copolymerization of a conventional styrene
monomer and a methacryloyl terminated polyoxyethylene
(PEO-MA) macromonomer initiated by dibenzoyl peroxide. The
rate of polymer formation and the number of particles were

found to increase strongly with increasing concentration of

initiator dibenzoyl peroxide (DBP). The reaction order 0.9
(Rp a[DBP] and/or M, a(DBP]) results from the unimolecular
termination of growing radicals. The deviation of solution
properties of graft PEO-MA/St copolymer from the ideal
behavior results from the interparticle interaction between
PEO chains and/or micelization.

Introduction
Comb-shaped polymers (polymeric surfactants) can be
synthesized by the copolymerization of a conventional
monomer and a4 macromonomer. The balance between the
hydrophobic and hydrophilic parts of the macromolecule is
essential, because it determines the solubility and the
amphiphilic properties of the molecule. To obtain polymers
with different properties copolymers of styrene were
prepared and used as the hydrophobic backbones. Methacryloyl
terminated polyoxyethylene was used as the hydrophilic
branches. fThe aim of this work was to prepare and
characterize comb-shaped amphiphilic polymers containing
hydrophilic branches. The influence of the initiator type
and and reaction conditions on the pclymerization process
and properties of graft poelymer product are also
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investigated.

Experimental part

Commercially available styrene (St) monomer and
initiator dibenzoyl peroxide (DBP) were purified by usual
methods. Twice - distilled water and ethanol were used as
a polymerization medium. Methacryloyl terminated
polyoxyethylene (PEO-MA, M, = 1000) was supplied by Nippon
0il and Fats Co. The polymerization technique and
characterization of polymer latex (polymer product) have
been described in detail elsewhere [2].

Results and Discussion

The kinetic, colloidal and molecular weight data for
the radical copolymerization of PEO-MA macromonomer with
styrene initiated by DBP are summarized in Tab. 1. The
conversion curves were found to follow the precipitation
polymerization. The rate of polymerization
(Rp.losmol.dm'3.s'1), thus, decreases with conversion as
follows:

Rp/%conv: 5.6 (0%,initial) < 4.7 (20%) < 1.0 (40%).

The experimental results summarized in Tab. 1 obey the
relationships (Rp a[DBP)¥ and N a[AIBN)Z):

Ry a[pBP)® 8 and N a[DBP]1-5 (1)

Table 1. Variation of kinetic parameters in the dispersion
copolymerization of PEO - MA macromonomer and styrene with
DBP concentration .

[DBP].102 Ry, ;-10% 1) D.2) N.10717 3)
(mol.dm™3) (mol.dm'3.s'1) (nm) /dm3
0.23 130 1
0.56 125 1.
1.13 3. 112
2.25 107 .
3.4 . 90 4.



a) Cf. Exptl. part, 1) Initial (maximum) rate, 2) Final
particle diameter (50 - 60% conversion range), 3) Final
number of particles.

The high value of the reaction order x (= 0.8)
indicates that the unimolecular termination (the first
radical-loss process) should be operative. The bulky
substituents around the propagating macroradical end
increase the stability of radicals and suppresse the mutual
penetration of growing radicals. The suppressed termination
seems to favor the nucleation of new particles {the reaction
order z = 1.5). The experimental results summarized in Tab.
2 obey the relationships (M, a{AIBN]7Y):

My, s a(DBP]™0-37(in cc1,), M, cpc alDBP]0-1% (in pMF) (2)
and
M, 1s 2(DBP]™C-87(in TyF), M, epc a(DBP]™%-84 (in Tur) (3)

The high value of the reaction order y (- 0.9)
indicates supports the unimolecular termination (the first
radical-loss process) is operative. The value y is found to
be in good agreement with x (see above). The reaction order
X or = Yy close to 1.0 indicates that the bimolecular
termination between Propagating radicals does not proceed.
The deactivation of growing radicals is supposed to proceed
by occludation or precipitation of growing chain end from
the solution.

Table 2. Variations of solution properties and molecular
weight parameters of the graft PEO-MA/St copolymer with DBP
concentration 2),

(0BP3.10% 11wy 16 My gpc®) m, My 4 Rus S) p6)
(mol.dm'3) (cm3.g') .107° .107° nm nm

—_———--—-—--——-—--—-_---————-—————-————-—-——-————_-———-——-—-—

0.23 220 232 3.0 13.5 0.8 8.1 2.1 2.8 68.5 96
0.56 100 100 2.5 2.81 0.72 3.66 2.1 2.6 43.1 51

1.13 70 80 2.0 1.54 0.68 2.0 2.0 2.4 24.7 26
2.25 40 40 1.2 0.86 0.50 1.3 2.0 2.4 21.6 22
3-4 100 - 0045 -

1= *}



a) Cf. Exptl. part, a) in CCl, , b) in THF, <c¢) in DMF, 1)
Intrinsic viscosity (259 C), 2) Weight average molecular
weight (from 1light scattering, LS), 3) Weight average
molecular weight (from GPC), 4) Molecular weight
distribution (from GPC), 5) Average root-mean-square radius
of gyration, ( rgz)o's, 6) Diameter of polymer coil.

The difference between values - 0.9 and - 0.37 (oxr
= 0.17) may be taken as an indication of the molecular
weight underestimation (due to the poor thermodynamical
quality of solvent or eluent, inconvenient collumn packing,
insensible instrument,...) The molecular weight distribution
(MWD) was found to increase with the molecular weight of
PEO-MA/St graft copolymer or with decreasing [{DBP]. From the
kinetic point of view this behavior can be discussed in
terms of the polymerization in the continuous phase
(fraction of smaller macromolecules) and polymer particlec
(fraction of larger macromolecules) The intrinsic viscosity,
the radius of gyration and the diameter of polymer coil
decreases with [DBP] or with decreasing molecular weight.
Stockmayer-Fixman-Burchard plot for PEO-MA/St graft
copolymer (3]

[ I/m0°5 = kg + cBwnO-5 (4)
where B is the solvent - polymer interaction parameter and
C is a numerical factor, was used to estimate the viscosity
constant K, . By an aproximate extrapolation of the initial
part ( 0.8 < M, .10°%< 3.0 ), Ky was estimated to be 0.05
- 0.1 g'l's.cm3 .m01%-5, The range of literature values is
broad, ranging from 0.08 to 0.3 g“l's.cm3.molo'5[4]. The low
value of Ko for PEO-MA/St graft copolymer can simly arise
from an intercoil interaction of PEO chains. The intercoil
interaction between PEO chains results from the variations
of the coil size (Do /nm) with the content of water (vol%)
in THF;

water (vol%)/D.(nm): 0/51, 2/55, 4/67, 10/69 (5)

It is known that a high degree of orientation of water

molecules with respect of PEO chain exists [5]. The addition

of complexing agent (water) release the PEO chains from the
4
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coil core leading to the increase of the polymer coil.
Indeed the addition of water (the precipitant for the
copolymer} to the graft copolymer/THF system leads to the
increase of the coil size.

In the polystyrene/THF (no micelization or interaction
between PSt chains exists) system the addition of water
whorses the thermodynamic quality of the solvent which leads
to the shrinkage of the polymer coil.

Conclusions

From the foregoing discussion it appe: s that the
variations of the rate of polymerization and the molecular
weight of grafted copolymers with the initiator
concentration indicate that the bimolecular termination
between the growing radicals is suppressed and the
deactivation of growing radicals proceeds® trrough the
occludation, phase separation or/and the ch-:1 irc
events. Solution behavior of graft copolymer deviates from
the linear polymer which results from the intercoil
interaction between the PEO chains. The addition of
a compexing agent for the PEO chain suppresses the
interaction between PEO chains and favors more an ic:-al
behavior of the polymer coil in the solution.
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INVERSE MICROEMULSION POLYMERIZATION OF ACRYLAMIDE IN THE

PRESENCE OF HEXAMETHYLENETETRAMINE

(J.Barton,M.Stillhammerova)

Summary:

Inverse microemulsion polymerization of acrylamide is

retarded in the presence of hexamethylenetetramine.The

retarding effect of hexamethylenetetramine depends on pH of

compartmentalized water droplets.For non-crosslinked poly-
5



mer particles the polymer particle diameter for a given com-
position of inverse microemulsion increases in the presence
of hexamethylenetetramine,while the polymer relative molecu-
lar mass decreases.Depending on PH value of compartmentalized
water droplets polymer particles with different crosslinking
degree (swelling index) were obtained.The kinetics of polyme-
rization and polymer particle characteristics are discuss-

ed with respect to the hexamethylenetetramine effect on sta-
bility of dispersed particles of inverse microemulsion prior
to and during polymerization and in terms of the effect of
"in situ" formed hexamethylenetetramine decomposition pro-
ducts and of their reactions with acrylamide and/or acryl-
amide structural units in polymer product.
(Macromol.Chenm,Phys. - submitted).

POLYMERIZATION OF ACRYLAMIDE IN SINGLE-PHASE INVERSE DISPER-
SION SYSTEMS AT HIGH VOLUME FRACTIONS OF DISPERSED PHASE
(J.Barton,M.Stillhammerova,M.Lezovic)

Summary:

The preparation of single-phase toluene/AOT/water/acrylami-
de inverse microemulsions were described and their proper-
ties prior to polymerization (macro and microviscosity as a
function of volume fraction .4 ©f the dispersed aqueous
(water + acrylamide) phase,of [toluene]/[AOT]} molar ratio
and of acrylamide/water mass ratio) were studied.

The polymerization of acrylamide in dispersion systems wa.

initiated by o0il soluble initiator dibenzoyl peroxide at 6o%(.

The polymerization rate of acrylamide for a given [toluc .c )/
[AOT] molar ratio and AAm/water mass ratio monotonically
decreases with the increasing volume fraction of the Gisper-
sed phase.The polymer particle size in polymerized systems
as well as molecular mass of polymer in polymer particles
increase on increasing the acrylamide concentration in
aqueous phase and/or ¢,w Values of the dispersion system.
On increasing the surfactant AOT concentration both polymer
particle size and polymer molecular mass decrease for a
given set of other relevant parameters of the dispersion
system (i.e.[toluene)/[AOT) and AAm/water ratios).The
polymerized inverse dispersion system can be converted to an
oil-in-water dispersion by addition of water.
{Angew.Makromol.Chem. - submitted).

POLYMERIZATION OF ACRYLAMIDE IN THE PRESENCE OF STYRENE IN
THE OIL PHASE OF INVERSE MICROEMULSION
(J.Barton,V.Juranicova)
Summary:
The macroviscosity of single-phase toluene/styrene/AOT/water/
acrylamide inverse microemulsion prior to polymerization as
a function of volume fraction, *gw  of the dispersed aqueous
(water + acrylamide) phase at 20°C. reaches three distict
maxima 16,62,and 30 mPa s for ¢,y values 25, 46 and 62 % .
At temperature 50°c.the viscosity maxima practically vanish-
ed and macroviscosity of the disperse system was in the
range of S -~ 7 mPa s.The (co)polymerization of monome:s= sty-
rene and acrylamide in inverse microemulsion was initiated

6
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by dibenzoyl peroxide (DBP) and/or ammonium peroxodisulfate
(APS) at 60°C.The overall maximum (co)polymerization rate of
acrylamide and styrene determined by dilatometric technique
increases with increasing values of @ .This is in contra-
diction to single-phase inverse microcemulsion not containing
polymerizable monomer in the oil phase,e.g. toluene/AOT/wa~
ter/acrylamide. Increase of the mass ratio styrene/toluene
leads for a given ¢,y values to an decrease of the overall
maximum copolymerizagion rate regardless the nature of ini-
tiator used.

(Macromol.Chem.Phys. ~ submitted).

RECENT Ph.D Dissertations

Free-Radical Polymerization of Butyl Acrylate in Classical
Microemulsion
(Pavol Potisk)
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Summaries of progress in several research areas of our Center are presented below.

Adsorption of Polyampholytes on Polystyrene Latex. Effect on the Colloid
Stability

S. Neyret, L. Ouali, F. Candau E. Pefferkorn (J. Colloid and Interface Sci. in
press)

The interfacial characteristics of low charge density polyelectrolytes and polyampholytes
synthesized by a microemulsion polymerization technique have been investigated.
Terpolymers of acrylamide (AM, neutral segment), [2-(methacryloyloxy)ethyl)
trimethylammonium chloride (MADQUAT, positively charged segment) and sodium 2-
(acrylamido)-2-methyl propanesulfonate (NaAMPS, negatively charged segmenn
copolymers of AM and MADQUAT as well as of MADQUAT and NaAMPS were adsorbed
on a negatively charged polystyrene latex. All polymers may be classified in two classes or.
the basis of the zeta potential of the colloid-polymer complexes. Copolymers and terpolymers
having an excess of positively charged chain segments adsorb on the latex as usually
observed for polycations. Terpolymers characterized by a small excess of negatively charged
chain segments adsorb on negatively charged colloids as theoretically predicted. Adsorption
induces a redistribution of the chain segments so that, on the average, positively charged
chain segments are concentrated in the inner interfacial zone while negatively charged ones
are concentrated in the outer zone. The importance of the charge distribution anisotropy is
revealed by the fact that adsorption of a neutral copolymer bearing positively and negatively
charged chain segments in equal concentration and almost alternatively distributed along the
chain backbone conferred a zeta potential of - 20 mV to the latex-polymer complex. This
value has to be compared to the zero potential determined in the presence of polyacrylamide.

The sedimentation behavior of the latex-polymer complexes has also been studied. The
latex-polyelectrolyte systems induce a fast destabilization of the latex and it was found that
the optimum flocculation requires roughly the same number of free and polymer-coated
surface portions (6 = 0.5). As for the latex-polyampholyte systerns, different situations can be
observed depending on the net charge of the polyampholytes. Those characterized by an
excess of negatively charged chain segments do not induce flocculation. When positively
charged chain segments are in excess, flocculation immediately starts after mixing and
develops in a way similar to that induced by adsorption of polyelectrolytes.

At the optimum flocculation concentration, terpolymers and copolymers exert the role of
destabilizing agents although with very different efficiency. The excess of surface charge
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constitutes the most indicative parameter. The existence of internal repulsive interactions at
large distances usually contributes to slow down the aggregation rates by inducing a partial
reversibility in the process. The electrostatic origin of the internal fragmentation was asceried
by the correlation existing between the magnitude of the zeta potential of the colloid-polymer
complex and the relative extent of the fragmentation process. Likewise, the evolution with
time of the zeta potential could be correlated to the evolution of the colloid stability.

REFERENCES

F. Candau, dans “La Juste Argile”, M. Daoud et C. Williams (Eds.), Editions de Physique,
187 (1995).
“Polyméres formés a partir de structures auto-assemblées”

V. Vaskova, D. Renoux, M. Bernard, J. Selb, F. Candau, Polym. Adv. Technol., 6, 441
(1995).
“Mechanism of copolymerization of acrylamide with a polymerizable surfactant”

L Lacik, J. Selb, F. Candau, Polymer, 36, 3197 (1995). .
“Compositional heterogeneity effects in hydrophobically associating water-soluble polymers
prepared by micellar copolymerization”

S. Neyret, A. Baudouin, J.M. Corpart and F. Candau, Il Nucvo Ciu 1o, 16, 66Y (1945).
“Influence of charge distribution on the conformation of neutral polyampholytes”

Adhesion of Latex Films. Influence of Surfactants
J.Y. Charmeau, E. Kientz, Y. Holl

The problem of adhesion of latex films has two main aspects, which are not independent. A
latex film has a particular structure, it retains to a certain extent the memory of the particies it
was made from. The final structure depends on complex coalescence mechanisms and
influences the properties of the bulk and of the interfaces. The second aspect arises fion the
presence of a surfactant in almost ail latexes. This surfactant is generally incompatible with the
polymeric matrix and tends to segregate in domains in the bulk and towards the interfaces.
Adhesion is very dependent on its distribution in the film thickness and particularly near the
film-support interface. Research concerning this point will be presented.

Several systems were investigated. A system is defined by the polymer, the surfactant, and the
support. The polymers were either poly(2-ethyl hexyl methacrylate) or poly(methyi
methacrylate-co-ethyl acrylate) partially grafted onto a hydrophilic polyester. The surfactants
were sodium dodecyl sulfate (SDS), or hexadecyl pyridinium chioride (HPCl), or ethoxylated
nonyl phenol with 10 or 30 ethylene oxide segments in the hydrophilic part (NP10 or rP30),
The supports were glass or polyethylene terephthalate films. Adhesion was measured by a peel
test at 180°. Loci of failure were determined by surface analysis using ATR FT-IR, XPS, Static
SIMS, SEM and contact angle measurements.



=4 =

At medium and high peel rate, adhesion versus surfactant concentration curves show either a
maximum or a2 minimum. The shape of the curve (minimum or maximum) seems to only
depend on the nature of the surfactant, whereas the position of the extremum also depends on
the nature of the polymer.

At very low peel rate, curves fatten out and adhesion becomes independent of the surfactant
concentration. The peel energy at zero peel rate is 3 to 5 times higher than the thermodynamic
energy of adhesion. The origin of this difference is not yet clear. The locus of failure is
independent of the peel rate and of the surfactant concentration. Failure takes place in a thick
surfactant layer (SDS), or in a thin surfactant layer (NP), or at the interface between a
surfactant layer and the polymeric film (HPCI). The surfactant is thus always present at the
locus of failure.

The strong influence of the surfactant on the adhesion properties of latex films is demon-
strated. Future work in our laboratory will address two questions : first, the precise interpreta-
tion of the shapes of the peel energy versus surfactant concentration curves at medium and
high peel rates; and second, the interpretation of the difference between the peel energy at zero
rate and the reversible energy of adhesion. '

These results are currently submitted for publication to the Journal of Adhesion Science and
Technology. An extended abstract is in press in Progress in Organic Coatings



Dispersion Polymerizations in Supercritical Carbon
Dioxide

J. M. DeSimone,* E.E. Maury, Y.Z. Menceloglu, J.B. McClain, T.J.
Romack, J.R. Combes

Department of Chemistry
C.B. 3290, Venable and Kenan Laboratories
University of North Carolina at Chapel Hill
Chapel Hill, NC 27599

Abstract: Conventional heterogeneous dispersion polymerizations of unsaturated
monomers are performed in either aqueous or organic dispersing media with the addition
of interfacially active agents to stabilize the colloidal dispersion that forms. . uc o.
stabilization of the polymer colloid during polymerization results in the formation of high
molar mass polymers with high rates of polymerization. An environmentally responsible
alternative to aqueous and organic dispersing media for heterogeneous dispersion
polymerizations is described in which supercritical carbon dioxide (CO3) is used in
conjunction with molecularly engineered free radical initiators and amphipathic
molecules that are specifically designed to be interfacially active in CO5. Conventional
lipophilic monomers, exemplified by methyl methacrylate, can be quantitatively (> 90
percent) polymerized heterogeneously to very high degrees of polymerization (> 3000) in
supercritical CO; in the presence of an added stabilizer to form kinetically stable
dispersions that result in micrometer-sized particles with a narrow size distribution.
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Dispersion Polymerization of Methyl Methacrylate
Stabilized with Poly(1,1-dihydroperfluorooctyl acrylate) in
Supercritical Carbon Dioxide

Yu-Ling Hsiao, Elise E. Maury, and Joseph M. DeSimone*

Department of Chemistry
CB#3290, Venable and Kenan Laboratories
University of North Carolina at Chapel Hill

Chapel Hill, N.C. 27599-3290

Simon Mawson and Keith P. Johnston

Department of Chemical Engineering
University of Texas at Austin
Austin, Texas 78712-1062

Abstract: The reaction parameters and progress of the dispersion polymerization of methyl
methacrylate (MMA) utilizing poly(1,1-dihydroperfluorooctyl acrylate) [poly(FOA)] as a
polymeric stabilizer in supercritical CO; were investigated. Spherical and relatively
uniform polymer particles were formed. Poly(methyl methacrylate) (PMMA) latex particles
with diameters ranging from 1.55 to 2.86 jtm were obtained with poly(FOA) stabilizer [My,
= 1.0 (£ 0.4) x 106 g/mol] concentration from 16 to 0.24 wt%. Investigations of the
particle size and conversion as a function of reaction time indicate that a gel effect occurs
between one and two hours of reaction time. In addition, the particle diameter increases
with an increase in monomer concentration, presumably due to an increase in the solvency
of the reaction medium. Dispersion polymerizations of MMA carried out under different
pressures (145 - 331 bar) produced latex particles with similar diameters, molecular
weights and yields suggesting that the results are insensitive to the pressure under the
reaction conditions investigated. In addition, the phase behaviors of poly(FOA) were
thoroughly investigated. Cloud point experiments indicate lower critical solution
temperature (LCST) phase behavior for poly(FOA)/CO; system with much higher polymer
solubilities than for hydrocarbon polymers.



Dispersion Polymerizations Stabilized by Amphilic
Diblock Copolymers in Supercritical Carbon Dioxide

D. A. Canelas, D. E. Betts, and J. M. DeSimone*

Depariment of Chemistry, CB #3290,
Venable and Kenan Laboratories,
University of North Carolina,
Chapel Hill, North Carolina 27599.

