Langmuir 2000, 16, 9205—9207

Model System for Surfactant-free Emulsion
Copolymerization of Hydrophobic and Hydrophilic
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Polymeric nanoparticles were formed when a carboxylated polystyrene solution in tetrahydrofuran was
added dropwise into water. The hydrophobic association of the chain backbones was balanced by the
hydrophilic repulsion of the carboxylic groups. The resultant particles were very stable in water and
resembled those formed in surfactant-free emulsion copolymerization. The formation and stabilization of
such particles were studied by a combination of static and dynamic laser light scattering. The particle size
decreases as the carboxylation extent [COOH] increases in the range 7—26 mol %. Further increase of
[COOH] leads to an increase of the particle size. On the other hand, as [COOH] increases, the monotonic
decrease of the average particle density [pCand the increase of the ratio of the average radius of gyration
to the average hydrodynamic radius (IRg[JIRn[) reveal the swelling of the particles, indicating a gradual
change of their structure from spherelike to clusterlike. Using longer polymer chains or more ionizable
counterions results in smaller particles. Our results indicate that the formation and stabilization are
controlled by a delicate balance between hydrophobic and hydrophilic interactions. More hydrophilic groups
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stabilizing a larger total interfacial area generally lead to smaller particles.

Introduction

As a fundamental issue, the stabilization of colloidal
particles and biological structures in water has attracted
scientists for a long time. van der Waals interaction and
arepulsive electric double-layer force were first proposed
to account for the stabilization.! Later, for some uncharged
molecules and particles also stable in water, Langmuir?
and Derjaguin® suggested that the hydration force arising
from the strongly bound and oriented first layer of water
molecules on surfaces drove the stabilization. Recently,
Israelachvili et al.*® studied the forces between two
surfaces in liquids and found that the hydration force was
not monotonically repulsive but attractive or oscillatory.
Consequently, they suggested that the stabilization should
be attributed to entropic repulsion depending on the
surface characteristics.*

Previously, we showed that the water-insoluble ionomer
chains could form surfactant-free polymeric nanoparticles
that are stable in water if a special microphase inversion
procedure was adopted.” Such particles resemble those
formed in surfactant-free emulsion copolymerization of
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hydrophobic and hydrophilic monomers. To better un-
derstand the formation and stabilization of these particles,
we prepared surfactant-free polymeric particles by using
a series of narrowly distributed carboxylated polystyrene
(CPS) chains with different lengths and amounts of
hydrophilic groups and systematically studied their
formation and stabilization under different conditions by
using a combination of static and dynamic laser light
scattering.

Experimental Section

Narrowly distributed CPS samples (M, = 6.43 x 103, 2.74 x
104,6.65 x 104, and 1.58 x 10°with M/M,, < 1.1) with carboxylic
groups randomly distributed along their chains were obtained
by partially carboxylating polystyrenes; the preparation and
characterization were detailed elsewhere.° The carboxylation
extent ([COOH]) was determined by titrating CPS in tetrahy-
drofuran (THF) to a phenolphthalein end point with a sodium
methylate solution in a mixed solvent of toluene/methanol (90/
10, v/v). The lithium salts of CPS (LiCPS) were prepared by
neutralizing CPS in THF with lithium methylate in the same
mixed solvent. The surfactant-free particles were prepared by
adding dropwise a CPS THF solution with aninitial concentration
0f 1.0 x 1073 g/mL to an excess of water under ultrasonification.”
The resultant colloidal dispersions were transparent and stable
in water. The final THF/H,O volume ratio was 1:100.

A modified commercial LLS spectrometer (ALV/SP-125)
equipped with a multi-z digital time correlation (ALV5000) and
a solid-state laser (ADLAS DPY42511, output power = 400 mW
at 1o = 532 nm) as light source was used. The refractive index
increment (dn/dC) was determined by a differential refracto-
meter.19 The details of LLS instrumentation and theory can be
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Figure 1. Standing time dependence of hydrodynamic radius
distributions f(Rn) of CPS particles, where [COOH] = 14.5 mol
% and My chain = 6.43 x 10% g/mol.

