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Polystyrene latexes 200 nm in diameter and containing quaternary
ammonium ions have the internal structure of anion exchange
resins and the surface of surfactant micelles. They increase the o-
iodosobenzoate (IBA) anion-catalyzed rate of hydrolysis of p-nitro-
phenyl diphenyl phosphate (PNPDPP) up to 6300 times in dilute
aqueous dispersions by providing a phase of the reaction mixture
in which the products of the PNPDPP and IBA concentrations are
up to 630 times higher than in the aqueous phase, and in which the
intrinsic second-order rate constants are up to ten times faster
than in water. As in phase transfer catalysis, highest activity is
tachieved with the most lipophilic tetraalkylammonium ions.

INTRODUCTION

Because most organic compounds are insoluble in water,
and many inorganic reagents are insoluble in nonpolar
organic solvents, numerous organic synthetic methods
have been devised to get organic and inorganic reactants
into the same phase. The traditional method is use of a
polar protic or aprotic organic solvent that dissolves both
reactants to give a homogeneous solution. However,
many reactions do proceed in heterogeneous mixtures at
the phase interface, or more commonly in the phase in
which one reactant is highly soluble and the other slight-
ly soluble. Phase transfer catalysts promote the solubility
of anions in organic solvents by providing a lipophilic
counterion, such as a tetraalkylammonium ion or the
crown ether complex of a sodium or potassium ion, to
partially extract the reactive anion into the organic
phase.!2 Although phase transfer catalysis was one of
the first applications of crown ethers, 2+ tetraalkylammo-
nium and tetraalkylphosphonium salts are generally pre-
ferred because of their lower cost.

Closely related to phase transfer catalysis are many
uses of polymers and colloids containing quaternary oni-
um ions as catalysts in aqueous media. Sizeable en-

*To whom correspondence should be addressed.
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hancements of rates of reaction over the rates in aqueous
solution are common in colloids, polymer solutions, and
suspensions of insoluble polymer beads.5-7 In most of
these examples the polymer or colloid is a second phase
of the reaction mixture, so the term phase transfer cataly-
sis is appropriate. A colloid is a heterogeneous mixture
in which one phase remains dispersed indefinitely. In a
colloid composed of solid particles in a liquid of low vis-
cosity such as water, the particles are in Brownian mo-
tion and mutually repel one another electrostatically or
via unfavorable mixing of amphiphilic polymers ad-
sorbed or grafted to the surface. Colloids also form by
association of small molecules into aggregates such as
surfactant micelles and vesicles. As catalysts association
colloids have been called enzyme mimics because of
their structural similarity to biological membranes, hav-
ing polar surfaces and lipophilic interiors, and because
the kinetics usually follow a Michaelis-Menten mecha-
nism. The structures of some of the association colloids
most widely studied as catalysts, micelles,8-13 mi-
croemulsions,!4 and bilayer vesicles,!5 are illustrated in
Figure 1. Spherical micelles 3-5 nm in diameter are
composed of surfactant molecules having ionic or non-
ionic head groups exposed to water and a disordered
lipophilic core. Microemulsions usually are about the
same size as micelles but consist of water pools dis-
persed in oil with surfactant head groups in the water
and tails in the oil to stabilize the interface. Bilayer vesi-
cles are ordered annular spheres of 2-tailed surfactants
arranged with head groups at the inner and outer surfaces
and approximately parallel tails in the lipophilic interior.
The overall diameters of vesicles may vary from about
10 nm to >1 pm, and they may have multilayered struc-
tures, but the thickness of each bilayer is a constant
equal to twice the length of a surfactant molecule in an
extended conformation.

The types of quaternary onium ion polymers used for
catalysis are illustrated in Figure 2. Polyelectrolyte struc-
tures in water are less ordered than those of association
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vesicle

Figure 1 Representations of a spherical surfactant micelle and a small
synthetic bilayer vesicle. The dark spots indicate surfactant head
groups.

colloids, and the polymer chain is a highly expanded
random coil whose volume consists mostly of water.16-18
The insoluble polymers used as catalysts come in many
shapes and sizes. The most common are spherical ion
exchange resins (0.5-1 mm in diameter) and derivatives
of the Merrifield resins (37-75 um) used for solid phase
peptide synthesis. These polymers are gels through
which organic and inorganic reactants must diffuse to
meet at the active sites. Their practical advantage is ease
of separation of the polymer beads from reaction mix-
tures by filtration. We are studying cationic polymer la-
texes as catalysts. (Latex is another name for polymer
colloid). These latexes are polystyrene networks contain-
ing quaternary ammonium ions, the same as those of an-
ion exchange resins and of many polymer-supported
phase transfer catalysts, and their sizes are colloidal,
50-500 nm in diameter.
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Figure 2 Representations of a polyelectrolyte and an ion exchange
latex. The dark spots represent ionic functional groups. Ion exchange
resins and polymer supported phase transfer catalysts have structures
similar to that of the ion exchange latex except that the particle sizes
typically are 0.5-1 mm and 37-75 pm respectively.