Abstract: The dispersion polymerization of lipophilic monomers in supercritical carbon
dioxide using amphiphilic diblock copolymers to impart steric stabilization was
investigated. The block copolymers employed in this study contain a CO7 pbubic
polystyrene anchoring segment as well as a CO2-philic poly(1,1-dihydroperfluorooctyl
acrylate) or poly(dimethyl siloxane) soluble segment. We demonstrate that these types of
copolymers are effective as sieric stabilizing moieties in the dispersion polymenzatio, .
the monomers such as styrene and methyl methacrylate. The spherical polymer particles
which result from these polymerizations are easily isolated as a dry, free-flowing powder.
These results stand in contrast to unstabilized precipitation polymerizations which result in
relatively low conversions of low molecular weight polymer. In addition, polymerizatone
conducted in the presence of carbon dioxide soluble homopolymers which do not hut- e
anchoring segment were not as successful as those in which a diblock copolyinei was
employed.



Dispersion Polymerizations in Carbon Dioxide using
Siloxane-based Stabilizers

K. A. Shaffer, T. A. JonesT, D. A. Canelas and J. M. DeSimone*

Deparmment of Chemistry
C.B. 3290, Venable and Kenan Laboratories
University of North Carolina at Chapel Hill
Chapel Hill, NC 27599

Steven P, Wilkinson

Air Products and Chemicals
7201 Hamiltan Boulevard
Allentown, PA 18195-1501

Abstract: A commercially available methacryloxy functional poly(dimethylsiloxane)
macromonomer was used to stabilize the dispersion polymerization of methyl
methacrylate (MMA) in liquid and supercritical COg, and of styrene in supercritical CO5.
For MMA polymerizations conducted in supercritical CO,, the conditions necessary to
obtain high yields of high molecular weight polymer in the form of a free-flowing
powder were identified. Spherical and relatively uniform poly(methyl methacrylate)
(PMMA) particles were obtained when at least 3.5 wt % PDMS macromonomer was
added to these reactions. Reactions conducted in liquid CO, with comparable amounts of
PDMS macromonomer yielded larger PMMA particles with larger particle size
distributions. Unreacted macromonomer was recovered from the PMMA by washing
with hexanes or by extraction with liquid CO».

T Undergraduate researcher from Norfolk State University, Norfolk, VA.
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Effect of Added Helium on Particle Size and Particle Size
Distribution of Dispersion Polymerizations of Methy!
Methacrylate in Supercritical Carbon Dioxide

Yu-Ling Hsiao and Joseph M. DeSimone

Deparmment of Chemistry, CB#3290, Venable and Kenan Laboratories, University of
North Carolina ar Chapel Hill, Chapel Hill, N.C. 27599-3290

Abstract: Dispersion polymerizations of methyl methacrylate in supercritical carbon
dioxide (CO7) were carried out in the presence of helium. Particle size and particle size
distribution were found to be highly dependent on the amount of inert helium present.
Particle sizes ranged from 1.64 to 2.66 um were obtained with smaller particles obtained at
higher helium concentration. Solvatochromic investigations using 9-(a-perfluoroheptyl-
p.B-dicyanovinyl)julolidine indicated that the solvent strength of CO2 decreases with
increasing helium concentration. This effect was confirmed by using calc.

Hilderbrand solubility parameters. Dispersion polymerizaion results indicated that PMMA
particle size can be attenuated by controlling the amount of helium present in supercritical

COa.



Solution Properties of a CO2-Soluble Fluoropolymer by
Small Angle Neutron Scattering

J.B. McClain, J.R. Combes, T.J. Romack, D.A. Canelas, D.E.
Betts, E.T. Samulski,* and J.M. DeSimone*

Departmenr of Chemistry, CB#3290, Venable and K enan Laboratories, University of
North Carolina at Chapel Hill, Chapel Hill, N.C. 27599-3290

J.D. Londono and G.D. Wignall*

Oak Ridge National Laboratories
P.O. Box 2008
Oak Ridge, TN. 37831-6393

Abstract: Smail angle neutron scattering (SANS) has been employed in the deiLimi. . |

of the weight average molecular weight (My,), the radius of gyration (Rg), and the second
virial coefficient (As) of solvated macromolecules in supercritical CO,. Dilute
concentrations series of two different molecular weight samples of poly(l,1.
dihydroperfluorooctyl acrylate), poly(FOA), were analyzed over a range of temperatures
and pressures (40 °C < T < 65 °C and 340 bar <P < 395 bar). Aj values were found tr *-
positive, indicating that supercritical COz is a thermodynamically good solvent for the
poly(FOA) over these conditions, Scattering experiments were performed on solutions of
high My poly(FOA) (My, = 1.4 x 106 g mol-1) at three different conditions in order to
explore any possible correlation between polymer solution characteristics and CO; density.
It was found that over the range of solvent densities studied (0.842 < p (g cm-3) < 0.943)
that the Rg (Rg = 110 A) is, to a first approximation, invariant. SANS analysis on
solutions of the low molecular weight poly(FOA) (M,, = 1.1 x 105 gmol)arp=0888 g
cm3 result in Rg ~ 35 &,
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E.S. Daniels, V.L. Dimonie, M.S. El-Aasser, A. Klein,
O.L. Shaffer, C.A. Silebi, E.D. Sudol, and J.W. Vanderhoff

Emulsion Polymers Institute
Lehigh University, Mountaintop Campus, lacocca Hall
Bethlehem, Pennsylvania 18015-4732 USA

The titles of our current research projects are given in the Contents of our Graduare Research
Progress Reports, No. 44, July, 1995, which can be found at the end of this report. Summaries of
progress in several research areas are presented here.

1. Towards an Understanding of the Role of Water-Soluble Oligomers in the Emulsion
Polymerization of the Styrene/Butadiene/Acrylic Acid Terpolymer Systemn
Cheri Xue-Yi Yuan

Many of the events which control the kinetics of particle formation and growth, as well as
many of the properties of the laiex and the polymer formed, take place in the aqueous phase, although
the primary locus of polymer formation in an emulsion polymerization system is in the interior of the
latex particles. The addition of a highly water-soluble monomer (e.g., acrylic acid (AA)) to a low
water-solubility monomer (e.g., styrene, butadiene) system will result in the formation of an increased
number of water-soluble oligomeric radicals, which will affect the kinetic behavior of the system. A
model emulsion terpolymerization system consisting of styrene (St), butadiene (Bu), and acrylic acid
(AA) is being investigated in this project. The rate of oligomer formation and the characteristics of the
water-soluble oligomers formed in the reaction are being studied.

Emulsion polymerizations were carried out in high pressure bottles by batch polymerization
under different polymerization conditions based on the recipe shown in Table 1. The conversion vs.
time behavior was determined gravimetrically. Clear aqueous solutions (serum) were separated from
latex samples by ultracentrifugation. 'H NMR spectroscopy, aqueous GPC, and transmission electron
microscopy (TEM) were used to determine the change of the oligomer composition and the SLS
concentrations in the aqueous phase, the oligomer molecular weight, and the particle size as a function
of conversion, respectively.

Figure 1A shows the conversion-time curve obtained for the polymerization carried out at 70°C
according to the model recipe (see Table 1). The three classical intervals can be seen in the S-shaped
curve. Particle nucleation (Interval I) ends at ~15% conversion, followed by particle growth in the
presence of monomer droplets (Interval IT) with further polymerization afier droplets have disappeared
(Interval ITI) where the rate slows until the end of the polymerization. The number of particles (N,) as a
function of conversion is plotted in Figure 1B. It is seen that the number of particles rises to a
maximum near the end of Interval I, drops sharply, and then remains constant for the remainder of the
polymerization,
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Table 1: MODEL RECIPE USED FOR THE SYNTHESIS OF StBwAA LATEX

Component Amount (g)
Distilled-deionized water 21.66
Sodium lauryl sulfate (SLS) 0.22
Styrene (St) 5.22
Butadiene {Bu) 390
Acrylic acid (AA) 0.38
Potassium persulfate 0.019° =1

Monomers (mole %): Bu/SYAA = 57/39/4

Total solids (wt %) = 30

Oil/water ratio (wt) = 1/2.4

[SLS} = 32 mM (CMC =9 mM in pure water a1 70°C)
* 1] = 3.17 mM, based on water

Converslon (%)
Np (*10~-15)

Y T T —r v T T T T s T T T T T Y T T v
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Time {hr.) Conversion(%)

Figure 1: {A) Conversion (measured gravimetrically) vs. time; (B) number of particles (Np) vs.
conversion for a StIBWAA emulsion polymerization carried our at 70 °C; [I) = 3.17 mM.

The NMR results showed that the water-solubie oligomers were comprised of all three
monomer units (ie., AA, Bu, and St). Figure 2A shows the evolution of the aqueous phase surfactant
and water-soluble oligomer concentrations. It was noted that the free water-soluble oligomer
concentration showed the same trend for all systems. The total amount of water-soluble oligomers
increased with conversion until ~15% conversion where it reached a maximum value. The emulsifier
concentration in the aqueous phase exhibited a continuous decrease during Interval I and was nearly
exhausted by Interval HI. During Intervals II and III, it was noted that the overall water-soluble
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oligomer concentration did not change much, although the composition of the oligomers showed an
increase in the amount of acrylic acid (see Figure 2B). The oligomer molecular weight exhibited a slight
decrease (after ~5% conversion) with increasing conversion (MW = 11900 at 5% conversion to MW =
7300 at ~60% conversion). These results indicate that reactions in the aqueous phase were not
significant during this period. The more hydrophobic oligomers, containing more St and Bu units and
having longer chain lengths (high MW), will prefer to be captured, ie., adsorbed onto the surface of
the latex particles.

It was also noted that the monomer with the highest unit concentration in the oligomer chains
was not acrylic acid, but rather butadiene (see Figure 2B). This may be due to the fact that butadiene
has a higher reactivity than the other two monomers and a higher water-solubility than styrene.
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Figure 2: (A) Weight percen: of surfactant (SLS) and water-soluble oligomers found in the aqueous
phase; and (B) mole percent of styrene (1}, butadiene (Bu), and acrylic acid (AA) monomer units in
the water-soluble oligomers as a function of conversion for the StIBWAA terpolymerization carried
ourar70 °C; [I) = 3.17 mM. -

2. Copolymerization of Styrene and Butadiene Monomers via Miniemulsion
Donghong Li

Copolymers of styrene and butadiene are among the most useful and important polymers
ever developed. In general, the final conversion in conventional emulsion polymerizations is
usually limited to about 60% in order 1o avoid a large amount of gel formation; this is especially
important in SBR products. Based on the mechanism considered responsible for this gel
formation, a number of ways of reducing it have been suggested. One possible means is to use
miniemulsion polymerization,

A miniemulsion polymerization is quite different from a conventional emulsion
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polymerization in terms of the nucleation mechanism, as well as the properties of resulting latexes.
For the miniemulsion system, many of the small and relatively stable monomer droplets will take
part in the nucleation rather than the monomer-swollen micelles as is the case in conventional
emulsion polymerization. Particles created from miniemulsion monomer droplets are typically
larger in size and relatively monomer-rich during the early stages of the polymerization as
compared to the newly nucleated particles in conventional emulsion polymerizations. Therefore,
this increase in the ratio between monomer and polymer within the particles is expected to reduce
the level of branching and delay the formation of gel undil higher conversions.

Miniemulsion copolymerizations were conducted using the Mettler RC1 reaction
calorimeter. The styrene/butadiene weight ratio was 70/30 and the reaction temperature was
70°C. The heat of reaction and fractional calorimetric conversion were obtained through analysis
of the RC1 data, and the gel fraction in the latex particles was measured by using a combination
of thin layer chromatography (TLC) and flame ionization detection (FID).

As shown in Figure 3, the heat of reaction and fractional conversion increased with the
concentration of surfactant/cosurfactant as might be expected from the nucleation of greater
numbers of droplets during the polymerizations. By varying the type of cosurfactant, it was found
that the cetyl alcohol (CA) was a more effective cosurfactant than the hexadecane (HD); the
polymerization of a miniemulsion prepared with CA was faster than a parallel polymerization
using HD. This is in contrast to polymerizations conducted with styrene as the sole monomer
where the opposite behavior has been observed. The reason for this difference is unclear.
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Figure 3: Effect of surfacianticosurfactant (SLSICA) concentrations (mM) on the heat of
reaction and calorimetric conversions in miniemulsion copolymerizations of styrene and
butadiene; T, = 70°C.

Ao g



{PCG Newslener . Emulsion Polymers Instcuie, Lehigh University

Agitation was also considered as a variable in these studies. By changing the stirrer speed
from 400 rpm to 800 rpm, the reaction rate was found to decrease. This result is somewhat
surprising in that miniermulsions are typically not considered to be sensitive to agitation
conditions. However, the preparation of these miniemulsions differs from typical ones in that the
Styrene monomer was first emulsified in the same manner as normal miniemulsions but then the
butadiene was added neat and allowed to swell the miniemulsion droplets. Thus these droplets
could be more shear sensitive than otherwise would be expected which could thus reduce their
numbers at the higher agitation rate.

3. Suprastructured Latex Thermoplastics— A *C NMR Characterization Study
Veera Nelliappan and James E. Roberts

The tendency for brittle fracture in PMMA which limits its use can be overcome by the
incorporation of particles which consist of radially alternating rubbery and glassy layers. These rubber
particles enable energy dissipation over a large volume, and consequently increase the energy for
fracture. The two main energy dissipative processes are cavitation at the particle/matrix interphase and
multiple localized shear yielding initiated by the particles. In this study, multilayered composite latex
particles consisting of poly(divinylbenzene) (PDVB)/poly(n-butyl acrylate) (PBA)/poly(methyl
methacrylate) (PMMA) were chosen as the toughening particles. The core/shell layer interphases and
particle/matrix interphase influences the adhesion of the rubber particles and the matrix; without
adequate adhesion at the interphases, the particles become ineffective and simply debond from the
matrix. The interphase thickness and composition can be varied to achieve a desired property.

The relatively small volume of the interphase region results in its being obscured by the bulk
phase. We have applied solid-state *C NMR methods to characterize the resulting interphases of the
PDVB/PBA and PBA/PMMA core/shell latex particles. Solid-state NMR has previously been used to
characterize the interphase in polymer blends, and recently it has been used to characterize the
interphase of core/shell latex particles through measurements of spin-lattice relaxation times ((HIT:D)
(Tembou Nzudie, D., Delmotte, L., and Reiss, G., Makromol. Chem., Phys., 195, 2723 (1994)).

The PDVB core latex particles were synthesized by miniemulsion polymerization and the stage
II n-butyl acrylate was added semicontinuously. The measurements of the spin-lattice relaxation times
of the methy! group in the PBA of these core/shell latexes were made using a General Electric (GN-
- 300) spectrometer operating at a field strength of 300 MHz. The thickness and the amount of the
interfacial PBA was calculated by applying a model which was proposed for compatible blend systems
[McBriety, V.J,, Douglass, D. C,, Kwei, T.K., and Frisch, H.L., Macromolecules, 11, 1265 (1978)).
The thickness of the interphase in the PDVB/PBA particles was calculated to be in the range of 5to 7
nm [Nelliappan, V., El-Aasser, M.S., Klein, A., Daniels, E.S., and Roberts, J.E., J. App. Polym. Sci.
58, 323 (1995)).

To characterize the PBA/PMMA interphase zone, core/shell latex paniicles of PBA/PMMA
were synthesized without the inclusion of the glassy PDVB core. The solubility parameters of PBA and
PMMA make them incompatible. These were compatibilized using PMMA macromonomers. The
interphase regions of the uncompatibilized and compatibilized core/shell latexes were compared. The
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compatibilized latex had an interphase thickness in the range of 15 to 16 nm compared to the
uncompatibilized core/shell latex which had a thickness of 10 to 11 nm, Also, electron microscopy
studies revealed that the PBA latex which contained the compatibilizer had a more uniform coverage of
the PMMA shell polymer. It was concluded that the PMMA compatibilizer increased the content of the
interfacial PMMA [Nelliappan, V., El-Aasser, M.S., Kiein, A., Danicls, E.S., and Roberts, J.E., Parts I
and II, submitted to J. Polym. Sci., Polym. Chem.).

4. Micron-Size Structured Particles via Dispersion Polymerization
Danni Wang

Dispersion polymerization has proven to be a useful technique for preparing micron-size
polymer particles in a single step. A large number of monomers have been used in dispersion
polymerization and the resulting micron-size homopolymer or copolymer particles are typically
hard having a high T; (c.g., polystyrene, poly(divinylbenzene) and poly(methyl methacrylate)).
One of the applications of micron-size particles prepared from a soft (low T,) polymer (e.g.,
poly(n-butyl acrylate)) is as impact modifiers. However, in order to achieve compatibility of the
soft particles with a plastic matrix, these particles have to be modified with a hard polymer,
usually the matrix polymer, to form structured particles. The focus of this research program is the
preparation of micron-size monodisperse poly(n-butyl acrylate) particles, and to further
Investigate seeded dispersion polymerization as a means of preparing the structured particles.

The dispersion polymerization of n-butyl acrylate (BA) was investigated using
cthanol/water and methanol/water mixtures as the dispersion medium, 4,4'-azobis-(4-
Cyanopentanoic acid) as the initiator, and polyvinylpyrrolidone (PVP) as the stabilizer. Batch
polymerizations were carried out in bottles tumbled end-over-end at 70°C. The effects of
polymerization parameters, such as alcohol/water ratio in the medium, type and concentration of
polymeric stabilizer, etc., on the particle size and size distribution were studied. The optical
micrographs in Figure 4 show the effect of the concentration of PVP K90 (molecular weight
360,000) stabilizer on the size of the resulting poly(n-butyl acrylate) particles. A 90/10
methanol/water medium was used in these systems. The amounts of PVP K90 used were 5, 10,
20, and 30 wt% (based on monomer weight), resulting in particles having number average particle
sizes of 4.0, 3.4, 2.6, and 1.9 um, respectively; the polydispersity indexes were smaller than
1.025. These particles will be used as the seed in second-stage seeded dispersion polymerizations.

5. Preparation of High Solids Content Latexes Through Miniemulsion Polymerizations
José R. Leiza

In this work, an approach to prepare high solids content latexes via miniemulsion
polymerization was investigated. High solids latexes (> 45%) are those typically used in industrial
practice and in many formulated products. Their main advantages are that shipping costs are
considerably reduced and that additional cost due to concentration steps are not required.
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Figure 4: Optical micrographs of particles obiained by dispersion polymerization of n-buryl
acrylate with vary concentration of stabilizer PYP K90; from left to right: 5, 10, 20, and 30 wt%.

The approach proposed in this work is a two stage polymerization. In the first stage, a seed
having a relatively broad particle size distribution is prepared by a seeded semicontinuous miniemulsion
polymerization. This broad PSD seed is then used in subsequent polymerizations where the high solids
content latexes are produced. By growing a seed having a broad PSD, the maximum polymer fraction
that can be achieved where the system will still flow can be enhanced; the viscosity of the latex is
lowered since small particles can fit within the voids of the larger ones, thereby increasing the
maximum packing fraction of the particles.

Two monomer systems were chosen to investigate this approach: BuA and VAc/BuA. The
seeded semicontinuous miniemulsion polymerizations (firsi stage) were carried out at 60°C. The
emulsifier concentration in the initial charge and the flow rate of the miniemulsion were varied along
with other process parameters, The results showed that the broadest distributions were achieved when
the emulsifier concentration in the initial charge was below its CMC.

For the second stage polvmerization, different strategies were used. Barch processes were
found to have limitations since solids contents higher than 55% caused thermal runaway due to the
limited heat removal capacity of the reactor. In addirion, the particle size distribution could not be
readily modified or controlled. When semibatch processes were used, latexes with higher solids
contents were achieved. Several experimental conditions were investigated in order to obtain a recipe
that allowed fluid latexes of high solids content to be produced with low emulsifier concentrations.
Thus, fluid latexes having up 1o 64% solids were prepared using emulsifier concentrations no higher
than 0.5 wt% based on monomer. During the experiments, it was observed that, as previously reported
in the literature, the broader the PSD, the lower the viscosity and hence, the higher the solids contents
that could be achieved. From the resulting particle size distributions, it was determined that the growth
of the seed particles was not sufficient 10 ensure a fluid latex but in addition, agglomeration and
nucleation of new particles were necessary to enhance the maximum packing of the particles and
hence, the solids content. When solids contents higher than 55 wi% were required, it was observed that
PSD’s having particles no larger than 500 nm led to paste-like latexes (i.e., high viscosity), whereas
broader PSD’s led to fluid latexes.
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Recent Ph.D. Dissertations

The Behavior of Poly( tetrafluoroethylene) (PTFE) Particles in Shear Fields
Chaohua Wang

Rheblogy of Associative Thickener Solutions
Li Zhuo

Anionic Dispersion Polymerization of Styrene
Muhammad A. Awan
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Solution and Surface Properites of a Hydrophobically Modified Polyacrylic Acid
by

Sue J. Liang, Willowbrook, IL
and

Robert M. Fitch, Fitch & Associates, El Prado, NM, USA *

I. Introduction

Polyacrylic (PAA) acid has been modified with highly hydrophobic moieties by
copolymerization with a mixture of cetyl (C16) and eicosyl (C20) acrylates. The resulting weak
acid polyelectrolyte was investigated to determine how the degree of dissociation affected
hypercoiling in solution and how it adsorbs at the organic liquid/aqueous interface at various pH's
and ionic strengths. Associative thickeners generally act both via inter-molecular interactions as
well as by attachment to colloidal particles when they are present. It is well known that whereas
PAA has a pKa that varies monatonically with added alkali, PMAA (polymethacrylic acid)
undergoes a transition at a critical degree of dissociation. Dubin and Strauss have investigated
this phenomenon in maleic acid/alkyl vinyl ether copolymers on which the alkyl chain length was
systematically varied 1. They showed that the methyt and ethyl polymers behaved as typical
polyelectrolytes, the butyl and hexyi polymers undergo pH-induced conformational changes, and
the octyl and decyl copolymers acted as polysoaps. Audebert has investigated the rheological
properites of a series of HMPAA's with and without added surfactants and proteins, finding
strong interactions with large changes in solution viscosities 2. Petit and coworkers have shown

even more dramatic effects of lucrocarbon moieties on the viscosity of HMPAA solutions 3

Awad and Morawetz studied the adsorption of PAA modified by copolymerization with
naphthylacrylamide. They used emulsifier-free polystyrene {PS) latexes as a substrate, and
found non-equilibrium and irreversible behavior in some instances 4. The amount adsorbed
increased with increasing amount of hydrophobe, a result which was interpreted to mean that
many of the hydrophobes remained as loops and ends in solution, not all adsorbed onto the PS
surface.