found elsewhere.112 In static LLS, the angular dependence of
the excess absolute time-averaged scattering light intensity,
known as the excess Rayleigh ratio R/(q), of dilute polymer
solutions with different concentrations (C) can lead to the weight
average molar mass (My,) and the root-mean-square z-average
radius of gyration of the polymer chain in solution (Rg?(Y? or
written as Ry0). In dynamic LLS, the Laplace inversion of a
measured intensity—intensity time correlation function G@(q,t)
in the self-beating mode can result in a line-width distribution
G(I).*213 For a pure diffusive relaxation, G(I') can be transferred
into a transitional diffusion coefficient distribution G(D), since
(T'/9?)c—~0,g—0 — D, or a hydrodynamic radius distribution f(Ry)
via the Stokes—Einstein equation, R, = (kg T/6777)D 1, where kg,
T, and 5 are the Boltzmann constant, the absolute temperature,
and the solvent viscosity, respectively. All the LLS measurements
were done at 25.0 + 0.1 °C. The CPS dispersions were clarified
using a 0.5-um Millipore filter.

Results and Discussion

Figure 1 shows that the nanoparticles made of the CPS
chains were very stable even after ~7 months. It should
be stated that removing the 1% THF from the dispersion
did notchange f(Ry), indicating that the THF has no effect
on the stabilization of the particles. In contrast, polysty-
rene homopolymer chains are not able to form surfactant-
free particles stable in water. Therefore, a small amount
of hydrophilic moiety (COOH) is essential for the stabi-
lization. Considering that the dissociation constant of
benzoic acid is only 6.46 x 107% at 25 °C, the ionization
of COOH is so limited that the stabilization should not be
solely attributed to electrostatic repulsion, which was
confirmed by the fact that once the particle formed, its
sizewas independent of the ionic strength. The hydrophilic
interactions driving the stabilization should include the
hydrogen bonding between COOH and water, the elec-
trostatic repulsion between COO™ groups, and the inter-
action between COO~ and water. Our preliminary ex-
periments showed that precipitation instead of a stable
dispersion occurred if the CPS THF solution was not added
dropwise but poured into water. In the particle formation,
after each drop of the CPS THF solution is added into
water, the insoluble hydrophobic backbones tend to
collapse and associate with each other to minimize their
interface with water, while the hydrophilic carboxylic
groups try to stay on the periphery to reduce the interfacial
energy even though not all of them are able to locate on
the interface.'*'®> The dropwise addition and initial dilute
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Figure 2. Carboxylation extent dependence of the average

hydrodynamic radius ((Rn0), the average number of CPS chains

(Ncnain) inside each particle, and the ratio of the average radius

of gyration to the average hydrodynamic radius (IRgI[Rh0) of

CPS nanoparticles, where Nchain = Mw particle/Mw,chain @Nd M, chain
= 6.43 x 103 g/mol.

solution provided more chances for the carboxylic groups
to locate on the particle surface instead of being buried
inside so that the hydrophilic stabilization was enhanced.
Note that the CPS chains are practically “frozen” inside
the particle due to the strong hydrophobic interaction,
and the interparticle fusion is difficult, if not impossible.
In this sense, the hydrophobic interaction is responsible
not only for the particle formation but also for the particle
stabilization. Accordingly, the formation of the particles
is dependent not only on a delicate balance between
hydrophilic and hydrophobic interactions but also on the
mechanism of particle formation.

Figure 2 shows that both the particle size and the
average number of the CPS chains inside each particle
(Nchain) decrease as [COOH] increases in the range 7.4—
26.1 mol %. A similar trend was also observed for different
polymeric colloids.”16718 For a given polymer/water in-
terface, the average surface area stabilized by each
hydrophilic moiety should be a constant.”'"'® Conse-
quently, more hydrophilic moieties can stabilize a larger
total surface area corresponding to smaller particles.
However, in the range 26.1—49.2 mol %, the particle size
(RnO increases from 32 to 44 nm, while the average
number (Nchain) 0f the CPS chains inside each particle
almost remains constant. Figure 3 reveals that, in this
higher [COOH] range, f(Ry) splits into two peaks respec-
tively located at in the range ~10—20 and ~25—80 nm,
much different from the narrowly distributed f(Ry,) values
shown in Figure 1. A dilution of the dispersion from 1.0
x 1075 to 1.0 x 1078 g/mL shifts the peak position and
weighting; namely, the peak corresponding to larger
particles becomes smaller, while the peak corresponding
to smaller particles becomes larger and shifts to ~10 nm,
indicating the dissociation of the particles. When the
carboxylation extent is high, the hydrophobic polystyrene
segment between two neighboring carboxylic groups, on

(15) Szajdzinska-Peitek, E.; Wolszczak, M.; Plonka, A.; Schlick, S. J.
Am. Chem. Soc. 1998, 120, 4215.