We have sought to avoid difficutties of non-equilibrium adsorption by using a liquid
substrate, toluene, to ensure complete mobility of the adsorbed chain segments and good
solvation of both PAA and hydrophabe parts of the molecules. To obtain a high interfacial area
we invented a novel means for preparing monodisperse toluene emulsions.

Il. Experimentat

2. Synthesis of Monodisperse Toluene Colloids
These were made in a two-step process. First a monodisperse colloid of dioctyl disulfide
was prepared from a solution of sodium octyl mercaptide and hydrogen peroxide by

L



homogeneous nucleation and limited coagulation in a manner similar to thatin emulsion
polymerization 5. These colloids exhibited Higher Order Tyndall Spectra (HOTS). Secondly
toluene was introduced such that the particles were swoilen some 9.2 {o 11.2 times in volume.
The swelling was not the maximum possible, since small particles with a high internal surface
area were desired with a minimum of disulfide to inierfere.

3. Measurements

a. Titrations

Titrations were carried out conductometrically using NaOH or HCI, the iatter for back
titration of the sodium salt of the polymer. A typical titration curve is shown in Fig. 1. In one case,
in order to suppress the hydrophobic effect, titration was carried out in isopropanol/water 50/50
solution.

b. Adsorption at a liguid/liquid interface

Solutions of various known concentrations of the PAAJCEA copolymer were mixed with
toluene latexes under different conditions of pH and ionic strength. After equilibration for 3 days
the emulsion particles were centrifuged up, and the serum removed and titrated. The difference
in polymer concentration gave the amount adsarhed

. Recults

Conductometric titration (Fig. 1) showed typical behavior for a polyelectrolvie weak acid,

- s

but with a rather abrupt change in slope approximately four tenths of the wav tn the end naint,
Back titration with HCI shows an exactly analogous behavior in reverse. From a series of such
titrations we calculate that the polymar containg 38 AA reneat units for aach CF "unit.

The fact that there is an inflection point at a critical degree of ionization, 2, indicates that
2 cooperative process ocours. This has been shown to be caused by the conceded effects of
charge buildup and solvation of carboxylate ions finally overcoming the associative forces in a
manner similar to that found for poly-methacrylic acid 8. The siope in the region & > a' decreases
because exchange of H* by Na* in the expanded coil resulls in less change in conductance than
in the hypercoiied state 4. in i-propanoi/water (50/50) there is no infiection, presumably because
there is no hydrophobic effect under
these conditions. The end point of a single
titration in this solution was almost the
same as the average of those taken in

purely aqueous media (1.282 X 10-2

mole/g vs. 1.242 X 10-2 mole/g in aqueous
solution).

7

i The critical degree of dissociation
a' was determined for PAA-CEA under
various conditions of pH and ionic
strength. These came between 0.34 and
0.45, depending upon whether it was
“forward” or "back" titration, ionic strength

Comuctame (arh umils}

Vol 0.0100 N NaoH (mL) and polymer concentration. The degree of
Figure 1 ionization of pure aqueous solutions of
Conductometric Titration of PAA-CEA the polymer decreased from 0.054 to
Aqueous Solution 0.016 as the concentration was



increased from 0.0025 to 0.162 weight percent.
2. Adsorption at the toluene/water interface
PAA-CEA was found to adsorb strongly to the toluene/aqueous interface, depending
upon pH, ionic strength and polymer concentra-tion. A typical isotherm (Fig. 2) showed non-
Langmuirian behavior: (a) curvature convex to the abscissa at low concentration, followed by
(b) a plateau indicating monolayer coverage, and at yet higher concentrations, (c) pronounced
muttilayer adsorption. This may be due to micellar adsorption 7.

V. Conclusion

Association in solution is a characteristic of polyacrylic acid modified with tong alkyi
chains. A definite infiection in conducto-metric titrations was interpreted as evidence of
hypercoiling up to ca. 40 % dissociation, with a cooperative expansion of the coil at higher
degrees of neutralization. In the absence
of added base the degree of

/ dissociation of the hypercoiled poly-mer
varied between 1.6 and 5.4 %,

e depending upon concentration. Thus

intermolecular inter-actions are

() important,

Adsomtion at the
toluene/aqueous interface exhibited
strong muitilayer formation above the

i (b) plateau region. The area per molecule
increased with increasing pH and
F ' (a) decreased with an increase in ionic
s - o2 strength. Both effects are no doubt due
: - : : ta intramolecular electrostatic
PAA-CEA in Solution (g) interactions resulting in changes in
dimensions of the adsorbed species.

SUEl

PALCLA Adsorbed 1)

Figure 2
Adsorption Isotherm of PAA-CEA at the
Toluene/Aqueous Interface

* Work done at the University of Connecticut.

L. P.L. Dubin and U.P. Strauss in Polyelectrolytes and their_Applications, Reidel,
Dordrecht (1975), p. 3.

2 R. Audebert, Preprints, Associating Polymers, Loen Norway, Polymer & Colloid Sci.
Group, Univ. Oslo, 25 - 30 June 1995,

3. F. Petit, I. Iliopoulos and R. Audebert, ibid.

4. N.M. Awad and H. Morawetz, J. Polym. Sci. 19, 245 (1981).

3. R.M. Fitch, Brit. Polym. J. 5,467 (1973).

6, R.M. Fuoss, J. Polymer Sci. 12,185(1954).

7. 8.J. Liang and R.M. Fitch, J. Colioid Interface Sci. 90,51 (1982).



Contribution to the International Polymer Colloids Group Newsletter

Alice P. Gast

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

The Gast research group is made up of seven Ph.D. students uud

one postdoctoral student. Stephen Nilsen, Glen McConnell, Joanne
Promislow, Ja Phalakornkul, and Albert Lee are advised by Alice P.
Gast, Mike Yatcilla is jointly advised by Alice P. Gast and Cha..
R. Robertson, and Patrick Doyle is jointly advised by Alice Gast
and Eric §. G. Shaqfeh. Ben Frank has recently joined the group as
a postdoctoral student. We are interested in the study of colloids
and macromolecules, and the following pages contain abstracts from
three recent research projects from members of the group.



Dynamic Simulation of Flexible Polymers
Patrick S. Doyle, Eric S. G. Shagfeh, Alice P. Gast

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

Abstract

We present a study of the rheological and optical behavior of Kramers bead-rod chains in dilute solution
using stochastic computer simulations, We consider two model linear flows, steady shear and uniaxial
extensional flow, in which we calculate the non-Newtonian Brownian and viscous stress contribution of the
polymers, their birefringence‘md a stress optic coefficient. We have developed a computer algorithm to
differentiate the Brownian from the viscous stress contributions which also avoids the order 1/ V8t noise
associated with the Brownian forces. The strain or shear rate is made dimensionless with a molecular
telaxation time determined by simulated relaxation of the birefringence and stress after a strong flow
applied. The characteristic long relaxation time obtained from the birefringence and stress are equivalent
and shown to scale with N? where N is the number of beads in the chain.

For small shear or extension rates the viscous contribution to the effective viscosity is constant and scales
as N. We obtain an analytic expression which explains the scaling and magnitude of this viscous contribution.
In uniaxial extensional flow we find an increase in the extensional viscosity with the dimensionless flow
strength up to a platean value. Moreover, the Brownian stress also reaches a plateau and we develop an
analytic expression which shows that the Brownian stress in an aligned bead-rod chain scales as N3, Using
scaling arguments we show that the Brownian stress dominates in steady uniaxial extensional flow until
large Wi, Wi = 0.06N?, where Wi is the chain Weissenberg number. In shear flow the viscosity decays as
Wi~/ and the first normal stress as Wi=4/3 at maderate Wi. We demonstrate that these scalings can be
understood through a quasi-steady balance of shear forces with Brownian forces. For small Wi (shear and
uniaxial extensional flow) and for long times (relaxation) the stress-optic law is found to be valid. We show
that the rheology of the bead-rod chain can be qualitatively described by an equivalent FENE dumbbell for
small Wi,



Evanescent Wave Correlation Spectroscopy (EWCS)
to Study Particle-Wall Dynamics

Albert S. Lee, Alice P. Gast

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

Abstract

An aqueous suspension of polystyrene beads near a glass wall was studied by setting up an evanescent
wave correlation spectroscopy (EWCS) experiment very similar to that of Lan, et al.! Using EWCS, particle
diffusivities were measured in order to observe the hydrodynamic interaction between the particles and the
wall. In the EWCS experiment, light is totally internally reflected at the interface between the glass and
particle suspension, giving rise to an evanescent wave. The evanescent wave penetrates into the suspension,
scatiering off of the particles. The scattered light is collected and analyzed to calculate {he diffusivity.
Because the evanescent wave decays with distance into the solution, diffusivities are measured only for
particles which are near the wall. The effectjve peneiration 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 0.13 um and 0.22 pm diameter particles ai volume
fractions of 5 x 10~4 and 5 x 10-5. Diftusivities were measured for particles at penetration depths ranging
between 0.4 um and 1.4 pm. At large distances from the wall, the diffusivity is measured to be close to the
bulk diffusivity, but at progressively closer distances from the wall, the diffusivity is measured to decrease.
Hydrodynamic theory predics that the mobility of a particle should decrease as the particle moves closer to
the wall, because the wall exerts a hydrodynamic force on the particle. Using EWCS, this predicted slowing

down of the particles near the wall is experimentally observed.

!N. H. Lan, N. Ostrowsky, and D. Somnette, Phys.Rev.Lett, 57, 17 {1988)



Dynamics in Disordered and Ordered Colloidal Suspensions
Stephen J. Nilsen and Alice P. Gast

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

Abstract

Aqueous dispersions of monodisperse, highly-charged, polystyrene colloids are ideal for the study of the
influence of interparticle structure on dynamics. The well characterized screened Coulombic interaction in
these systems is easily controlled via solution ionic strength and particle volume fraction, yielding a rich va-
riety of interparticie structures; these range from liquid-like structures to long-ranged ordered particle arrays
with both face-centered and body-centered cubic lattices. In disordered suspensions, statistical mechanics
predicts that the q-dependent diffusion coefficient, D{q), in strongly interacting systems is modified by the
static structure factor, 5(g), and hydrodynamic response function, H(g). In dilute suspensions, we can
neglect the hydrodynamic contributions (H(g) = 1), and directly probe the changes in suspension dynamics
arising solely from interparticle structure. In ordered colloidal dispersions, the dynamics are a complex func-
tion of structurat and hydrodynamic effects. Intriguing high frequency phonon modes and long wavelength
propagating transverse waves have been predicted by models based on a damped, harmonic crystal lattice.
Until recently, experimental studies of these interesting systems have been circumscribed by their strong
scattering; however, the development of high-speed correlators and theoretical treatments for multiply scat-
tered light have given us a new experimental probe called diffusing wave spectroscopy (DWS) allowing us to
perform a detailed study of dynamics in these turbid systems.

In our work witk disordered suspensions, we have experimentally interrogated the effect of interparticle
structure on dynamics in turbid suspensions!. We probe the dynamics using DWS as we vary the inter-
particle structure by systematically changing the suspension volume fraction and the solvent ionic strength.
Since DWS models the transport of the photons in the sample as a diffusive process, we can interpret the
autocorrelation function of the scattered laser light to obtain an averaged, g*-weighted diffusion coefficient,
(D(q) = ¢%). The averaging arises from the multiple scattering and is over a finite g range dictated by the
experimental parameters. It is important to note that the g* contribution to the averaging preferentially
weights the upper ¢ limit and allows us to probe specific features in the structure factor, S{q). We measure
slowed diffusion on length scales corresponding to enhanced interparticle correlations and increased diffusion
for suppressed correlations. By modeling the screened Coulombic interaction with the hard-core Yukawa

potential, we can make theoretical Predictions of S(g) and quantitatively show the specific peaks and valleys

!S. J. Nilsen and A. P. Gast, J, Chem. Phys., 101 {8), 4975-85, 1904



in the static structure factor affecting the diffusion.

Applying DWS to multiply scattering, ordered suspensions required that we devise a novel experimental
geometry for simultaneously interrogating the suspension optical and dynamic properties. With this setup,
we can now account for the scattering properties of the colloidal crystals to yield a measure of the dynamics
alone. We have studied bulk suspensions of ordered collojds as we vary the ionic strength and volume fraction.
We have observed propagating, long-wavelength crystal phonon modes and a short time decay arising from
overdamped lattice dynamics. We have also observed that decreasing the strength of the interparticle
interactions below some critical value will suppress the propogating modes even though the suspension
remains crystalline. We are currently currently working to quantitatively interpret these dynamics with a

hydrodynamically damped harmenic lattice theory.



Overview of the research projects in the group of Prof.dr.ir. A.L. German, Eindhoven
University of Technology, The Netherlands

The programme is devided in 5 subprogrammes:

Subprogramme 1: Molecular characterization of (co)polymers and oligomers. Dr.ir. L
Klumperman (as from Jan’95), Dr. AM. van Herk (until Jan. *95), Prof.dr.ir. AL,
German.

Molecular microstructure plays a crucial role in relating process conditions with

product properties; special attention is given to:

Project 1.1 Understanding of the separation mechanism of (co)polymers and
oligomers using chromatographic and electrophoretic techniques, (since
1991), 2 Ph.D. students, sponsored by AKZO NOBEL and Océ;

Project 1.2 Application of these techniques to emulsion (co)polymers (since 1992),
2 Ph.D. students active, sponsored by Rhéne-Poulenc and SEP:

Project 1.3 Use of these techniques in on-line process control (since 1994), 1 2nd-
phase student active.

systems. Dr. AM. van Herk, Dr.ir. L Klumperman (as from Jan.’95), Dr. LA.
Maxwell (May "91-June '92), Dr.ir. M. Mayer (as from Febr.’95), Profdrir. AL
German.

Study of the kinetics and mechanisms of radical (co)polymerizations in solution, bulk
and emulsion systems in order to develop well-defined (co)polymers with specified
Structures and properties; special attention is given to:

Project 2.1 The kinetic and mechanistic aspects of emulsion co- and terpolymeri-
zation and the influence of polymerization conditions on the micro-
structure of polymers (since 1982), 2 Ph.D. students and 1 post-doc
active, sponsored by Rhéne-Poulenc and SEP;

Project 2.2 The development of non-steady state polymerization techniques to study
fundamental aspects of radical (co)polymerizations, like propagation,
termination and transfer (since 1992), 2 Ph.D. students active, sponsored
by SON and TUE.

Subprogramme 3: Polymer synthesis, functional polymers and reactive latices. Dr.
JJ.G.S. van Es (as from May *93), Dr. N. Cameron (as from April '95), Dr. F. Vidal
(as from May ’95), P. Piet (until Oct. *94), Prof.dr.ir. A.L. German.

The development of new polymerization routes, the preparation and investigation of

functional particle morphologies and functional polymers; special attention is given to:

Project 3.1 Living radical polymerization, the development of new initiator systems
offering the possibility of application at lower temperatures, in emulsion
polymerization and in stereoregular polymerizations (since 1993), 1
Ph.D. and 1 post-doc active, sponsored by TUE:;



Project 3.2 The preparation and properties of reactive latices with (complement
functionalities allowing post-crosslinking of latices (since 1991), 3 Ph.D.
students active, sponsored by IOP-Coatings, DSM and TUE. This is a
project that is directed towards improvement of environmental aspects
of water-borne coatings;

Project 3.3  Surface active initiators (inisurfs), copolymerizable surfactants (surf-
mers) and surfactants with transfer activity (transsurfs) (since 1989), 1
post-doc active, sponsored by EEC.

Subprogramme 4: Special (latex) particle morphologies. Dr. A M. van Herk, Dr.ir. M.
Mayer (as from Febr. *95), Prof.dr.ir. AL German.

The development of new strategies to obtain specific latex particle morphologies,

special attention is given to:

Project 4.1 Core-shell structures: polymer grafting on particles, preparation of core-
shell morphologies and hollow particles through vesicle polymerization,
and encapsulation of (in)organic particles by means of emulsion like
(dispersion) polymerization (since 1988), 2 Ph.D. students active,
sponsored by ICI and IOP-Coatings;

Project 4.2 The preparation of artificial latices (since 1995), one staffmember
active.

Subprogramme S: Coating technology. Prof.dr. R. van der Linde (0.4, as from May
’95), Dr.ir. AM. Vermeijlen-Aerdts (0.3, as from Aug.’95).

Studies in the field of coating technology require a multidisciplinary approach, due to
the broad spectrum of physical and chemical aspects that determine the final
properties; special atteation is given to:

Project 5.1  Adhesion of coatings;

Project 5.2  Coatings with special properties;

Project 5.3  Synthesis of binder materials.



PULSED ELECTRON BEAM POLYMERIZATION OF STYRENE IN LATEX PARTICLES

Alex M. van Herk’, Hans de Brouwer, Bart G. Manders
Department of Polymer Chemistry, Eindhoven University of Technology,
PO. Box 513, 5600 MB Eindhoven, The Netherlands.

Andries Hummel, Marinus L. Hom, Lee H. Luthjens
Interfaculty Reactor Institute, Delft University of Technology
Mekelweg 15, 2629 JB Delft, The Netherlands.

Abstract:

Pulsed electron beam polymerizations of styrene are performed in latex particles.

A sequence of electron beam pulses is used for initiation, leading to the principle of perio-
dic inititiation similar to thar used in pulsed laser polymerization'?. The penetration depth
of electron beams in heterogeneous systems is higher compared to laser light and therefore
pulsed electron beam polymerizations are more suitable to study polymerizations in emul-
sion. From the molar mass distribution the monomer concentration in the particles could
be determined.

Polystyrene and sligthly crosslinked polystyrene-divinylbenzene particles were used, swol-
len with styrene. A typical dose per pulse is 1.5 Gy*. The monomer concentration in 46 nm
diameter particles was found to be 6 mol dm.

Cationic and anionic polymerization of styrene was sufficiently suppressed by the presence
of water.

In principle periodic initiation by means of a sequence of electron pulses can also be ap-
plied on a larger scale in polymerization and crosslinking proceesses with the aim to con-
trol the molar mass distribution.

(1) S. Holdcroft, J.E. Guillet, J.Pol.Science Part A: Polymer Chemistry 28, 1823 (1990)
(2) B. Manders, A.M. van Herk, AL. German, J. Sarnecki, R. Schomacker, J. Schweer,
Makromol. Chem. Rapid Commun. 14, 693 (1993)
(3) J. Schweer, A.M. van Herk, R.J. Pijpers, B.G. Manders, A.L. German
Makromol. Chem. Makromol. Symp. In Press (april 1995)
(4) L. H. Luthjens, Thesis, Delft University of Technology, 1986



Contribution to the IPCG Newsletter from
the Sydney University Polymer Centre
Reporter: Bob Gilbert
Chemistry School, Sydney University, NSW 2006, Australia.

The following abstracts from various members of the SUPC summarize current
research directions.

Determination of transfer constants of non-ionic thiol-ended surfactants {transurfs) in
styrene free-radical polymerizations. F. Vidal and R.G. Gilbert.

The transfer constants of n-dodecanethiol and non-ionic thiol-ended surfactants
(transurfs) have been determined for the bulk polymerization of styrene at 70°C:
these values are 19 for n-dodecanethiol and 19 and 14 for the transurfs with 17
and 90 ethylene oxide units respectively. Transfer constants are obtained from the
high-molecular weight portion of the full number molecular weight distribution.

s

Modelling rates, particle size distributions and molecular weight distributions. R.G.
Gilbert. Chapter'5 in Emulsion Polymerization, Ed. M.A. El-Aasser and P. Lovell, John
Wiley, 1995,

The basic mechanisms and evolution equations are given for predicting rates,
nucleation events, particle size and molecular weight distributions in emulsion
polymerizations. Comparisons with extensive experimental data are also given.
Among novel results are that the solution of the complete evolution equations for
particle formation, including full size dependence of all kinetic parameters and
the complete descriptions of the mechanisms for entry and desorption, show
unambiguously that it is necessary to incorporate coagulation of precursor
particles above the cmc to give simultaneous accord with experimental data on
rates, particle number and early-time particle size distributions.

Measurement of transfer constants to predict emulsion polymerization kinetics. D.1.
Christie, R.G. Gilbert, I.P. Congalidis, J.R. Richards, J.H. McMinn, DECHEMA
Monographs, 131, 513-22 (1995).

The transfer constant in chloroprene is measured using the high-molecular-weight
part of the number molecular weight distribution. The measured value is used
(along with that of the propagation rate coefficient) to predict that, in a seeded
emulsion polymerization, the system should follow zero-one kinetics (low n, non-
rate-determining termination of an existing radical upon entry of a radical into a
particle) and that the major contribution to radical loss should be exit, with exited
radicals re-entering another particle and femaining there. These predictions are
verified experimentally using seeded growth of chloroprene in a poly(styrene)
seed, with exit kinetics being monitored using y-radiolysis relaxation.

* The following publications have appeared since the previous Newsletter:

Molecular weight distributions: their cause and cure. R.G. Gilbert, Trends in Polymer
Sci., 3, 222-6 (1995).




Critically evaluated rate coefficients for free-radical polymerization, |, Propagation
rate coefficients for styrene. M. Buback, R.G. Gilbe

rt, R. A. Hutchinson, B.
Klumperman, F.-D. Kuchta, B.G. Manders, K.F. O'Driscoll, G.T. Russell and J.
Schweer. Macromol. Chem, Phys., 196, 3267 (1995).
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Natural Rubber (NR) Latex Chemistry and Technology

High ammonia NR latex concentrate is a technically specified
starting material for the manufacture of many rubber dipped goods
such as gloves, catheters, prophylactics, balloons, pacifiers,
etc. A whole range of rubber compounding agents are added to the
latex to impart the necessary technical properties to the final
products. Most of these additives are solids (powders), some are
non-aqueous liquids. Incorporation of these substances to the
latex therefore requires special understanding of the colloid
stability of the latex particles in the presence of these
particulates. The interaction between the latex particles and the
‘other dispersed solids influernced not only the processibility but
also the flow properties of the mixed dispersion.

Research centred on the study of the following areas

1) Colloidal properties of NR latices in relation to their
Processibility using different compounding agents. The
preparation of multicomponent mixed dispersions of solid
particles, oil-in-water emulsions, and the choice of
appropriate stabilisers for these dispersions are important
aspects investigated,.

2) Chemical modification of NR latex in the latex stage for
improved and novel applications. The main emphasis here is to
study the surface aspect of biocompatibility and how specific
applications requilrement can be achijieved through chemical
modification.

3) Colloidal properties of mixed dispersions of NR latex and palm
0il emulsions and properties of films formed from such
latices. The incorporation of palm o1l into rubber goods would
pave the way to achieving eventually the goal of an
environmentally friendly manufacturing process including the
use of 'green' starting materials.

4) Novel and new uses of NR latex. Exploitation of unconventional
usage of NR latex for example as a flocculant in the
dewatering of tin-tailings slurry (with eventually zcaling up
of the process in the reclamation of ex-mining ponds and in
the biomedical field of antigen-antibody interaction at
polymer substrate (NR). )

from Chee C. Ho
Department of Chemistry
University of Malavya
£9100 Kuala Lumpur
Malaysia
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Void Formation and Vapor-Liquid Condensation

Yoshida, Ise and Hashimoto studied the void formation in latex dis-
persions using confocal laser scanning microscope (CLSM) (J. Chem.
Phys. Dec. 15 issue, 1995). Using lgtex spheres {(diam.: 0.120 gm, ana-
1ytica£ charge density: 4.8 ux C/cm®, effective charge density: 0.48

1 C/cm®) they found that void structures were formed under the
density-matched condition (in a H 0-D50 mixture) while macroscopic
vapor-liquid condensation took pface in H20 dispersions. As demon-
strated in Fig.l, the voids were formed at 0.05 and 0.10 % whereas no
voids were observed at 0.15 and 0.20 %, This suggests the presence of
a critical concentration at 0.10 - 0.15 % for the latex particles
under consideration.

Fig. 1 CLSM micrographs showing
the structure of the colloidal
dispersion at 0.1 % at a distance
of 50 gm from

the coverslip of the observation
cell. top: random distribution,
bottom: after 2 months.




The time evolution was studied as follows. First the dispersion
was introduced into the observation cell with ion-exchange resin
beads and kept in a thermostatted chamber controlled at 23 C for
two weeks. After confirming the void formation. the dispersion was
homogenized by shaking the sample cell violently. The particle dis-
tribution was confirmed to be homogeneous by CLSM, and the sample
was again stored In the chamber. On the 7th, 15th, and 30th day, the
CSLM observation was made and the resuits are demonstrated in Fig.
2, in which the voids structures (white objects) in liquidlike struc-
ture (black background) are presented as the three-dimensional
reconstructed images. The voids were confirmed Lo be rather spheri-
cal and isolated at the early stage of the evolution. As time passed,
the number of voids increased and nonspherical voids were observed.
The time scale for the evolution was rather slow, in comparison with
that (of the order of hours) for a larger particle system {(diam.: 1.0
i m.

{b) 7 days

Fig. 2. Time evolution of void {a) inial
structures in a latex dispersion. t
The voids are presented as the
31 reconstructed images. Each
imige was obtained [rom 40 hori-
zontal cross sections of the dis-
persion Laken by the CLSM. The
distances of the upper and lower :
planes of the reconstructed images i ts
were G7 and 3 uzm from '
the coverslip at the bottom of the
cell. The white objects are the
voids and the black background is
Lthe liquidlike region. The scale

of the image given in (a) applies
to all otLher images. [latex]:0.]1 %.

The vapor-liquid condensation was studied for the same latex
particles. Fig. 3 shows the condensation on the 40th day after the
dispersions were introduced into the cells. The condensation took
place at 0.05 and 0.10 %, which suggests that the void formation and
the condensation occurred below the same critical latex concentra-
tion.

(1} {n}) {n)

Fig. 3. Vapor-liquid condensation on the
40th day after the latex dispersions
were inlroduced into the cells. The latex
concentrations were (i) 0.05, (ii) 0.10,

and (iii) 0.15 % in H,0.




Both the void structure and the condensation did not take
place in the presence of 1074 M NaCl, suggesting that Lhe essential
forces causing Lhese Lwo phenomena are of an electrostatic origin.
Quite obviously, the void formation is a strong evidence {or the
presence of an attractive interaction between particles, while the
condensation was demonstrated to be explicable using the Sogami
potential (J. Chem. Phys. 81, 6320 (1984)) containing a short-range
repulsion and a long-range attraction by a Monte Carlo simulation by
'(I‘ﬁ]ta)et al. (Phys. Rev. Lett. 69, 3778 (1992); Phys. Rev. £ 47, 3404

93)).

The critical concentration data presented above was satisfac-

torily accounted for in terms of the Sogami theory.

Ultra-Small-Angle X-ray Scattering Study of Colloid Crystals

Konishi and Ise carried out further systematic studies of silica
colloidal dispersions (unpublished), in which the influence of shaking
on the colloidal crystal was investigated. At 1.53 vol % of colloidal
silica, it was first confirmed that a bcc structure of a 4-fold symme-
try was maintained with a lattice constant of 4300 A and the closest
interparticle spacing of 3700 A; as was reported previously (T. Ko-
nishi and N. Ise. J. Am. Chem. Soc. 117, 8422 (1995)). After the disper-
sion capillary was vigorously shaken, the USAXS measurements were
done by rotating the dispersion capillary by w around its axis and
by ¢ around the axis of the incident X-ray. The result shown in Fig.
4 indicates that small crystallltes are oriented with the [111]) direc-
tion parallel to the capillary axis: The curve did not fit with the
single crystals or randomly oriented small crystallites.

T T 5
2 4
(2]
c 5
3 .
Fig. 4. USAXS curves of a £ 3r £
colloidal silica dispersion 21 -
(1.53 vol %) after shaking o
of the dispersion capillary £ 2r \A) U
at ¢ = 0 (i.e., when the Q
capillary is held vertically.). i 1
0
- 1 1 L
-200 0
20 (sec)

Since 26 = 20 cos¢ and éd=¢, + ¢ where ¢ is the angle
between the horizontal plane and t?le scattering plane and $g Is the
angle between the diffraction plane and the caplllarg axig. ang 2/%
is the true scattering angle, and since sing = Al h ke + 1 ]1 /2a
with a the lattice constant, we can calculate 28 at the pealt posi-
tions at various ¢ for the planes {110}, {200} and {211}. The results
are demonstrated in Fig. 5 by curves together with the observed N
(circles). The agreement between the calculated and observed values



is excellent.

This analysis shows that the single crystal with the [001]
direction parallel to the capillary was broken Into small bee struc-
tures by shaking, whose [111] direction became parallel to the capil-
lary, although the reason for this change of the direction is not
yel clear. The observed facL scems Lo indicate the important role of
the interaction between the capillary surface and the crystal planes.

200 e B S L
05 ')
Fig. 5. Plots of 26 i
at the diffractjon — )
peaks against ¢. ) 0 i
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curves: calculated. 3 ]
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Determination of Particle Size and its Distribution by USAXS

Yamahara, Konishi and Ise applied the USAXS technique for the deter-
mination of the particle size and its distribution (Langmuir, submit-
ted). By taking advantage of the USAXS technique, which enabled to
determine large stxuct,ural fluctuations, colloidal silica dispersions
containing 5 x 10™"M NaCl were analyzed. The scattering profiles
observed at 0.845 - 3.92 vol % were extrapolated to zero silica con-
cenztratfon at various scattering vectors (q) from 6 x 10°4 to 1.23 x
107“ A™%. The intensity thus obtalned was plotted against q and
compared with the form factor of an isolated sphere in Fig. 6. The
agreement was obtained for the z-average radius R, of 560 A and the
standard deviation of 8 %.

The Guinier plots were carried out after extrapolation to zero
concentration of the USAXS data obtained at very low angles, as
shown in Fig. 7. The slope of the plot gave 470 A for the radius of
gyration, which gives 600 A for the R, in conformity with Rz dis-
cussed above. It should be mentioned zthat. when the observed data
was plotted without the extrapolation, a distinct deviation from fhe
linear relation in the Guinier plot was noticed.



Fig. 6. Fitting of the extrapolated
(c->0) USAXS data of colloidal

silica particles with the theoretical
value for an Isolated sphere. circles:
observed; curve: theoretical

(for R, = 560 A, ¢ = 8 %).

log(relative intensity)

Fig. 7. Guinier plots of the extra-
polated (c->0) USAXS data of colloid-
al silica particles in 5 x IO'EM

NaCl solutions.

circles: observed, straight line: Guinier
slope by the least-squares method.

Infrelative intensity)..q

% 3 3 3
Q¥ X 10%(A-%)
Control of Crystallization of Colloidal Silica Particles by Changing
Charge Number as Studied by the Ultra-Small-Angle X-ray Scattering

Yamanaka, Hayashi, Ise, and Yamaguchi studied the charged state of
colloidal silica particles (J. Chen. Phys. submitted). By using conduc-
Livity measurements and conductometric titrations, the analytical
charge number was found to increase with increasing [NaOI[]. It was
further noted that, when [NaOH} is smaller than 2.5 x 10~ I‘a and the
volume fraction of the particles was larger than 2.6 x 1079, the
concentrations of Na and OH lons were negligible, .':md5 the agxalytlcal
surface charge density at this threshold was 1.8 x10™2 C/cm“. In
other words, under these conditlons the analytical charge density
can be controlled by varying [NaOH). The results show that the silica
particles are useful materlals, since we can change the charge
number while keeping the size. :
¥
Yamanaka, Koga. Ise, and Hashimoto studied conditions for crys-
tallization in the colloidal silica particle dispersions at various




NaOH and salt (CS) concentrations (publication in preparation). The
grain sizes were large near the boundary between crystal and liquid-
like region. The structures of the crystals were investigated by an
ultra-small-angle X-ray scattering apparatus at 0.03 vol.%. Several
orders of Bragg diffraction were obtained for large grains, as shown
in Fig. 8, in which the curve a) represented the profile at [NaOH] = 0
M (that is, in liquidlike region) whereas the curve b) is the profile
at [NaOIl} = 1.5 x 107*M and Cg = 107°M (in crystal region). The curve
4) can be ascribed to a bec structure of a lattice constant of 3760
A. Almost the same profiles as curve a) were observed at each multi-
ple angle of 60° when the dispersion capillary was rotated around
its axis, implying the 6-fold symmetry of the crystal. This confirms
Lhe previous observation by Konishi et al. {(Phys. Rev. B. 516 3941
(1995)) For small grains (at {NaOH} = 107*M and Cg =2 x 10°M), a
powderlike scattering profile characteristic of a bee structure of a
lattice constant of 3510 A was obtained.

At the particle concentration used, the average spacing was
3310 A. On the other hand, the obsecrved Bragg spacings were 3260 A
and 2860 A in the crystal region (curve b)) and in liquidlike region
(curve a)), respectively. The powder pattern gave 3040 A for the
Bragg spacing. Although it can be claimed that the Bragg spacing was
smaller than the average spacing, indicating the two-state structure,
it is rather difficult to compare 2Deyp's to each other, since the
charge number and salt concentration were not kept constant. The
spacing in the liquidlike region being smaller than that in the
crystal region is quite plausible and awaits more systematic studies.

Fig. 8. USAXS profiles for aqueous -
colloidal silica dispersions. T |
Sample: KE-P10W (diam.:0.12 z m), = b)
Nippon Shokubai Co., Ltd. 2%
Curve a): [NaOH]_= 0 M, g4 |
b):NaOH = 9x 107°M, Cg = 2 x 107°M. g |
10° | 8) ”F
10!
l’
L | 3 —_t
0 700 400 aap aao

20 (sec. of arc.)



Positive Adsorption of Anionic Latex Particles on Glass Surfaces

Ito, Kuramoto and Kitano carried out a systemic investigation of the
distribution of anionic particles near anionically charged glass plate
using a confocal laser scanning microscope and found that, in con-
tradiction to the accepted view, the particle number decreased with
Increasing distance {rom the plate in the distance range 10 and 70
am (J. Am. Chem. Soc.117, 5005 (1995)). This extraordinary results were
further studied in more details (publication in preparation) as fol-
lows,

The particle number (diam.: 5460 A, the analytical charge densi-
Ly: 3.5 £ C/cm=) was confirmed to show a maximum at a distance of 10
to 20 um, and then decrease with the distance, as shown in Fig.9.

tzsc)l S r .
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Fig. 9. Typical particle distrij- g -':\c&h_ _ ]
bution of anionic particles near £ gl ,;__'---_,@ug"'oaﬂol‘*_.
negatively charged glass surfaces. ) i
. t !
0 59 100

Distance from Glass Surface fun}

The influence of the medium density on the positive adsorption
was examined in the density range between 1.00 and 1.06 by varying
the composition of DZO-HZO mixtures. Practically the same results
were obtained, ruling out that sedimentation of particles is a cause
of the positive adsorption.

The positive adsorption was also observed when use was made
of quartz plates instead of glass plates. This excludes the possibili-
ty that metal ions from the ordinary glass surfaces form a positive
atmosphere which attracts the negative particles.

It is to be mentioned that the radial distribution function

(g(r)) of particles on the planes parallel to the glass surface was
obtained by a computer treatment of micrographs and g(r) showed no
correlation between the particles on these planes. This implies that
the particles were practically independent from each other, suggest-
ing that factors such as physical entanglements of polymer chains
coming out from the latex surfaces are not the causes for the posi-
tive adsorption.

Anionic particles carrying various numbers of sulfonate groups
were synthesized and examined. As shown in Fig. 10, the ratio of the
particle number at distances of 0 - 26 zm (N terface) to that at 50
- 70 um (Nbul ) increased with increasing sulfonate group humber.
This result mgicates the presence of an attractive interaction bet-
ween the plate and particles and shows that the attraction becomes
stronger with increasing charge number. Although this characterlst':ic
of the attraction is in contradiction to the widely accepted view,” it
has been often experimentally noticed in our previous study (for



example, Flg. 1, K.Ito. . Nakamura, and N. Ise, J. Chem. Phys. 85, 6143
(1986) for latex dispersions; Table 2, N. Ise, Angew. Chem. 25, 323
(1986) for lonic polymers), and is In line with the Sogami theory (I. S.
Sogami{, and N. Ise, J. Chem. Phys. 81, 6320 (1984)). It is reminded that
the attraction Is generated by the Intermediary of counterions
present in the space between particles or macrolons. A simple calcu-
lation shows that when the charge number of the particles increases,
the number of counterions also increases, resulting progressively

stronger attraction against slightly enhanced particle-particle
repulsion.

We have often come across the assertion that the repulsive interpar-
Licle Interaclion presses particles against the interface so that the
"positive adsorption” is observed. IT the assertion were correct, the
standard double layer interaction theory must be invalid, since no

such a positive adsorption was considered in the theory. It is clear

that the assertion cannot be a self-consistent explanation of the
observed fact.

I =
= o
Fig. 10 Effect of the number of | o
sulfonate groups per particle on = o
the positive adsorption. Q
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Contribution from the Department of Chemical Engineering,

Yonsei University, 134, Shinchon-dong, Sudeamoon-ku, Seoul, Korea.
Reported by Jung-Hyun(Jay) Kim

Current researches accomplished in our lab. include: (1) Heterocoagulation in the
circumferential flow (2) Dynamic mechanical properties of the heterocoagulated
composite particles (3) Particle Size Control in the Preparation of Polyurethane

Dispersion. Some of the results were summarized in the following contributions.

Heterocoagulation in the circumferential flow; Effect of particle
number ratio and annealing condition

Young-Jun Park, Jung-Hyun Kim

Heterocoagulation phenomena between small negative and large amphoteric
polymer particles were studied as a function of particle size ratio, relative particle
number ratio, addition rate of small particles into large particles, annealing time
and temperature, and coagulation time. Soft small particles (SP) having different
glass transition temperature were prepared by micro-emulsion copolymerization of
methyl methacrylate, butylacrylate and anionic functional monomer, e.md large hard
particles (LP) were prepared by emulsifier-free emulsion copolymerization of styrene
(or methylmethacrylate) a_nd anionic/cationic functional monomers. Small particies
and large particles were blended at pH 3~4 with gradual one-step

7

heterocoagulation in well-designed vessel to investigate effects to regulate the

experimental conditions precisely.



When the heterocoagulation is conducted at higher temperature than Tg of SP,
sintering of SP onto LP occurs so that amount of SP adsorbed on LP is much
larger. This suggests that most of SP colliding with LP adsorbed and annealed at
the same time as the progression of heterocoagulation. Therefore, the degree of

coverage is increasing slowly due to increasing of SP sintered on the surface of LP.

1.0

03.,- - 25C I hr
j -3 70C ]

90.6
04 //
02-i o
00 = T T T T
co 01 0.2 03 04 05 06
¢
1.0 .
o0g 4] % 25C Ihre ;
-3— 70C
gos6 - 3
D4J f”’fcfz,//’fa———:——__
00 - : : . - .
00 01 02 03 04 /-] 05
®
10
ol i 290 24 hr

4

00 0.1 0.2 0.3 0.4 & 06

Fig. Adsorption isotherm

REFERENCES

1. K Furusawa and C. Anzai, Colioid & Surface, 63, 103 (1992)

2. H Kihira, N. Ryde, and E. Matijevic, JJ. Chem. Soc. Faraday Trans., 88(16); 2379
(1992)

3. M. Oleubo, N. Miyachi and Y. Lu, Colloid & Polym. Sci., 272, 270 (1994)

4. D.L. Feke, and WR Schowalter, J. Fluid Mech, 133, 17 (1983)

5. G.R Zeichner and W.R. Schowalter, AICKE., 23, 243 (1977)



Dynamic mechanical properties of the heterocoagulated composite
particles; Effect of particle morphological characteristics of
composite particles

Hyvun-Jae Ha, Young-Jun Park, and Jung-Hyun Kim

The dynamic mechanical properties of the heterocoagulated particles were
investigated with respect to their micro-morphologies. The heterocoagulated particles
were prepared using two kinds of particles of different sizes, taking advantage of
their opposite surface charge in the dispersion state. Compression-melded specime-
ns consisting of the matrix particles and the heterocoagulated particles were
prepared. The informations on micro-morphology of heterocagulated particles from
dynamic mechanical properties were obtained. These properties were measured as
a function of temperature using dynamical mechanical thermal analyser (DMTA).
Our experiment involved four variables: i) annealing temperature, ii) weight
fraction of heterocoagulated particles, iii}) small particles materials, and iv)
re-annealing time.

Table 1 shows the recipe for the compression-molded specimens. Fig. 1 shows
tan§ peaks measured for A-ST-30, N-ST-30 and A-ST-20, N-ST-20 respectively. As
shown, in the case of specimens which were annealed at high temperature (707TC),
the tan § spectra exhibit positive shifts along the temperature axis.

The results were obtained from good compatibility between PBA and PMMA and
from the volume diffusion which may occur during the annesling process at 70T
for 24h. For the specimens annealed at room temperature, because there is no
volume diffusion between the large particles and the small particles, the tan &
peak shifts towards the lower temperature. This shift does not imply a shift of

the glass transition temperature. This results come from mechanical interactions

between PBA and PMMA. ?