(16) Qiu, X.; Kwan, C. M. S.; Wu, C. Macromolecules 1997, 30, 6090.

(17) Qiu, X.; Wu, C. Macromolecules 1997, 30, 7921.

(18) Wu, C.; Akashi, M.; Chen, M. Macromolecules 1997, 30, 2187.



Surfactant-free Emulsion Copolymerization

4.0
[-COOH] = 49.2 mol%
C=1.0x10" g/mL
3.0F . ,D@E;
—_ c:1.0x10'“g/mLO/B ;/j 4
" 20} J \\ ] \\
L‘\—‘/ / Q\ D‘( o
4 P
1.0+ / CiD&EE\’ k/j ocpbol
9 92 8¢ g
[ 45 %
0.0 LEb BE R
A0 1 2
10 10 10
R, /nm

Figure 3. Effect of dilution on the hydrodynamic radius
distribution f(Rn) of CPS particles formed with a high car-
boxylation extent, where My chain = 6.43 x 10° g/mol.
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Figure 4. Counterion and chain length dependence of the
hydrodynamic radius distribution f(Ry) of CPS particles.

average, becomes short and the association of these
segments inevitably traps more carboxylic groups inside,
resulting in a less compact structure. The CPS chains
inside these particles are more mobile so that the dilution
breaks up the particles. On the other hand, it is known
that the ratio of the average radius of gyration to the
average hydrodynamic radius [Rq[J[Rn0increases as the
structure or conformation extends. For example, for a
uniform nondraining sphere, a hyperbranched cluster, and
a coil chain, the ratios of [Ry[R,Oare 0.774, ~1.0—1.3,
and ~1.5—1.8, respectively.1®~22 The increase of RyI[Ry0
from 0.8 to ~1.3 as [COOH] increases from 7.4 to 49.2 mol
% shown in the inset of Figure 2 indicates a gradual
transition of the particle structure from a compact
spherelike one into a swollen hyperbranched clusterlike
one.

Figure 4 shows that the counterion and the chain length
also affect the stability and size of the particles. LiCPS
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with more hydrophilic groups (COOLIi) formed much
smaller particles compared with those of the corresponding
CPS. This is because groups with higher hydrophilicity
have more chance to stay at the particle/water interface
than inside particles. Our LLS results directly confirm
that the increase in both the hydrophilicity and the density
of hydrophilic groups on a particle surface would reduce
the particle size and promote its stability, as found in
surfactant-free emulsion copolymerization.423-27 Figure
4 also shows that the particle size decreases as the CPS
chain length increases even though each chain, statisti-
cally, has the same carboxylation extent. As we have
discussed before,!” there exists a competition between
intrachain contraction and interchain association in the
particle formation. The domination of the intrachain
contraction leads to smaller particles. For a given weight
concentration, a longer chain can be viewed as several
connected short chains. Therefore, the intrachain con-
traction should be easier for alonger chain due to geometric
constraints.

The effects of the nature and amount of hydrophilic
groups as well as the chain length on the particle size and
stability experimentally support Israelachvili’s theory;®
namely, the entropic repulsion arising from the particle
surface properties drives the particle stabilization. We
also found that when [COOH] > 26 mol %, adding styrene
monomer into the dispersion led to the swelling of the
clusters, indicating that styrene was preferentially ab-
sorbed inside the clusters. The swollen clusters are stable
in water, suggesting that, in surfactant-free emulsion
copolymerization of hydrophilic and hydrophobic mono-
mers, the initially formed hydrophobically associated
copolymer chains could serve as seeds in polymerization.

In conclusion, surfactant-free polymeric nanoparticles
stable in water can be formed via a microphase inversion
if adelicate balance between hydrophobic and hydrophilic
interactions is carefully established. The structure of such
formed particles is governed by hydrophilic interactions
determined by the hydrophilic groups located on the
periphery and the hydrophobic interaction coming from
the hydrophobic backbones inside the particles. More
hydrophilic groups can stabilize a larger total interface
area so that the particle size generally decreases as the
number of hydrophilic groups increases. On the basis of
the above study, we know that a fast chain propagation
and a high polymerization degree in surfactant-free
copolymerization can lead to smaller particles stable in
water.
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