Table 1. Recipe for the compression-molded specimens

Sample = Eomponen _ anealing
YT Matrix (Ratio) Heterocoagulated particle temp. ()
3 _ Core Shell
_ A-_S_'z‘:‘_?io . PMMA (70%)_ P('MM.A_/DEAEM/AA) P{ST/BA/AA) 7Q___J_
_A-ST-20 . PMMA (80%) | RMMA/DEAEM/AA) | P(ST/BA/AA) 70
__N-ST-30 | PMMA (70%) PIMMA/DEAEM/AA) | P(ST/BA/AA) 25
N-ST-20 | PMMA (80%) | PMMA/DEAEM/AA) |  P(ST/BA/AA) 25
2 2
—— A-ST-30 ;
2l e N_ST*30
i
w ) :
= 1 - =4 1 4
e e
0 ] . , r :
0 50 100 150 200 0 50 100 150 200
Temperature (°C) Temperature (°C)
Fig. 1 The effect of annealing temperature on
dynamic mechanical properties.
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Particle Size Control in the Preparation of Polyurethane Dispersion

Suk-Hye Son, Jung-Hyun Kim

The polyurethane prepolymers were prepared from isophorone diisocyanate(IPDI),
dimethylol propionic acid(DMPA), and poly(ethylene-adipate) glycol having different
molecular weights. The polyurethane dispersions in ranging in diameter from 27
to 296 nm were prepared by neutrallization emulsification. The effects of various
dispersion parameters on the particle size and its distribution were systematically
investigated.

The polyurethane dispersions are electrostatically stabilized with carboxyl group
incorporated into their particles, which are neutralized by triethylamine([: ;.
This mixture was dispersed in water or mixture of water and various kinds of
aleohol. Fig. 1 shows the effects of the molecular weight of polyol and the
TEA/DMPA ratios on the particle size of polyurethane dispersions. The particle
size was found to increase with inceasing molecular weight of polyol, and with
decreasing TEA/DMPA ratio. But the TEA/DMPA ratio in range over 3 didn't
affect particle size. Fig. 2 shows the relationship between dielectric constant of
dispersion medium and particle size. The particle size was found to increase with
decreasing the dielectric constant of dispersion medium. This increse is attributed
to the decreased dissociation of the carboxyl groups when TEA/DMPA ratio was
decreased and the dielectric constant of the alcohol/water mixture was decreased.

Consequently, the important factors on particle size of polyurethane dispersion
were the molecular weight of polyol, the TEA/DMPA ratio, and the dielectric

constant of dispersion medium.
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The swelling of non-crosslinked latex particles
studied by scanning angle reflectometry

Erik A. van der Zeeuw, Leonard M.C. Sagis and Ger J.M. Koper
Leiden Institute of Chemistry, Leiden University,
Gorlaeus Laboretories, PO Boz 9502, 2300 RA Leiden, The Netherlands.

Abstract

The swelling of non-crosslinked polystyrene latex particles by an organic
solvent (MEK, dissolved in water) has been investigated using Scanning Angle
Reflectometry. Results indicate that the swelling process consists of an initial
fast uptake, followed by slower relaxation modes.

Introduction

The swelling of latex particles by plasticizers has been the subject of many studies
over the last few decades. The often observed non-Fickian behaviour of the swelline
led to the concept of a diffusion/relaxation mechanism, of which Berens and Hopfen-
berg gave a phenomenological description! From their experiments, based on weight.
measurements, they concluded that the swelling consisted of a fast initial phase (Fick
diffusion into the free volume, not resulting in size increase) followed by &!

governed by network relaxations.

We investigated the swelling of non-crosslinked polystyrene particles (size =~ 410 nm)
by Methyl Ethyl Ketone (MEK), dissolved in water, using scanning angle reilectome-
try. With this technique we measured the diameter of the particles as a function of
time, from which we deduce the uptake of MEK. A great advantage of scanning angle
reflectometry is that it is very sensitive to small increases in particle size (< 0.1% of
the diameter of the particle).

Contrary to Berens and Hopfenberger !, we observed an increase in the diameter
of the particle in the initial stage of swelling. Based on these observations we will
propose a modification to the model of Berens and Hopfenberger.

Ezperimental

A complete description of our experimental setup can be found in reference 2.
Adsorption of the latex particles was performed onto the hypotenuse of a rectangu-
lar prism made of quartz. The prisms were cleaned with a laboratory-use detergent
(Hellmanex II; Hellma GmbH D-7840 Mullheim) and rinsed thoroughly with deion-
ized Millipore water, a dilute sulfuric acid solution, and again water.

We measure the reflectivity of waves polarized parallel to the plane of incidence at a
number of angles around the Brewster angle of the quartz/water interface. The light
source is a 5 mW HeNe laser operating at a wavelength A = 632.8 nm.

At the beginning of each experiment, reflectivities are measured for the pure quartz/
water interface, allowing the determination of two instrument dependent constants:
the residual intensity at the Brewster angle and the amplification of the sigpal. After
this, a diluted latex suspension (1:1000 from original 4% solution provided by the
manufacturer (IDC, Portland, Oregon)) was injected into the cell. Particles with
positively charged amidine groups were chosen in order to ensure adsorption on the
negatively charged quartz.



After a coverage of about 6% was reached, the cell was again flushed with wnter,
to remove all non-adsorbed particles. The cell was then injected with the \._x-
water solution. Reflectivity curves were measured continuously, following the swelling
process for about one week. Note that, because the amount of MEK that enters the
particles is small compared to the amount of MEK present in the ageuous phase, the
concentration of MEK in the aqueous phase is constant.

Results and Discussion
Examples of curves obtained using reflectometry are shown in Figure 1. During the
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Figure 1: Reflectivity as a function of angle. o is the reflectivity of the bare su -,
& corresponds to the reflectivity just before the swelling experiment and O 1 .ie
reflectivity obtained with 5 vol% MEK in water.

experiment, the shape of the curves changes, and the minimum of the curves : = ts
and increases. These changcs in the curves are directly related to the diameter . e

particles and the surface coverage.?

Electromagnetic particle-particle interactions are neglected in this analysis, the ¢ .t
of these interactions is currently under investigation. For small relative chang in
diameter (up to 10%) thesc interactions do not influence the final analysis.

The uptake of MEK as a function of time is shown in Figure 2b. A few imp- 1t
features can be seen in this graph:

i) There is an initial fast uptake of solvent, as observed by others!, but thisv ke
results directly in an increase in particle size.

ti) From the logarithmic plot we see that two relaxation times are needed ‘e-
scribe the data. The . ick diffusion term relaxes so quickly that its contrib-  n
appears as a jump.

‘The observation of growth of the particle during the fast initial uptake of MEK  :.n
important feature, which to our knowledge, was not previously observed. From}l e
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Figure 2: a} Change in diameter of the particle, and b) the corresponding volume
fraction MEK in the polymer phase as a function of time for a 5% and a 9% MEK/water
solution.

2 we see that the jump of the particle diameter in the beginning of the experiment is
a function of the concentration of MEK in the water phase. In all our measurements
we have observed this jump, but so far we have not been able to obtain reproducible
values for its magnitude. The magnitude of the jump appears to be linear in the
concentration of MEK, but because of the poor reproducability, this conclusion is
tentative.

Based on these observations, we would like to propose the following modification to
the ‘free-volume + network relaxation’ model proposed by Berens and Hopfenberger.
Our measurements suggest that the swelling process consists of two phases: a very
fast initial growth, apparently linear in the driving force for the process, followed by
a much slower growth apparently governed by relaxation processes of the polymer
network. Note that this type of response to a driving force for deformation of the
particle is very similar to the viscoelastic response of a polymer network to an imposed
constant shear field. In such a shear experiment, the deformation of the polymer as
a function of time is characterized by an initial elastic stage, which is linear in the
driving force, followed by a plastic stage governed by network relaxations.

Further measurements are needed to establish if the first stage of the swelling exper-
iment is truly elastic. In particular, in a deswelling experiment performed just after
completing the first stage of the swelling experiment, the particles should regain their
original size.
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Streaming potential and conductivity measurements on plugs of monodisperse
latex particles in relation with the mobility of single particles in micro-
electrophoretic experiments.

M. MINOR, A. J. van der LINDE, J. LYKLEMA
Department of Physical and Colloid Chemistry
Wageningen Agricultural University
Dreijenplein 6

6703 HB Wageningen

The Netherlands

Introduction

Surface conduction behind the plane of shear can decrease the mobility significantly.
By not taking this conduction into account, the calculated ¢ -potential is
underestimated especially at low electrolyte concentrations. By doing conductivity
measurements on plugs, the total surface conductivity can be obtained and used to
interpret mobility experiments. '

In this contribution we predict the mobility by performing conductivity and streaming
potential measurements on plugs of latex particles, taking this "extra" surface
conduction into account. ' '

Theory

The specific conductivity KP™8 of a plug of spherical particles with thin double
layers (xa >>1) is related to the bulk electrolyte conductivity K", the particle
volume fraction ¢ and the relative surface conductivity f (surface conductivity
times the circumference of the particle divided by the bulk conductivity times the
cross-section of the particle) via[i]:

K8 = KU (1.4 39] £(0) + $(F(B) - F(O)))) M

where f(f) is a tabulated function of §, depending on the lattice (sc,fce,bee).
The streaming potential V,at a pressure Ap over the plug is given by[2]:

Yoo ST [eb o
2 e gne(kT[]+3¢f(0)] [kT Zln2}g(ﬂ)) )

where g(f) is a tabulated function of B, { the {-potential, £ the dielectric
permittivity of the electrolyte solution, 77 the fluid viscosity, z the valence of the co-
ions and k,T,e have their common meanings.
In general the shear plane is situated (just) outside the particle surface because for
instance polymer hairs are present at the surface. The relative surface conduction can
then be divided in conduction beyond (S,,,) and conduction behind (f;,) the slip
plane [3):

2 3m e

B = Bout + Bin = E[l + ?](cxp(%) - 1] + Bin 3

where f,,, is written explicitly in {. m is the non-dimensional ionic drag coefficient
reflecting the electro-osmotic contribution to the surface conduction and equal to 0.17

for K* and CI- ions at 25°C in water-like solutions.
The mobility « is given by (4]

Me e, B2, 2 ﬂ]
uekT_-kTC+l+ﬁ{zln2 z]n(l+exp[2kr )} ()]



where the first term on the right side is the Helmholtz-Smoluchowski expression for
thin double layers. The second term is negative and reflects the influence of double
layer polarization on the mobility.

Materials and experimental methods

Monodisperse polystyrene latex was made using the procedure of Goodwin et al {5
with K28204 as the initiator. The latex was cleaned by steam stripping and ion
exchange.

From dynamic light scattering a particle diameter of 800 nm was obtained.

Streaming potential measurements on latex plugs were done with home made
equipment{6] and are accurate within a few hundreds of a mV. Conductivity
measurements on plugs were performed by connecting the plug electrodes to a Knick
702 conductivity meter.

Electrophoretic mobility measurements were made with a commercial laser-Doppler
device (Zetasizer 3, Malvern Instruments).

All measurements where performed at 25°C over a span of electrolyte concentrations
ranging from 104 10 10- M KCl.

Measuti~n."nts results and dis~nssiorn

Figure 1 5. vs tue plug conducuvity . dificient L 1k conductivities. The dependency
is linear, as 1s commonly found. The particles exhibit surface conduction, resulting in
a non-zero intercept. Uncharged particles ( § = 0)would yield a curve with the same
slope going through the origin. From the slope, using equation 1, a volume fraction of
0.645 is obtained, which is near the value found by drying and weighting the plug
(=0.61).

From eq. 1, the relative surface conductivity B is computed and tabulated in table 1.

TABLE 1
_ﬁ-valucs computed from plug conductivity measurements al different electrolyte concentration.

c (mM) B

0.1 -—-

0.3 -
1 1.4900
3 0.4440
10 0.1446
30 0.0520
100 0.0202

For concentrations below 1 mM, f>5 and could not be calculated. The {-potentials
are calculated from the streaming potential measurements using equation 2 and the
experimentally determined surface conductivity 8. Figure 2 shows the { -potentials at
different electrolyte concentrations (solid line). The (-potentials using the
Smoluchowski equation (computed by setting the last term in (2) equal to zero) are
also drawn (dashed line). For low surface conductivities B (at high electrolyte
concentrations), the {-potentials are nearly identical. Then taking this, surface
conduction into account in calculating {-potentials is not necessary. -

These results show that a considerable part of the surface conduction is behind the
plane of shear. At for instance | mM we found ¢ =102 mV. From this it follows
Bou=0.46 whereas f=1.49. So f3,,=1.03; nearly 70% of the surface conduction is
situated between the particle surface and the slip plane in a | mM solution.
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Mobilities could not be computed below 1 mM, but the asymptotic mobility for high
B and {-potentials (see eq.4: u,yy =2ekT/nein2=2.78-10"° m%/sV) is used for
extrapolation (dotted part curve). At high electrolyte concentrations, discrepancies are
serious. At lower electrolyte concentrations, the mobility curves are in good
agreement. )

The maximum in the mobility curve, obtained in many studies [3), is predicted.

By not taking surface conduction behind the shear plane into account ( Bi=0) we find
directly from our streaming potential measurements at 1 mM £'=90mV, B=0.36 and
an expected mobility of 5.7-10-8 m2/sV which is significantly higher than the
measured and expected values by taking the total surface conduction into account.

Conclusions and perspectives

The mobility of a particle is depending on the total surface conduction. This is not
only the conduction beyond but also behind the shear plane. By measuring the
conductivity of plugs, this total surface conduction can be found. Incorporation of this
surface conduction in the model significantly changes the -potential from streaming
potential measurements, and nicely predicts the measured mobility.

This also means that interpretating mobility experiments without taking surface
conduction behind the shear plane into account will underestimate the ¢ -potentials
significantly especially at low electrolyte concentrations.

By doing mobility or streaming potential measurements in combination with
conductivity experiment extra information about where (behind or beyond the shear
plane) countercharge is situated. In the future it might be possible to connect this with
surface roughness, porosity, or hairiness of the surface.
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Contribution to Polymer Colloids Group Newsletter

by
M. Nomura and H. Tobita
Department of Materials Science and Engineering,
Fukui University, Fukui, Japan.

8th Polymeric Microsphere symposium was held in Fukui in November 9-11, 1994,
In this symposium, 52 papers were presented. The preprint, although written in Japanz:e,
is available by direct request to Nomura. Next symposium is to be held in November 1996
in Tsukuba, Tokyo. On the other hand, we are planning to hold 7th IKETANI
CONFERENCE on "International Symposivm on Advanced Technology of Fine Particl:s"
in October 14-17, 1997 in Yokohama, Japan. The chairman is Professor H. Kawaguchi of
Keio University. The details will be published in the next "Polymer Colloid Newsletter",
Those who are interested in presenting paper in this symposium should write to Professor
H. kawaguchi.

Recent Research Activity on Polymer Colloids in Fukui University

(1) Molecular weight Distribution in Free Radical Polymerization with Chain-Length
Dependent Bimolecular Termination, 2. Emulsion Polymerization.

Hidetaka. Tobita, Department of Materials Science and Engineering, Fukui University,
Fukui, Japan. Macromolecules, 28, No.14 5128 (1995)

(2) Kinetics and Mechanisms of Emulsion Polymerization Initiated by Oil-Soluble
Initiators which Produce a Single Free Radical per Initiator Molecule. 1. Effect on
The Average Number of Radicals per Particle.

Mamoru Nomura, Donxue Liu, and Kazumi Fujita, Department of Materials Science and
Engineering, Fukui University, Fukui, Japan, 910, to be appeared in J. of Polymer Sci.

SYNOPSIS In an emulsion polymerization system initiated by oil-soluble initiators
which produce a single free radical from each initiator molecule, the effect of operational
variables on the average number of radicals per particle is analyzed. For this purpose, the
basic equations are proposed which can predict the average number of radicals per particle
in the range equal to or less than 0.5. The calculated results are compared with those
previously reported for an emulsion polymerization system initiated by oil-soluble initiators
which produce free radicals in pairs. By comparing both results, it is clarified that in
emulsion polymerization, the oil-soluble initiators which produce a single free radical gives
much higher value of the average number of radicals per particle than those which produce
free radicals in pairs.

(3) Conference Papers:

Kinetics and Mechanisms of Seeded Emulsion Copolymerization of Styrene and
Acrylamide. M. Nomura, H. Ichikawa, T. Watanabe and K. Fujita, Fourth Pacific Polymer
Conference, December 12-16, Hawaii, 1995,

Characteristics of Continuous Emulsion Polymerization of Styrene ifi a Single
Couette-Taylor Vortex Reactor. M. Nomura, W. Xue, S. Sato, H. Takahashi and K.
Fujita, 1995 International Chemical Congress of Pacific Basin Societies, Honolulu, Hawaii,
U.S.A. December 17-22, 1995.

Abstract of this.paper is presented in the next page: ... __ _.



Characteristics of Continuous Emulsion Polymerization of Styrene in a Single
Couette-Taylor Vortex Reactor, M. Nomura, W. Xue, S. Sato, H. Takahashi and K.
Fujita, Department of Materials Science and Engineering, Fukui University, Fukui, Japan, 910

Continuous emulsion polymerization of styrene was carried out in a single continuous
Couette-Taylor vortex flow reactor to examine its utility as the first reactor for a multistage
continuous emulsion polymerization reactor system, because the Taylor vortex flow could be
very close to plug flow which produces the highest number of polymer particles in continuous
emulsion polymerization. This reactor utilizes an annular flow formed by two coaxial
cylinders, the outer of which constitutes the reaction vessel with the inner cylinder rotated.

cylinder axis, which is the so-called Couette-Taylor vortex flow.

Polymerizations were started by feeding all the ingredients by metering pumps to the
initially vacant reactor from the bottom. The monomer conversion and the number of polymer
particles produced were determined gravimetrically and by electronmicroscopy, respectively,
from the effluent reaction mixture collected regularly at the top of the reactor. The reaction
temperature was 50 “C. The emulsifier and initiator used were NaL$S and K1S,;03,
respectively.

Fig.1 shows an example of the progress of monomer conversion with reaction time
observed when the polymerization was started with S0=6.25g/1-water, lo=1.25 gfl-water,

Mo=100 g/l-water and the mean residence time, 1=21 min. The rotational speed of the inner
cylinder was first fixed at 290 Tpm and then, lowered to 20 rpm at 205 min after the start of
polymerization where the monomer conversion had already reached the steady state. Fig.2
shows the steady-state monomer conversion, Xms versus the rotational speed of the inne:
cylinder, n obtained at the same conditions for Fig.1. It is seen that with decreasing n, Xmg
increases gradually from the lower limit, shown by a dotted line, which corresponds to the
conversion attained in a CSTR at high value of n, approaching the upper limit indicated also by
a dotted line, which corresponds to that observed in a PFR. However, the steady-state
monomer conversion becomes maximum at around 45 rpm and then, decreases slightly with

steady-state was achieved very quickly even when the rotational speed of the inner cylinder was
changed. Considering that the number of polymer particles produced is proportional to the
steady-state monomer conversion, the number of polymer particles generated at low value of n
proves to be almost 2 times that formed at high value of n, and is very close to that produced in
an ideal PFR. We demonstrate by showing these and other experimental data that Couette-
Taylor vortex flow reactor is sujtable as the first reactor (pre-reactor) for a multistage
continuous emulsion polymerization reactor system.
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Tsuneo Okubo
Department of Polymer Chemistry, Kyoto University, Kyoto 606-01, Japan
Phone 81-75-753-5611, Fax 81-75-753-5609,
e-mail A51325@]PNKUDPC.BITNET

Main activity of our group is on colloidal crystals, their morphology, crystal
structure, crystal growth and effect of external fields such as gravitational field,
electric field, and centrifugal field. Last summer analysis of the colloidal crystal
growth started under microgravity by using aircraft and rocket.

On January 1996 T. Okubo moves to the Department of Applied Chmistry
and Graduate School of Materials Science, Gifu University, Gifu 501-11 Japan as
a full professor.

, Publications(1995)

(1)"Surface Tension of Structured Colloidal Suspensions of Polystyrene and
Silica Spheres at the Air-Water Interface”, T. Okubo, J. Colloid Interface Sci., 171,
55-62(1995).

Surface tensions, y, of nineteen kinds of colloidal spheres of
monodispersed polystyrene and silica(6 - 460 nm in diameter) in crystal-like,
liquid-like and gas-like suspensions are studied systematically at the air-water

interface by the Wilhelmy method. y-values of the aqueous suspensions of
colloidal silica spheres are close to that of pure water, though very weak surface

activity[maximum in Ay(surface tension of suspension minus that of water) is
ca. -2 mN/m only] is detected for silica spheres of diameters ranging from 100 to
200 nm. Surface activity of polystyrene spheres, on the other hand, is high
especially for spheres of diameters between 100 and 200 nm. The maximum in

-AYis ca. 20 mN/m. The large difference in the surface activity between the two
kinds of spheres is due to the difference in surface characters,i.e., highly polar
and strongly hydrophobic for silica and polystyrene spheres, respectively.
Furthermore, surface tension lowering of the crystal-like suspensions is
substantial when compared with that of the liquid-like or gas-like suspensions.
It is highly plausible that the intersphere distance in the two-dimensional
colloidal crystals at the interface is shorter compared with that in the bulk phase
by the shortened electrical double layers at the interface.

(2)"Rigidity of Colloidal Crystals as Studied by the Diffusion Equilibrium
Method", T. Okubo, J. Chem. Phys., 102, 7721-7727(1995).

Rigidity of the colloidal crystals of monodispersed silica and polystyrene
spheres has been measured by the diffusion equilibrium method, in which the
stock suspension of the crystal state( ca. 0.1 in volume fraction of spheres) is
introduced carefully in the bottom of the observation cell. The interface between
upper water and lower crystals keeps clear whole the period of the
measurements, one to two months for silica spheres. The initial ascending



velocity of the interface increases significantly as the ionic concentration of
suspension decreases. The translational mutual-diffusion coefficients, Dy, of the
colloidal spheres are evaluated from the ascending velocities. The Dy, values of
the deionized suspensions are surprisingly large, ca. 700-fold compared with that
calculated using the Stokes-Einstein equation, and decrease sharply as ionic
concentration of suspension increases. The lattice spacings at various heights in
the crystal phase are determined in a diffusion equilibrium from the reflection
spectroscopy. The rigidity and the fluctuation parameter, g-factor, of the colloidal
crystals are evaluated and compared with the previous data from the
sedimentation equilibrium method, for example.

(3)"Static and Dynamic Light-scattering of Colloidal Gases, Liquids and Crystals”,
T. Okubo, K. Kiriyama, N. Nemoto and H. Hashimoto Coll.Polymer Sci., in
press.

Static and dynamic light-scattering measurements are made for colloidal-
crystals, -liquids and -gases of silica spheres, 103 nm in diameter, in the
exhaustively deionized suspension and in the presence of sodium chloride.
Sharp peaks in the scattering curve are observed, for the first time, for the
colloidal crystals in very diluted aqueous suspension. The product of the
effective diffusion coefficient and the scattered light intensity is found constant
over the whole range of the scattering angle measured for the colloidal crystal:
and liquids. Three and two dynamic processes have been extracted separately
from time profiles of autocorrelation function of colloidal crystals and liquids,
respectively from Marquadt histogram analysis. Decay curves of colloidal gases
are characterized by a single translational diffusion coefficient, Dy. D, of the
gases is always lower than the calculation from the Stokes-Einstein equation
with the true diameter of spheres, and increases as ionic concentration increases.
These experimental results emphasize the important role of the expanded
electrical double layers on the diffusive properties in the colloidal crystals,
liquids and gases.

{4)"Electro-optic Effects in Colloidal Crystals of Silica Spheres ", M. Stoimenova
and T. Okubeo, ]. Colloid Interface Sci., in press.

The electro-optic behavior of isotropic colloidal crystals of silica spheres is
investigated by the electric light scattering method. The electro-optic responses
observed at low frequencies(Hertz range) are consistent with sphere
concentration fluctuations induced by charge transport and convection. A
oscillational resonance frequency due to the shear wave of the crystals is
detected, at which the decay of the electro-optic response is visco-elastic. The
increase of field intensity introduces electrohydrodynamic effects similar to
those observed in the nematic liquid crystals.

(5)"Dynamic Properties of Giant Colloidal Single Crystals. Dynamic Light
Scattering of Monodispersed Polystyrene Spheres (192 nm in diameter) in
Deionized Suspension”, T. Okubo, K. Kiriyama, H. Yamaoka and N. Nemoto,
Colloids & Surfaces, in press.

Diffusive processes of colloidal gases, liguids and crystals of monodispersed
polystyrene spheres in the exhaustively deionized suspension are investigated
with a dynamic light scattering(DLS) technique. A single diffusive mode and



then a single value of diffusion coefficient, D (or the effective diameter, deff
derived from the coefficient) is evaluated for the gas-like suspensions from the
cumulant and histogram analyses. D increases as ionic concentration of the
suspension increases, which is due to a decrease in the width of the electrical
double layers surrounding the spheres with increasing ionic strength. The
intensity autocorrelation function for the liquid-like and crystal-like
suspensions deviates greatly from the single exponential type of decay function.
Generally, two or occasionally three dynamical processes are observed for the
colloidal liquids and crystals from the histogram analyses. The fast and slow
modes in the liquids are assigned to the quasi-synchronous fluctuation of
spheres, and to the restricted translational Brownian movement of spheres
coated with the electrical double layers in the liquid cage. The fast mode of the
colloidal crystals may be assigned to the fast Brownian movement of spheres in
a strongly interacting crystal lattice. The medium mode of fluctuation is
assigned to the synchronous fluctuation of spheres and the surrounding
electrical double layers in the crystal lattice, which is the main component
among the two or three modes. The slow process is ascribed to the wa
propagation of the strains in the crystal lattice. D and def are rather independent
of the scattering vector except crystal-like structures at high sphere
concentrations.

(6)"Phase Diagram of Alloy Crystals in the Exhaustively Deionized Suspensions
of Binary Mixtures of Colloidal Spheres”, T. Okubo and H. Fujita Coll.Polymer
Sci., in press.

Phase diagrams of liquid-like, alloy crystal-like and amorphous solid-
like(AS) structures have been obtained for the exhaustively deionized aqueous
suspensions of the binary mixtures of polystyrene or silica spheres. Diameter,
polydipersity index(standard deviation of diameter divided by the mean
diameter) and size ratio of the binary spheres(diameter of small sphere divided
by that of large one) range from 85 to 136 nm, 0.07 to 0.26 and 0.76 to 0.93,
respectively. Close-up color photographs of the alloy crystals are taken and the
crystal structure has been analysed from reflection spectroscopy. Most of the
alloy crystals are substitutional solid-solution(sss) type and body-centered cubic
lattice structure. Formation of the alloy crystals is attributed to the important
role of the expanded electrical double layers in the deionized condition and
increase toward unity in the effective size ratio, which is the effective diameter
of small sphere including double layer divided by that of large sphere. AS
structure is formed at the rather high concentrations of two spheres, where the
thickness of the electrical double layer is thin and the effective size ratio is
comparatively small.

(7)"Colloidal Single Crystals of Silica Spheres in the Presence of Simple- and
Poly-electrolytes, and Ionic Detergents", T. Okubo, H. Fujita, K. Kiriyama and H.
Yamaoka, Coll.Polymer Sci., in press.

Colloidal single crystals of silica spheres(103 nm in diameter) are formed in
the presence of various kinds of salts, (I)simple electrolytes,i.e., sodium chloride,
calcium chloride and lanthanum chloride, (2)polyelectrolytes such as 3-6 type
ionen polymer(polybreneR), poly-N-ethylpyridinium bromide, a_copolymer of
N-benzyl pyridinium chloride and N-hexadecyl pyridinium bromide, and



sodium polyethylene sulfonate, and (3)cationic and anionic detergents,
hexadecyltrimethylammonium bromide and sodium dodecylsulfate. Shape and
size of their single crystals, phase diagram, and the relationship between the two
parameters among the critical concentration of melting, conductance and pH of
the crystal-like suspensions have been studied. Colloidal single crystals of
positively charged splieres have been formed in this study by the method of the
charge reversal of spheres through the strong adsorption of cationic
polyelectrolytes onto the anionic silica spheres.

(8)"Importance of the Electrical Double Layers in Structural and Diffusional
Properties of Deionized Colloidal Suspension”, T. Okubo, Colloids Surfaces in
press.

An important role of the electrical double layers in the structural,
rheological, and diffusional properties of colloidal suspensions especially in the
deionized state has been discussed. Formation of the giant colloidal single
crystals, which are colored brilliantly and most beautiful, is due to the
electrostatic intersphere repulsion and to the highly expanded electrical double
layers surrounding colloidal spheres. Phase diagram, rigidity and viscosity of the
colloidal crystals are nicely explained with the contribution of the electrical
double layers. The translational and rotational diffusion coefficients of colloidal
particles are quite sensitive to the ionic concentration of the suspension, which
is also beautifully explained with the thinning of the electrical double layers
with increasing ionic concentration. Furthermore, diffusive modes in the
colloidal crystals and liquids analyzed by dynamic light scattering measurements
are consistent with the important contribution of the electrical double layers.

(9)"Static and Dynamic Light-scattering of Colloidal Crystals of Monodispersed
Polystyrene Spheres”, T. Okubo and K. Kiriyama, Ber.Bunsenges.Phys.Chent. in
press.

Static and dynamic light-scattering measurements are made for colloidal-
crystals, -liquids and -gases of monodispersed polystyrene spheres, 109 nm in
diameter, in the exhaustively deionized suspension and in the presence of
sodium chloride. Sharp peaks in the scattering curve are observed for the
colloidal crystals in very diluted aqueous suspension. The product of the
effective diffusion coefficient and the scattered light intensity is found constant
over the whole range of the scattering angle measured for the colloidal crystals.
Three and two dynamic processes have been extracted separately from time
profiles of autocorrelation functions of colloidal crystals and liquids, respectively
from the non-negative least square analysis. Decay curves of colloidal gases are
characterized by a single translational diffusion coefficient, Dy. D, of the gases at
low ionic concentrations is lower than the calculation(D,) from the Stokes-
Einstein equation with the true diameter of spheres, and increases and reaches
D¢ as ionic concentration increases. These experimental results emphasize the
important role of the expanded electrical double layers on the diffusive
properties in the colloidal crystals, liquids and gases. !



Interaction Behaviour in a Binary Mixture of Polymer Particles

R.H. Ottewill and A.R. Rennie

INTRODUCTION

Despite the technological importance of multimodal dispersions,
for example, in processes such as film formation, only a relatively
small amount of research has been reported on the structure of
mixtures of colloidal particles, where each type of particle has a
well-defined particle-size distribution [1-6]. The present work was
started with the objective of mixing together charge-stabilised poiy-
styrene particles [latices) of different sizes in various number ratios.
to form a binary-particle mixture under well-defined conditions.

A schematic illustration of some of the possible behaviours in a
binary mixture is shown in Figure 1; possible effects include
a) formation of colloidal crystals, b) segregation of the two phases,
c) heterocoagulation. Of these possibilities mixed-colloidal crystal
formation has been well illustrated using sterically-stabilised nearly-
hard sphere particles at high volume fractions and crystals corresponding
to stoicheometry of both ABZ and AB13 (A = large and B = smali particle}
were observed by scanning electron microscopy and light diffraction {5].
Segregation and heterocoagulation have also been observed in previous
studies {7.8). A point of interest is whether other structures are
possible in either sterically-stabilised or charge-stabilised systems.

The present work was carried out using polystyrene particles of
spherical shape in an aqueous environment with a low electrolyt:.e

5 mol dm™> sodium chioride. The latter electrolyte

concentration, 6 x 10°
concentration gives a condition where long-range electrostatic inter-
action can occur between the particles, even at low volume fractions,
since the Debye reciprocal length is ca. 400 R.

s

The technique used to study the structure of the binary mixtures

was small-angle neutron scattering, SANS. This method was chosen
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since it allowed, by using one set of particles in the form of
deuterated polystyrene and the other set in the hydrogenated form
and by choosing an appropriate mixture of H20 and DZO’ that each
set of particles could be put into a condition of essentially zero-
scattering. Hence, the structure of each set could be examined in

. the presence of the other.
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Figure 1: Schematic illustration of some possible structures

in binary mixtures, a) crystals, b) particle segregation,

¢} heterocoagulation.

EXPERIMENTAL
Materials

The small particles (latex A) were prepared by émulsion poly-
merisation using ha-styr‘ene and the larger particles {latex B) using
da-styrene. The particle sizes obtained are listed in Tabie 1.

The weight fractions of latices A and B were determined from
their dry weights. For the binary mixtures known volumes of each
latex were taken and the amounts checked by weighing so that both

the weight fraction and the volume fraction were known accurately.

Table 1

Latex, Particle Size

Latex Method Radius/
A SANS? 168 + 5§

Dynamic Light Scatteringb 180 * 20

B SANs® 510 = 10
Electron Microscopy © 490 = 20

2: weight average b: ~ z-average ¢: number average
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Smali-Angle Neutron Scattering

The SANS experiments were carried out at the National Institute
of Standards and Technology (NIST), Cold Neutron Research Facility,
Gaithersburg, MD, using the NG7 30m spectrometer. This was
configured to measure over a scattering vector range. Q, from 0.002
to 0.0z & using an Incident neutron wavelength of 10 R. A sample-
detector distance of 15.34 m was used. NIST calibration standards

were used to convert the measured intensities Into absolute units.

THEORY

The Intensity of scattering, I(Q), from a volume fraction, cbp,

of noninteracting particles each of volume ‘Jp can be written in the

form [9],

. - - 2
{Q} ¢P Vp [pp pm] P{Q) O

where, for elastic scattering, Q can be taken as 41 sin(8/2)/), with
8 = the scattering angle and A = the wavélength of the incident beam:
Po and Pn @re respectively the coherent neutron scattering lengths
of the particle and the medium respectively. The values used in the

present work are listed in Table 2.

Table 2
Coherent Neutren Scatterlng Lengths
" Materlals p/10'? em™2
Latex A, hs-polystyrenc 1.4
Latex B, dg-polystyrene 6.351
Hzo . ) -0.56
75% 0,0 In H,O 4.62
D,0 6.35 ; +

¥ experimentally determined
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P(Q) defines a particte shape factor which for a particle of
radius R can be written as,
P(Q) =( 3(sin QR - QBR cos QR) )2 v (2)
(QR)
" Thus by using this expression in equation (1) and comparing
calculated and measured intensities over a range of Q values the
particle size, R, can be determined, A particle-size distribution

function {10] was also Inciuded in the analysis.

When interaction occurs between the particles an additionai
function needs to be Included; this is termed the structure factor,

S(Q). when the equ'at!on for scattered intensity becomes,
) .
I = v - S 3)
{Q) L [pp ppl” P(Q) S{Q) (
Analytical expressions for S{Q), which Is related to the Fourier transform
of the radia! distribution parameters, have been given by Hayter et al
(11,121 based on the Interaction potential for sphere-sphere interaction
{13), In terms of particle radius R, surface potential, ¥, . and salt
co.ncentr'ation. Thus In equation (3), P{Q) represents the intraparticle
scattering and S(Q) the interparticle scattering.
In the case of a binary mixture the scattering equation becomes more
complex and has the form,
- PR
_ 2
togVp lpg - p)° PlQ)g SIQ)gg
%
*2lpy = o Mo - P4 Vaeg Vg PlQ), PlQlg] S(Q)AB
(4)

The three terms S(Q)AA, S(Q)BB and S(QJAB represent’ t!ge
interparticle interactions between, the A particles In the presence of
the B particles, the B particles In the presence of the A particles and

between the A and the B particles.
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Since, there are three unknowns in equation (4] then three data
points are needed at each Q in order to solve for, S(Q)AA, S(QIBB
and S(QIAB. Therefore experiments were carried out with H,0. 75% 0,0
and D,0 as the dispersion media. In the flrst the A particles were close
to a contrast match polnt and the scattering was dominated by the
deuterated B particles; In DZO the B particles were matched. 75% DZO'

in which nelther the A nor the B particles were matched gave the third

data set.

13.0 }=—
Lol ®og -

14.0 == A ﬂ°

{3
10.0 |- Bo0anng an

0 0.004 0.008 0.012 0.0186
Y%

Figure 2: Ln 1{Q) against Q for & mixture of latices A and
B in 6 x 10°° mol dm™> sodium chioride: O . H,0:
& , 758 D,0: @, DLO.

RESULTS and DISCUSSION

Figure 2 shows the experimental results for a mixture of A and B
with a number ratio, NAINB‘ of 15 and a radius ratio, RAIRB. of 0.33.
From the results shown in Figure 2 and the compositions given in
Table 3 the partial structure factors S(Qigp- ${Qlgg and S(Qlyp
were extracted as a function of Q. These are shown in Figure 3.

Our interpretation of the partial structure factors at the present

stage can be summarised in the following way:-

Table 3 ?

Compositions of Binary Mixtures

Medlum o 4y ¢ A" ¢g
H,0 0.0104 0.0194 0.537
758 D,0 0.0112 0.02089 0.537

020 0.0115 0.0214 0.537
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Figure 3: Partlal structure factors against Q for N AINB

= 15.0 #) S(Q)y,. bl S(Qlgg. ¢ 5(Q),5.

S(Q)gp := The form of the curve Figure 3b indicates that ile pe t'Cles

are colloidally stable and strongly Interacting by electrostatic repulsion

as expected for particles with a surface éotentlal of 15 mV in an
electrolyte concentration of 6 x 10'5 mol dm"3 sodium éhloride. i he
position of the main peak indicates an average correlation d'ztzri-e between
the particies of ca. 2000 R , indicative of short-range order. At the higher
Q \_/alues the peaks are damped as expected for a “fluld-like" structure of

the particles and as observed in earlier experiments with monodisperse

latlces [14]. In the absence of the A particles the main peak occurred
at essentiaily the same Q value. The Indication from these results

is that there is very little perturbation of the structural arrangement
of the B particles occurring as a consequence of the presence of the

A particles.
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S(Q)AA := in the absence of B particles the form of S(Q)A agalnst
Q was very simllar in shape to that shown for $(Qlgg but scaled
according to particle size, as expected for monodisperse electrostaticaily
Interacting spheres. lﬁ the mixture there Is a profound change In the
behaviour of the A particles as Indlc?ted by the .‘-.'»(Q)AA ‘agalnst Q
curve, Figure 3a. The upturn at low Q Indicates that -clusterlng of
the small particles Is not entirely random in the “fluld-like" structure
of the larger particles. This behavlour is a consequence of the much
stronger electrostatic repulsion which occurs between the layer B
particles. However, the peak at a Q of ca. 0.010 3-1 Indicates that
there Is still some correlation between the A particles on a distance
scale of the order of 700 K.

SIQ)AB i~ The form of S[QIAB. Figure 3c, Indicates a negative

correlation between the A and the B particles suggesting some separations
of the two specles In the overall structure which are uncorrelated with
the structures formed by the A-A and B-B Interactlons. In essence,

the presence of the B partlcles and thelr excluded volume as a consequ-
ence of thelr electrical double layer means that the A particles are .
excluded from these.regions. In additlon, calculatlon of the potential
energles of Interaction for the pair potentlals between A~A, B-B and

A-B particle palrs Indlcates that the force of repulsion has a nonlinear
dependence on the slze of the particles, that Is, the force of A-B
repulsion Is not the mean of the A-A snd B-B repulslve forces; the

B-B repulsive force Is the strongest.

The form of the scattering curves did not show any evidence
of particle coagulation, that Is, both types of particles remained
colloldally stable In the blnary mixture. S.ince the B particles were'
not completely ordered and remalned In a "fluld-llke" state the most
llkely explanation of the results'is that a higher number concentration
of A particles were repulsed into the larger vold spaces between the

B particles so that overall the distribution In the system was

non-uniform.
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Concentrated colloidal suspension rheology. Effect of particle size and
electrolytes.

B. Dumont, LCPP in collaboration with I.M. Krieger (Case Western Reserve
University)

The work deals with the rheological behaviour of polystyrene latex when one varies two parameters
: the size of the particle and the clectrolyte content. Polystyrene latexes of different size were
synthesized in batch and characierized with respect to surface charge density. The rheology is
investigated with a Suck V10 rheometer.

Recent resylts . To be in the “ plateau " regime, where the electroviscous effects are screened and
the viscosoty constant, one adds a salt so that the ratio R (C slacrrolyr/ Ceounterion) Will be between 1
and 5. for the latexes of differing sizes, one observes first a drop in viscosity on adding electrolyte,
because of the screening by counterions, then a plateau at low viscosity (hard-sphere regime). In
addition with viscosity behaviour, the elastic modulus G’ and th threshold stress wre investigated,
too.

Synthesis of biocid filmforming latexes with controlled quaternary ammonium
charges., C. Graillat, F. Chenard, LCPP

In a first step, a cationic MMA-Butyl acrylate seed latex is prepared in butch. The latex is
functionalized using a semicontinuous process with chloromethy! styrene. Then, quaternization is
achieved by a nucleophilic substitution reaction with an tertiary amine. An other way of preparing
such functionalized latexes has been investigated using quaternization of a functional monomer
previously to copolymerize it on the particles of a latex. ?

The biocid activity of such funcionalized latexes has been succesfully investigated on two types of
bacteriae : Escherichia coli and Basillius Subtilis



Synthesis of functionalized poly(ethylene oxide)-b-poly(butylene oxide) dfblock
copolymers and their use as transurfs in emulsion polymerization

Eugéne T.W.M. Schipper and Alain Guyot, LCPP

In emulsion polymerization the covalently bonding of surfactants onto the surface of polymer
particles improves the latex stability and the properties of the films formed from these latices. One
of the ways to achieve this is to use a surfuctant with transfer-active properties (transurf). We have
prepared poly (cthylene oxide) - &-poly (butylene oxide) diblock copolymers by anionic
polymerization, which after esterification with mercaptoacetic acid or mercaptopropionic acid
yielded PEO-PBuO-SH transurfs. Applying thesc transurfs in the emulsion polymerization of
styrene resulted in incorporation yields of 60 %. The incorporation yield can be further improved by
using the transurfs in sceded emusion polymerizations.

Styrene, butyl acrylate, acrylic and methacrylic acid emulsion colymerization:
Effect of pH on the nucleation mechanism.
A. M. Santos (1), J. Guillot (1), R. G. Gilbert 2)
(1) CNRS/LCPP/CPE -
(2) School of Chemistry F11- The University of Sydney, NSW 2006 Australia
The study of the thermal decomposition of potassium persulfate(KPS) has been done. In this work
we have presented «wo new methods for (he analysis of the sulfate and the persulfate ions :
potentiometry and capillary electrophoresis. KPS decomposition rates were determined at various
PH; both in the presence and absence of organic substances. Pulsed-laser polymeryzation (PLP)
measurements of the propagation rate coefficient for acrylic acid at low pH has been done at the
Sydney University in the group of Prof. Gilbert. The kinetics of the styrene/butyl acrylate/acrylic
and methacrylic acid at differents pH was studied. A balance of the carboxylic groups
(buried/surface/serum) has been done by conductometric titration and potentiometric titration in
organic medium. In the moment we are doing the swdy of nucleation mechanism of the seeded
emulsion polymerization of styrene at differents pH in order to determine the entry and exit rate
coefficients. This study will be done in collaboration with the Gilbert's group. To finish this work
we will try to study the kinetic of film formation at differents PH and the mechanical properties of
these films,

Process control of Butyl acrylate-Styrene-Methacrylic acid copolymerization.
Sensors reliability and effects of PH and temperature changes. M.L. Nesti, J.
Guillot, LCPP
Quality improvement of polymers requires an accurate knowledge of the meéhanism of the
copolymerization process as well as its on-line control. The influence of the “ internal ” and
“external ' paramcters of the system on the physicochemical properties of the final latexes have
been investigated,

In the Butyl acrylaie-Styrene-Methacrylic acid semicontinuous emulsion copolymerization, the
effects of pH, BuA content and small amount of chain transfer agent (intemnal parameters) have been



studied as well as the effects of the reaction temperature and addition rate of the
precmulsion(external parameters). These parameters not only control the kinetics of the
copolymerization but also latex properties such as molecular weight distribution, glass transition
behaviour and latex cheology.

The * on-line " control of reaction processing is achieved using sensors such as ultrasonic and
density sensors. Other sensors have also been tesied for on-line use

Grafting copolymerisation of Methyl Methacrylate( MMA) and O-Methylstyrene (
aMSt) onto polybutadiene seeds

Fabrice Martinet, Jean Gaillot, LCPP

We worked with the aMSt to increase the glass transition temperature of the polymer( in rclation
-with that of the polystyrene): Polystyrene: 100 °C ; Poly(aMSt): 165 °C.

But aMSt is known to depropagate which leads to limit conversion and molecular weights.

The first part of the work was to determine the values of the reactivity ratios in function of
emperature. 1his was done with the bulk polymerisation process in batch, experiments were
stopped at less thar 5% of conversion. AIBN was used as initiator. These reactivity ratios were
determined at 50, 60, 80°C,

We examined the kinetics, molecular weights and R.M.N polymer composition.

Then, with the batch emulsion polymerisation process, we studied the influence of the monomer
composition, temperaturc, monomer to water ratio on the kinetics, molecular weights, R.M.N
polymer composition, glass transition temperature and particle diameter.

Sodium Dodecyl Sulfate was used as emulsifier and potassivm persulfate as initiator.

We performed experiments with 0, 10, 25, 35, 50, 75 % of aMSt in the monomeric mixture. We
worked at 6{), 70, 85°C with monomer to water ratio; 0.1, 0.2 ,0.3.

A software has been developed to model this polymerisation system and to predict kinetics,
malecular weights, NMR polymer composition, glass transition iemperature and particle diameter,
The future work is the characterisation of the polybutadiene seeds and the study of the efficiency of
the grafting copolymenisation.

Process control of Butyl acrylate-Styrene copolymerization using the heat balance
as a conversion sensor. I Barudio, G. Févotte, J. Guillot, LCPP

Aiming at the automatic control of molecular weight distribution in emulsion copolymerisation in the
presence of chain wansfer agent, a reactor was specially designed. Along with density sensors,
wich revealed of a limited use as on-line reliable conversion sensor, effort was fotused on accurate
heat balance investigations. A 5 liters emulsion reactor was equipped with sensitive thermal sensors
and fast and efficient thermostating device. A new calorimetric approach based on the joint
assessment of state variables(rerctor iemperature, conversion and heat of polymerizaation) and time
varying parameters(overall heat transfer, UxA, and kinetic constants) has been used. As
corroborating mcasuements, off-line gravimetric data have been used to comect ‘a priori * parameter



values of energy balance. Between two gravimetric data, an initial optimisation model of UA(X(t))
is used to calculate on-line an ‘apriori’ estimate of the differential heat of polymerization Qpolym(t).
As soon as a new off-line gravimetric information becomes available, an improved ‘a posteriori’
trajectory is computed for UxA(t), Qpotym(t) and X(1).

Wok is in progress to mainly study the role of chain transfer agent in emulsion copolymerization.

Modelling of emulsion multimonomer polymerization, J. Guillot, LCPP

The modelling software has been improve and developed to take into account of inhibitors, ‘gel
effect’, pH and wemperature variation on kinetics, microstructure and thermomechanical properties
as well on molecular weight distribution and hydrosoluble oligomers. It has been extended to
depropagation copolymerization (emulsion copolymerizations of a-methy] styrene with styrene and
with MMA) : kinetics, microstracture, molecular weight distribution, glass transition behaviour.

In control process the software is used with experimental gravimetric, density, heat balance and
particle size data ‘on-line’ or ‘off-line’, as an optimal model.

Preparation and Characterization of cationic polystyrene latexes with two amino-
functionalized comonomers

F. Ganachaud, F. Cornier, A. Elaissari and C. Pichot,Unité Mixte CNRS.-
bioMérieux

Kinetics of batch emulsifier-free copolymerization of styrene in the presence of two different
functional monomers, a styrene derivative (vinyl benzyl amine hydrochloride, VBAH) and a
methacrylate one (amino cthyl methacrylate hydrochloride, AEMH) has been investigated.with a
ViEW [0 preparing amino-containing latex particles.

At first, the polymerizability of these two cationic monomers in aqueous selution was examined
using NMR. The kp / fk; values were found to be 1.75 and 4 (Lmol-L.s*1)1/2 for VBAH and

AEMH, respectively. Solution copolymerizations with styrene could not have been performed
because of solvency problems arising from the high water-solubility of the cationic monomers
(VBAH and AEMH).

It was further shown that the cationic monomer concentration plays a dramatic and similar role on
the polymerization rate and final conversion in emulsion polymerization with styrene, however no
clear differences was evidenced between the two monomers. Furthermore, using the molecular
weight data vs the comonomer concentration and the recent method of Gilbert and coworkers,
rransfer constant to VBAH and AEMH were calculated, It is then thought that the transfer ability of
these monomers is provided by the labile protons of the amino function.

In conclusion, it seems that the functionality of the monomer, more than the monofner structure, is
the most striking parameter in the emulsion polymerization. Much work is currently developped on
the surface and colloidal properties of these cationic-charged latex particles according to the nature
of comonomer and type of process. o



. Adsorption of Oligothymidylate Acid onto Aminated Latex Particles - P.
Ganachaud, ¥ A. Ela‘n‘ssarl.‘ C. Pichot ¥:A, Laayoun,® and P. Cros®

#Unité mixte CNRS-BioMérieux ,"Laboratoire des sondes nucléiques BioMérieux.

The adsorption behaviour of nucleic acid onto polymeric supports has been performed in the case of
polythimidylic acid(poly(T)) in the presence of aminated latex particles. The cationic latex particles
have been prepared by emulsion copolymerization of styrene and vinyl benzyl amine hydrochloride.
Due to the presence of surface charges onto particles together with the polyelectrolyte character of
the oligonucleotide, it was confirmed that electrostatic forces play a major role in the adsorption
process. The adsorbed amount of oligonucleotide onto latex particles increases with decreasing the
pH of the medium or the surface charge density of the latex panticles; strong adsorption was clearly
evidenced together with a high affinity. The contribution of hydrophobic forces was estimated using
the various adsorption isotherms plotted at different pH and extrapolated to zero surface charge
" density and to zero zeta-potential of latex particles. The obtaincd value was quite similar than in the
casc of sulfate-charge latex panicles irrespective of pH. Moreover, the maximal adsorbed amount of
oligonucletide onto the latex particles slightly increases upon increasing the ionic strength an
indication that this parameter did not play a major role. From sytematic studies performed at pH=5,
it was deduced that the adsorbed amount was not dependent upon the chain Iength of the poly(T).
Small-angle neutron scattcring (SANS) studies are currently investigated in order to determine the
hydrodynamic thickness of adsorbed and grafted oligonucleotides onto these amino-containing latex
particies.

Study of the conformation of oligonucleotides covalently bound on latex particles
by fluorescence energy transfer

Marie-Thérése Charreyre, Anouck Hiver, Christian Pichot,Mitchell A. Winnik¥#
# University of Toronto, 80 St George Street, Toronto, M5S 1A1, CANADA

As already described (last IPCG 95 newsletter), fluorescence energy transfer is a us- .l technique
to investigate the conformation of oligonucleotides (DNA fragments) which have been covalently
bound onto the surface of polystyrene latex particles. The aim is to determine the conditions which
would favor oligonucleotide hybridization with complementary DNA strands, what means
conditions where oligonucleotides arc in an expanded conformation and not in an adsorbed
conformation on the panicle surface.

As evidenced by steady-state fluorescence experiments, oligonucleotides become more and more
expanded in the agueous phase as pH increases from 6 to 10, whereas they are tatally adsorbed on
the surface at pH 6. Similarly, an increase of ionic strength induces a more expanded conformation.
Other influential parameters are the presence of surfactant (Triton), and the total amount of
oligonucleatide strands bound on each particle. -



Emulsion and Miniemulsion Copolymerization of Acrylic Monomers
in the Presence of Alkyd Resin

S.T. Wang, F. ]. Schork and G. W. Poehlein
School of Chemical Engineering
Georgia Institute of Technology, Atlanta, Georgia 30332-0100
and
J. W. Gooch
Polymers and Coatings Consultants, Atlanta Georgia

SYNOPSIS

Emulsion and miniemulsion copolymerizations were carried out with acrylic
monomers (MMA, BA and AA) in the presence of an alkyd resin. PMMA was used
as a hydrophobe or cosurfactant in the miniemulsion reactions. The results
demonstrate that miniemulsion polymerization is the preferred process; probably
because of mass transport limitations of the alkyd in the conventional emulsion
polymerization reactions. The monomer emulsions prepared for the miniemulsion
reactions were much more stable and the polymerizations were free of coagulum.
Reaction rates, particle size characteristics, grafting efficiencies and some film
properties were measured.

EXPERIMENTAL

Materials

Alkyd resin was supplied by McWhorter Technologies as brand Durama 2768
which contains 80% durable medium Soya-linseed alkyd and 20% solvents, i.e., 6.3%
n-butyl acetate, 4.4% xylene, 2.9% solvent naphtha (petroleum), 5.2%
trimethylbenzene, and 0.9% ethylbenzene. The solvents were removed by vacuum
distillation before use. Methyl methacrylate (MMA), butyl acrylate (BA) acrylic acid
(AA), potassium persulfate (all from Aldrich), polymethyl methacrylate (PMMA)
(Mw =100000, Polyscience), sodium lauryl sulfate (SLS) (Fisher), and benzoyl
peroxide (BPO) (Fisher) were used as supplied. The water was deionized.

Emulsion Preparation and Polymerization

Miniemulsion and macroemulsion polymers were produced from the recipes
shown in Table 1. The miniemulsions were prepared by dispersing the desired
amount of monomer-PMMA-alkyd solution (some additional runs contained 0.5 wt
% BPO) in the aqueous SLS solution by mixing with a rotating stirrer at room
temperature. The resulting emulsion was sheared further by sonification with a Heat
Systems 474 W Sonicator Ultrasonic Processor XL for 10 minutes at 21% output (100
W). The beaker containing the emulsion was immersed in cool water during
sonification to maintain constant temperature.

The monomer miniemulsion was transferred to a 1000 mL four-neck flask
which was equipped with nitrogen inlet-outlet tube, condenser, and mechanical
stirrer. The system was purged with nitrogen for 20 minutes and heated, to 60 or 80
°C. Agitation was provided by a paddle stirrer at 500 rpm. The polymerization was
started by injection of 20 mL sodium persulfate solution. When BPO was present in
the monomer mixture the polymerization started during the heating period. The

1



reaction was followed by gravimetric conversion analysis. Samples were removed
by a syringe at different times and injected in a weighing dish containing a 0.5%
hydroquinone solution. The samples were dried in an oven at 70 ©C for 24 hours.
The emulsion polymerizations were carried out in the same manner except that no
sonification pre-emulsification process was used and the PMMA hydrophobe was
not employed.

Droplet and Particle Size

Monomer droplet and particle sizes were measured by quasi-elastic light
scattering with a Malvern Autosizer Ilc. The measurement process for monomer
droplets involved dilution of the emulsion with a monomer saturated solution of
0.1% SLS to about 50:1. Then 2 mL of this diluted emulsion was put into a quartz
curette and the droplet diameter, distribution and standard divisions were recorded
in five minutes. The latex particle size was measured in the same way but the
dilution was with 0.1% SLS solution to 100:1.

Shelf-life Stability

Emulsion and latex shelf-life were measured by placing approximately 30 mL
of sample in a capped glass vial and observing the time necessary for a visible
creaming line to appear. Two drops of a water-soluble red pigment solution was
added to each sample to increase the contrast between phases.

Double Bond Content Analysis

The double bond content in alkyd-monomer mixtures and in the alkyd latex
were measured by 13C-NMR. The copolymer spectra of 13C-NMR were obtained
with a Varian XL-400 spectrometer operating at 100 MHz. The measurement
conditions were: sample concentration 0.1 g/mL, spectral width 20000 Hz,
acquisition time 0.4 s, flip angle 459, pulse delay 1.6 s, and number of scans 512.
Chloroform was used as an internal standard for all NMR spectra.

RESULTS AND DISCUSSION

Shelf Life and Size of Monomer Droplets

The monomer miniemulsions with PMMA as hydrophobe, were prepared
with different amounts of alkyd resin. The monomer droplet shelf lives, the droplet
sizes and polydispersities are shown in Table 2. The PMMA hydrophobe is effective
in the preparation of kinetically stable miniemulsions. Table 2 shows that the alkyd-
acrylate miniemulsions are much more stable than normal emulsions prepared
without PMMA. Their shelf life varies from 7 hours to more than 50 days. The size
of monomer droplets is below 300 nm. The presence of water-insoluble alkyd, in
addition to the PMMA is evidently stabilizing the droplets against Ostwald
ripening, forming emulsions which boarder on being true miniemulsions.

The normal emulsion with alkyd separated into three phases, monomer on the
top, clear water in the middle, and ‘alkyd resin on the bottom. The miniemulsion
without alkyd shows two phases, monomer and water. All miniemulsions with
alkyd resin appear to remain uniform. i

Alkyd resin is highly hydrophobic and hence not very soluble in the aqueous
phase. Monomer droplet instability in emulsion systems can be caused by diffusion
of monomer from one droplet to another. The high hydrophobicity of the alkyd
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decreases the diffusion rate of monomer from the monomer droplets to water, which
results in long shelf life for these emulsions. The droplets containing alkyd and/or
PMMA are somewhat like the monomer-saturated polymer particles in
conventional emulsion polymerization. Hence these droplets should be more
stable. This is confirmed by the shelf life and size of the monomer droplets in
systems without PMMA (Table 3 and Figure 1). If no PMMA is present, the alkyd-
acrylate droplets become small and the shelf life also becomes longer as the alkyd
content increases. Very stable miniemulsions can be obtained when the alkyd
content is higher than 30%. Comparing Table 2 with Table 3, shows that PMMA
plays an important role in producing stable miniemulsions. The shelf life can be
increased by PMMA additions even though a stable miniemulsion can be obtained
at high alkyd content without PMMA. By contrast, the shelf life of normal
emulsions is very short, only 2 to 8 minutes.

Polymerization

Miniemulsion conversion-time profiles with and without alkyd resin and
with different emulsifier and initiator concentrations at 60 and 80 °C ‘are shown in
Figure 2. Similar reaction rates for miniemulsions with alkyd are observed if the
reaction temperature is raised from 60 to 80 °C and organic initiator, BPO, is added
in addition: to doubling the amount of the water-soluble initiator, potassium
persulfate, and the emulsifier (SLS). The retarding influence of alkyd is also evident
with the miniemulsion polymerizations with different amounts of alkyd (Figure 3).

The low reaction rates in the presence of alkyd may be caused by a retarding
impurity in the alkyd or by resin chain transfer that produces an inactive radical,
Low reactivity when emulsion polymerizing vinyl acetate and styrene in the
presence of alkyd was noted by Cummings (1). To circumvent this problem, he
used a mixed initiator (water and oil soluble components) in much the same way as
is done here. :

The latexes obtained from the miniemulsion polymerization of the alkyd-
acrylate mixtures, are uniform emulsions, and no coagulation occurs during
polymerization with the recipes listed in Table 1. Table 4 and Figure 4 shows the
polymer particle sizes and polydispersities. The particle sizes of the alkyd-acrylate
polymer are larger than particles formed by miniemulsion or normal emuision
polymerization without alkyd, and the polydispersities are also larger.

Conversion profiles for emulsion polymerizations with and without alkyd are
shown in Figure 5. The results are similar in one respect with miniemulsions, i.e.,
the addition of the alkyd decreases the reaction rate. We have not been successful,
however, in obtaining good latex products via normal emulsion polymerization
with alkyd. The alkyd separated from the polymerization system when the
polymerization entered Interval II (Figures 5 and 6).

The initial number of monomer droplets and the final number polymer
particles is the same for the alkyd-acrylate miniemulsion polymerization. - (See
Tables 2 and 4.) Hence, it would appear that nearly all droplets become particles.
Mass transfer from monomer droplets to micelles or monomer-saturated particles is
not required. In the alkyd-acrylate conventional emulsion polymerization system,
the acrylate monomer can move from the monomer droplets to the micelles or
polymer particles, but alkyd is mass transfer limited. Therefore, as the rmonomer in
alkyd-acrylate droplets migrates out of the droplets, the remaining alkyd-acrylate
droplets become unstable and agglomeration occurs (Figure 6). This problem is not



encountered in the miniemulsion polymerization, since the site of polymerization is
the monomer droplets containing the alkyd resin.

Reaction, Grafting and Crosslinking of the Double Bonds in Alkyd

The alkyd used in this experiment is made from linseed and soya fatty acid
and polyols. The double bonds in the alkyd can react with free radicals, but the
double bond structure lends to different reactivities from the vinyl bond in acrylate
monomers. Hence, it becomes an interesting question as to how the alkyd double
bonds react or what the alkyd-acrylate polymer is, a real copolymer or a blend.
Furthermore, one would like to know how many alkyd double bonds react.

The alkyd-acrylate polymers and blends of pure alkyd and pure MMA-BA-
AA copolymer were analyzed by 13C-NMR. The results are shown in Figure 7 and
Table 5. The 13C-NMR spectra of both the alkyd-acrylate copolymer and the alkyd-
polyacrylate blend have some chemical shifts at lower than 100 ppm, but the
interesting chemical shifts are around 176 ppm, the multipeak resonance by carbon
in ester groups of polyacrylate and alkyd, and around 130 ppm, the multipeak
resonance by carbon in double bonds. Another peak at 165 ppm is caused by a
special ester group in the alkyd. The useful peaks are shown in Figure 7.

Comparing the peak area at 130 ppm of alkyd-acrylate polymer with that of
the corresponding alkyd-polyacrylate blend, it can be seen that the peak area of
copolymer is smaller than that of the blend while the peak area at 176 ppm is
relatively unchanged. This indicates that some alkyd double bonds react and some
remain. This can be quantified by comparing the ratio of the peak area at 130 to the
peak area at 175 ppm (S139/S175) in Table 5. The results in Table 5 shows only 20 to
30% of the double bonds in the alkyd react.

The results cited above indicate that the polyacrylate can be grafted to the
alkyd molecules. The grafting ratio was tested by extraction. Ethyl ether is a good
solvent for alkyd and for some of the lightly grafted alkyd and a bad solvent for
polyacrylate. The alkyd-acrylate products were extracted with ethyl ether, and the
alkyd and most grafted alkyd were removed from the total polymer in a Soxhlet
extractor. The polymer remaining consists of acrylic polymer and very highly
grafted alkyd. If the amount of highly grafted alkyd is neglected, (Results in Table 7
indicate that this must comprise less that 5.24% of the total polymer.) the grafting
efficiency of alkyd can be calculated by the following formutla:

(1)

Percent grafting efficiency = 1 00( weight of polyacrylate graftedio alkyd]

weight of total acylate monomer

The extraction data and calculated grafting efficiencies are shown in Table 6. When
more alkyd is added to the miniemulsion polymerization system, more
polyacrylates are grafted onto the alkyd. Approximately 70% of the polyacrylate
was grafted onto alkyd in Run MA100 which contained equal amounts of monomers
and alkyd.

The alkyd is a multifunctional resin which contains at least two double bonds
per molecule. Hence, there is a possibility that the alkyd-acrylate copolymer is
crosslinked by the multifunctional molecule even though most of the double bonds
are not reacted (Table 5). This was investigated by extracting the alkyd-acrylate
copolymer with different good solvents. The resuits are shown in Table 7. Five
solvents were used in the extraction of the copolymer. The solvent was changed
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every 12 hours. Table 7 shows that there is less than 5.24% crosslinked or highly
branched copolymer.

Coating Properties of Alkyd-Acrylate Latex

In order to obtain preliminary information on potential application
performance, films were formed from five products on wood and metal substrates.
These films were made from latex product directly from the reactor with 1% (wt/wt
latex) hydroxy ethyl cellulose as a thickener, using a Baker Coater draw-down, and
dried at room temperature. No pigment or dying agents were added. The results
are given in Table 8. ASTM Hardnesses were all "B" which is acceptable for
common coatings. These results, considering that there has been no formula
optimization or compounding, are encouraging.

REFERENCE
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Figure 6  Photograph of latex obtained by m mulsion (EA05-5% alkyd) at
left and EA100-100% alkyd at middle) and miniemulsion(MA100-100%
alkyd) at right. The top layer in EA05 and EA100: is latex; The bottom
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Table 1
Recipe for Emulsion and Miniemulsion Polymerizations!

Sample code Ingredients (wt %)
MMA PMMA BA AA Alkyd2

EA00 49 0.0 50 1.0 0.0
EAQ05 49 0.0 50 1.0 5.0
EA100 49 0.0 50 1.0 100
MAO0O 45 4.0 50 1.0 0.0
MA30 45 4.0 50 1.0 30
MA&60 45 4.0 50 1.0 60
MA100 45 4.0 50 1.0 100

1 The continuous phase consists of 250 parts water per 100 parts total monomer, 0.02
mmol/L water sodium lauryl sulfate, and 0.02 mmol/L water potassium persulfate.

2The alkyd resin percentage is based on the total monomer weight.
EA are emulsion polymerizations.
MA are miniemulsion polymerizations.

Table 2
Monomer emulsion shelf lives and droplet size characteristics
Sample Shelf Life Size Polydispersity
Code (nm) Index
MAO0O 7 hours 307 1.054
MA30 >10 days 91.3 1.016
MA60 >10 days 175.6 1.017
MA100 >50 days 260.5 1.004
EAQ0 2 min not tested
EA100 8 min not tested
Table 3
Monomer Droplet Shelf Life, Size and Distribution without PMMA
Percent of Shelf life Size Polydispersity
alkyd(%)* (nm)
1.6 35 min 816.5 1.005
4.0 131 min 459.3 1.008
8.0 160 min 301.9 1.008
24 6 hours 163.3 1.009
48 >42 hours 100.3 1.013 ,
80 >42 hours 79.5 1.010

* Based on the total monomer amount.
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Sample Code

Particle size and distribution

Table 4

Polymer Particle Size (nm)

Polydispersity

MAO0O 110.7 1.008
MA30 126.2 1.032
MAG60 159.9 1.028
MA100 241.6 1.017
EA00 70.3 1.002
EAO05 separated
EA100 separated
Table 5
13C-NMR results for alkyd-latex and alkyd-polyacrylate blends
Sample Code Peak Area at Ratio of Conversion
175 167 130 S130/S175 of Double Bonds
Alkyd 3.6 133 110 30.556 0.00
Blend-30* 19.1 29 215 1.1257 0.00
Blend-60* 159 48 411 2.5849 0.00
Blend-100* 169 74 653 3.8639 0.00
MA30 192 23 197 1.0266 21.37
MAG60 157 35 278 1.7707 31.50
MA100 145 41 409 2.8207 27.17
*Alkyd percent based on polyacrylate.
Table 6
Extraction with Ethyl Ether Solvent
and Degree of Grafting
Sample Solid Percent Left After Extraction Degree of
Code Based on All Solids Based on Polyacrylate  Grafting (%)
MA100 15.81 30.38 >69.62
MAG60 30.70 49.29 2 50.71
MA30 59.70 78.13 >21.87
MADO 96.20 96.89 0.00
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Table 7
Extraction with
Chloroform-Toluene-THF-Methylene Chloride-Methyl Ethyl Ketone

Sample Solid Weight Degree of
Code Before Extraction After Extraction Crosslinking (%)
MAOQO 47144 0.0000 0.00
MA30 5.0884 0.1846 <3.63
MAG60 5.0285 0.2636 <5.24
MAT100 3.1256 0.0719 <2.30
Table 8

Preliminary Film Test Results

Sample Hardness Adhesion
MAOQO B passed
MA100 B passed
MA60 B passed
MA30 B fair

EAQ00 B passed

Comment: These films were less than 1 mil thick. Best results are
performed on films 1-3 mils in thickness.

Comment: These films have good adhesion, acceptable hardness and poor
coverage and uniformity on panels which could be improved
with thickeners and pigments.
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Abstract

Aqueous solutions of different of AB-type diblock copolymers composed of poly{styrene)
(PS) or poly(methylmethacrylate) (PMMA) or poly(butyimethacrylate) (PBMA) as the A block and
poly(ethylene oxide) (PEO) as the B block, having weight fraction w of hydrophobic block and Mn
values in the range 0.17-0.50 and 2000-6600 g/mol respectively were investigated by
spectrofluorometry measurements. Pyrene was used as fluorescence probe .
concentration {106 M}. The plots of the ratio 14/13 of the first and third vibronic peaks intensities in the
pyrene fluorescence emission versus copolymer concentration were found to have a sigmoidal shape
which was due to the binding of pyrene o the micelles hydrophobic microdomains. The analysis of
11/13 data allowed us to estimate the binding constant K which was found to increase with the
hydrophobicity of the A block, and for homologous series K was found to increase with the weight
fraction w of hydrophobic segments.

Introduction

Copolymers having an hydrophobic sequence such as poly(styrene) (PS) and an
hydrophilic sequence such as poly{ethylene oxide) (PEOQ) form micelies in dilute aquegus
solutions 1 and are used as stabilizers in solid-liquid2 dispersion and in the preparation of aqueous
latex particles3. Thus these copolymers can solubilize water-insoluble compounds, such as arenes
and alkanes. The tluorescence probing (FP) method4 has been used to determine the critical
micelle concentration (CMC) for surfactant solutions.

In this paper, we were interested in the investigation of the structural properties of PS-PEQ,
PMMA-PEQ and PBMA-PEO diblock copolymers micelles in water. We used fluorescence probing
(FP) to estimate the relative hydrophobic character of the various copolymer.

Experimental
The diblock copolymers PS-PEQ (SE), PMMA-PEO (ME) and PBMA-PEO (BME) series
were supplied by Th. Goldschmidt AG and used without further purification.



Fluorescence Measurements,

The pyrene (Aldrich) used as fluorescent probe was recrystallized at least twice from distilled
ethanol. Samples containing 10-6 M pyrene were prepared as described elsewhered. The
fluorescence emission spectra were recorded on a Shimadzu RF-5001PC spectrophotofluorimeter
over the range 350-500 nm, with the excitation wavelength at 335 nm.

Results and discussion

The structures, compositions, and molecular weights of samples examined are presented in
Table . The SE, ME and BME samples refer to diblock copolymers having the same molecular
weight of hydrophaobic block. Ali the samples contain af least 50 wi% of PEO. The plots of 14/13 ratio
versus the copoiymer concentration Cstyrene expressed in moles of repeat units of styrene per liter
of solution for SE samples are shown in Figure.1. At higher copolymer concentrations, I1/13 ratio
becomes constan! and its value increases with the PEQ chain tength for homologous series: this
value is for instance equal to 1.20 and 1.35 for SE 10-10 and SE { 0-50 samples respectively, and is
indicative of the pyrene environment in the micelle. The low value of 11/13 ratio locates the pyrene in
the polystyrene core of the micelle and the high value of [1/I3 ratio observed for SE 10-50, leads us
to conciude that pyrene is influenced by the proximity of the poiar PEO chains. As can be seen in
Figure 1 the 11/13 ratio decreases over a range of concentration of two decades and the plots are
shifted to larger concentration upon increasing PEO chain length, i.e., when the copolymer
becomes less hydrophobic.

The slow decrease of the 11/I3 ratio versus copolymer concentration, in contrast to what is
often found in the micellization of pure non-ionic surfactants, seems to be due to the binding of
pyrene to micelles. In this case the critical micelle concentration (CMC) of the sample should be very
small as observed by Wilhelm et at6.

Assuming the binding of pyrene to micelle with a single binding constant K and if the critical
micelle concentration {CMC) of the sample is neglected, theoretical values of 11/3 ratio, Reale, can

be calculated according to the Eqn (1)6-7
l
+{(R -R e 1
bulk * ¢ water bulk:'].;.[(c it
styrene

R =R

where Rwater and Rpyk are the experimental values of the 14/13 ratio in water and .in micelies at
higher copolymer concentrations, respectively. The least-squares fit of Eqn (1) to the experimental
results was performed using K as adjustable parameter.

Figure 1 shows the the best fits {broken line curves) of the binding equation (1) to the data
obtained for SE series. Figure 2 shows the variation of K obtained from the fit, versus lhe weight
fraction w of the hydrophobic block. For a given series, SE and ME, K increases with increasing w.
Besides, at the same w value, K is higher for SE series as compared to ME series. This can be
related to the fact that the PS block is more hydrophobic than the ME block. However the BME
sample has the same K value as the ME 10-10 within the experimental error range {12%).



Table |. Molecular characteristics of block copolymers: Mn,A and Mp B are the copolymer number
molecular weight of the A and B block respectively.

Sample Mp A Mnp,B

{g/mol) {(g/mol)

SE serles
SE 10-10 1000 1000
SE 10-20 1000 2000
SE 10-30 1000 3000
SE 10-50 1000 5000
ME serles
ME 10-10 1000 1000
ME 10-20 1000 2000
ME 10-30 1000 3000
BME 10-10 1000 1000
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Figure 1.Variation of fluorescence intensity ratio of pyrene solubilized in PS-PEO (SE series)
aqueous solution vs.copolymer concentration (expressed in moles of repeat units ot styrene per
liter of solution)
An other systematic series (HH series), i.e, having molecular weight of A block Mpsg constant (4000
g/mol) with variable molecular weight of PEO block Mpg( (3860-19600 g/mol} were also



investigated by FP method8, the same 1endency has been observed.
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Figure 2. Variation_ of the binding constant K caiculated from eq (1}, versus weight fraction w of the
hydrophobic block. '
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TEM preparation: The samples were dried at room temperature, then embedded in
epoxy resin, microtomed with a diamond knife at a 60-70nm thickness, then stained
with RUO,. TEM observation is at 100KV with a magnification ratio of 20,000. The dark
phase corresponds to the PS, while the white phase corresponds to the PMMA.
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Figure 2, PMMA seed of 200nm, cros DMA, second stage polymerization with styrene at 200%
stage ratio. KS initiator, Stabilized with SDS. Micrograph a: no crosslinker Mormphology = inverted core-
shell // occlusions. Micrograph b: 0.015% EGDMA - Morphology = peripheral occlusions. Micrograph c:

0.1% EGDMA - Morphology = partial engulfment by PS. Micrograph d (whole particle TEM, not
microtomed): 0.2% EGDMA - Morphology = Core-Shell.

Conclusion: The morphologies observed experimentally present several intermediary
structures which display the gradual transition from ICS to CS. A quantitative model for
prediction of the elastic energy involved in a crosslinked seed has been developed, and
proved that the morphology is sensitive to a very low level of crosslinking. Our
experimental observation of the morphology changing from an ICS (no EGDMA) into a
CS {0.2% EGDMA) occurs at a levels of crosslinker similar to the ones we predicted
with our model.

Latex morphology in moderately to higly crosslinked systems

Context: We considered the experimental results obtained by J. W. Vanderhoff et al.
(NATO ASI Series, Series C - Vol. 303, p 529, 1988), and tried to apply our new modei
for the crosslinking of the seed latex. In the cited work, some of the PS seeds
crosslinked with DVB (Di Vinyl Benzene) were used to polymerize additional styrene
during the second stage. The authors obtained a variety of non-symetricat
morphologies. We found that the elastic energy term could not alone explain the
interesting morphologies. Indeed, what was most interesting was that the second stage



PS did not completely engulf the seed PS particle to form an overall spherical particie.
After some time we came to the conclusion that the interfacial tension between the
crosslinked PS and the linear PS had to be fairly large. We developed a semi-empirical
model to estimate the level of these interfacial tensions.

Theory: We extended our previous model to calculate the elastic energy involved in a
non symetric deformation of a sphere. We used the energy of an Inverted Core Shell
(ICS) and applied a reduction factor based on the level of deformation of the surfaces.
To model the interfacial tension between the two polymers (XPS/PS) we used the
empirical rule of thumb between Y (MN/m) and the thickness of the interface “a”
(Angstrém): y= 100/a

Because the PS is crosslinked, the polymer loops between two crosslinks cannot
extend beyond their restricted radius of gyration as they interface with the
uncrosslinked PS. We finally obtain an expression similar to

2-100

Y ==
2.51’i
2M

where Mc/M is the crosslinking density.
This equation is very crude, but we do not know of any other model to estimate these
values,

Experiments: The group at Lehigh University used PS seeds of 5.2 um crosslinked
with DVB, and then swelled them with styrene and polymerized with AIBN. The particles
were characterized by light microscopy and SEM.

b. 1.2% CVE

a. 0.06%5 DB

c. 0.6% DVE

d. 1.5%3 DvEB

Figure 3. Comparison experiments (Lehigh U.) with predictions (U.N.H). Effect of crosslinking density -
SEM - PS + y% DVB swollen with styrene using a stage ratio of 300% &. 0.06% DVB b. 0.2% DVB ¢, 0.6%
DVB d. 1.5% DVB. :
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This is not unusual, since Goodall et al.® observed also a decreasing particle number followed by a
levelling, again without the detection of a maximum, for the emulsifier free emulsion
polymerisation of styrene. Also for other monomers in the absence as well as in the presence of
emulsifier below and above the critical micelle concentration a decrease in the particle number has
been detected.*** Goodall et al.* obtained particle numbers in the range in between 102 and 10!

per cm™ as it is also the case for the system investigated here (cf. Figure 3).
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is reached, no more heat is produced and all MMA in the reactor is used up. The structure has

been proved to be linear poly(MMA) by NMR-investigations.

p"F(W) Figure 1 Heat flow calorimeter
curve for the polymerisation of
B f MMA initiated by the redox-
< Catiration system Ce* / 1,3-benzenedi-
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Unsaturated compounds

After aromatic sulfonates were known to be effective reductants with Ce(IV) the locus of the
formed radical had to be found. This is impossible by NMR-spectroscopy with saturated molecules
because of the low concentration of the initiating species in the formed polymer. But if the
sulfonic compound was an aromatic System containing a vinyl group as in sodium styrene
sulfonate (NaSS) the initiator would polymerise itself and every segment of the polymer would be
able to initiate a new radical chain reaction, This mechanism should lead to highly or
hyperbranched polymers. Fig. 2 shows such a structure in the case of PSS. It is obvious that the
reaction leading to this product contains both the radical and the redox route. The usually
bifunctional NaSS polymerises radically on one end while further initiation takes place at the

aromatic ring leading in this particular case 10 a trifunctional NaSS.
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Grafting onto polyelectrolytes

In order to combine the properties of two different polyelectrolytes or modify a poiyelectrolyte
chain it is now possible to graft ali kind of polymer onto sulfonic group-carrying backbones. To
prove this first Ig of linear poly(styrenesulfonate) was used as backbone for the polymerisation of
MMA (MW=40.000g/mol, 70% sulfonated). The reaction started at 80°C as expected - ! PRINS
precipitated shortly after injection of Ce(IV). The formed polymer was practically insoluble in any
solvent, polar as well as non-polar ones. In a second experiment acrylic acid was
grafted upon PSS. The reaction started immediately, but a large amount of
precipitate occurred which dissolved when the reaction continued. The rate of
polymerisation increased up to a maximum after 50% conversion and dropped to
zero three hours after initiating. The copolymer formed was obtained in kind of a
stable dispersion but, it was insoluble in any solvent. A third graft copolymer was
synthesised by grafting acrylic acid onto poly(2-acrylamido-2-methyl
propanesulfonic acid) (PAMPS). After injection of the ceric salt precipitate occurred
again, most probably due to non-distorted acrylic acid. The precipitate dissolved and
after three hours no heat flow could be detected anymore, the product was a clear
solution. The polymer can be precipitated in acetone. In all these cases the structure

prove was done by NMR-spectroscopy.

Latex modification
One of the most common groups that covers the surface of latex particles and stabilises them is the

sulfonic group. Without problem it is possible to synthesise particles with a defined size,



monodisperse and the surface covered with a large amount of sulfonic groups on the surface.
These particles are an ideal base for the grafting of vinyl monomers by this new redox-initiation
technique. If the monomer is charged this way may lead to electrosterically stabilised latexes and
the success of the reaction is easily to be seen in the electron microscope because the surface
morphology of the particles changes and the particles grow bigger than they were before.

The described reaction was carried out with a sulfonated latex of 94 nm diameter. The latex had a
solid content of 5% and 10g of it were diluted up to 100g. The polymerisation was carried out
with 7,54g acrylic acid and 2mmol Ce(IV) at 80°C. After 12 hours it was obvious that the
turbidity of the latex had increased, e.g. the particles had become larger. The product was purified
by serum replacement via centrifugation. The final latex particle size was controlled by TEM.

The comparison of educt and product shows that the particles have become much larger and the
surface is smooth after the treatment with acrylic acid. The increase in the particle size due to the

grafting reaction of acrylic acid is obviously (cf. Figure 3).
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Abstract

In Utrecht we study ‘fine’ paniicles in the colloidal size rangz in conneclion with
{concentrated) dispersions of such particles in a liquid carrier. Originally the particles
were spherical in shape (e.g. silica spheres) bul more recently also elongated panicles
{e.g. boehmile rods) are synthesized and studied. It is very important that the particles
are non-clustered during the synthesis and thereafier. The particles are coated with a
surface layer of chain molecules or silane coupling agents to make them soluble and
stable against coagulation in organic solvents, In that case the particles/solvent system
behaves as a 'Complex Fluid’ in which the particles show ‘hard' or 'soft’ repulsion forces
as revealed by light or (small-angle) neutron scattering and other techniques like
sedimentation, diffusion, rheology and colloidal filtration.

In more recent studies ‘compound’ particles were synthesized and studied, consisting
e.g. of silica spheres labeled with a Nuorescent core. sihica spheres with a magnetic
core, and silica rods with a core of bochmite, all in aqueous and organic solvents.
Spheres with a fluorescent core are used as labels in optical studies like Confocal
Scanning Laser Microscopy. The particles with a magnetic core show very interesting
behaviour in an external magnetic field and the elongated particles show double
refraction e.g. in a shear field. More over, also phase transitions from isotropic 1o
liquid-crystal like suspensions have been observed.

A briel overview will be given of the synthesis and physical experimehtation
augmented by references, allowing the interested reader to pursue a particular topic in
more detail.



I ickening Behavior Found in Strain Amplitude Sweep Of An Associative Polymer

V. Tirtaatmadja’, 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, UCAR Emulsion Systems, Technical Center, Singapore

The steady simple shear viscosity and viscoelastic properties of a | weight percent aqueous
alkakne solution of a model alkali - soluble associative emulsion polymer were measured in a Carn-
Med CSL 500 controlled stress rheometer using a cone and plate fixture. Following a standard
emulsion polymerization recipe (described elsewhere' ) the model associative polymer had a molar
composition of 50% ethyl acrylate, 49.1% methacrylic acid. and 0.9% associative macromonomer,
where the macromonomer was the adduct of a TMI and a 35 mole ethoxylate of a twenty carbon alky!
hydrophobe.

During stram amplitude tests to determine the region of linear wiscoelasticity, we found
dramatic strain thickening in both the storage and loss moduli at certain high oscillation frequencie:.
(Figure 1). The data in Figure | have been normalized relative 1o their respective linear viscoelastic
values obtamed at low strain. The magnitude of strain thickening increases as the frequency of
oscillation increases. At very low frequencies the storage and elastic moduh decrease with increasing
oscillation strain beyond the linear limit, a2 behavior typical of solutions of conventional polymers. The
magnitude of the strain thickening in the loss modulus, and the strain at which strain thickening begins,
are greater than those for the storage modulus. Figure 2 depicts these two aspects of the strain
amplitude sweep results for data collected at a frequency of 100 rad /s; at this frequency the peak in the
normalizes loss modulus is 1.7, while that in the storage modulus 15 1.4 relatve to their respectiv
linear viscoelastic values. )

These results suggest the following view of the configuration of the polymer coils when
subjected to increasing strain amplitude, shown schematically in Figure 3. In general, it is assumed
that the storage modulus reflects the density of association Junctions, and the loss modulus reflects the
effective volume occupied by the association network. Thus, the stran thickening in the storage
modulus with increasing oscillating strain may result from the extension of the polymer coils in the
hydrophobic side chains and the polymer backbones, from enhanced intermolecular associations, and
from increased junction density. The strain - thickening in the loss modulus implies that this process is
accompanied by an increase in the volume occupied by the network, where the maximum network
volume is achieved at the strain that maximizes the loss modulus. Since the maximum in the storage
modulus occurs at a strain smaller than the strain that maximizes the loss modulus, some
intermolecular associations may be disrupted at this point to achieve maximum network volume. As
the strain amplitude increases beyond that required to produce the maximum in strain - thickening,
intermolecular associations are disrupted in mass to collapse the size of the network, decreasing both
the storage and loss moduli.

The dependence of the magnitude of strain thickening on the frequency of imposed oscillation
1s explained as follows. When the time per cycle of oscillation is comparable to, or larger than, the
relaxation time of the polymer solution, the network has time to relax to its equilibrium state duning
shear and hence less thickening effect is observed. As the frequency of oscillation increases, the time
scale of deformation is sraller than the relaxation time of the network so that the network is deformed
before it can relax to maximize the strain thickening effect.

Work to verify the proposed mechanism is currently underway to study the effect of association
bond strength and bond length by varying the number of carbons units in the hydrophobe as well as the
number of ethylene oxide units between the hydrophobe and polymer backbone :

' Jenkins, R.D, DeLong, L.M., and Bassett, D.R , Chapter 23 of ACS Advances Series No. 248 (1995)
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