The rate enhancements in colloidal and polymeric me-
dia, as well as in phase transfer catalysis, arise from both
kinetic and thermodynamic contributions. Kinetically
the polymer or colloid plays the same role as the solvent
in homogeneous catalysis. Solvation affects the energies
of the ground state and the transition state of a reaction
by electrostatic, ion-dipole, dipole-dipole, and van der
Waal's forces. Stabilization of the transition state, desta-
bilization of the ground state, or both can increase the
rate of reaction. Thermodynamically the colloid or poly-
mer acts as a second phase or a pseudophase. Reactants
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equilibrate between the aqueous and organic phases, and
overall rates of reaction depend upon the concentrations
of reactants in the two phases. For bimolecular reactions
the observed second-order rate constant is a sum of con-
tributions from the two phases and depends on the con-
centrations of reactants and the rate constant in each
phase, as shown in eq 1, in which § (substrate) and N
(nucleophile) are the reactants, and the concentrations
are based on the total reaction mixture.

rate = kZW[S]W[N]W + kZC[S]c[N]c (1)

In surfactant micelles, the type of colloidal medium most
thoroughly investigated by kinetics of catalysis, the ma-
jor factors affecting rates of bimolecular reactions are
the concentrations of the reactants in the micelles.
Reactions of micelle counter ions with organic substrates
are promoted by much higher concentration of those an-
ions at the micelle surface than in water, and by much
higher concentration of the organic reactant in the mi-
celle than in water. Thus reactions of anions with organic
substrates are promoted by cationic micelles, and con-
versely are retarded by anionic micelles from which the
reactant anions are repelled.

Polymer latex diameters are 10—100 times larger than
micelles and 1000-10000 times smaller than ion ex-
change resins. Their internal structures are entangled
polymer coils with hydrated ionic functional groups, the
same as those of ion exchange resins and polymer-sup-
ported phase transfer catalysts, and their surfaces are
ionic, the same as the surfaces of micelles. We began
study of polymer latexes as catalytic media because the
rates of fast polymer-supported phase transfer catalyzed
reactions are limited by the rates of intraparticle diffu-
sion of one or both reactants to the active sites in the gel
phase.1® The mean time ¢/, required for diffusion of a
molecule or ion having diffusion coefficient D from the
surface of a particle to 50% of the active sites depends
on the spherical particle radius r according to20

Smaller particles reduce the time required for diffusion.
In the limit of short diffusional paths the observed rate
depends only on the intraparticle and solution phase rate
constants and on concentrations in the two phases.
Increasing rates of reaction with decreasing particle size
are known for many cases of polymer-supported phase
transfer catalysis.

Numerous reactions promoted by latexes are
known.2!-23 Here we focus on the bimolecular reaction
for which the kinetics are understood best, and on the
properties of a family of anion exchange polystyrene la-
texes in which the members differ by numbers of quater-

nary ammonium groups ranging from 1 to 60 mol-% of
(styrylmethyl)trimethylammonium ion repeat units and
by the size of the quaternary ammonium ions construct-
ed with tertiary amines ranging from trimethylamine to
tributylamine. We show that reactivity is greater within
the core than at the surface of the latexes, that the
counter ions of large (styrylmethyl)tributylammonium
ions are more reactive than those of smaller (styryl-
methyl)trimethylammonium ions, and that high concen-
trations of reactants in the particles are the major factor
responsible for the faster reaction.

RESULTS AND DISCUSSION

Latexes. The cationic latexes used for catalysis were
prepared by a surfactant-free method of emulsion
copolymerization of styrene, chloromethylstyrene
(CMS), and divinylbenzene (DVB) shown in Figure 3.24
All latexes were crosslinked with 1.0 mol-% DVB to in-
sure that even polymers with high ion content were in-
soluble in water. The number average diameters D, of
the various samples measured by transmission electron
microscopy (TEM) are 137-162 nm. Each sample has a
narrow distribution of particle sizes with the ratio of
weight average to number average diameter D, /D, <
1.02. Treatment of the copolymers with trimethylamine
led to quaternary ammonium ion particles larger than the
starting particles due to the amine incorporated. Some
properties of the quaternary ammonium ion latexes are
reported in Table 1. Quaternization of the copolymer
prepared with 50 wt-% CMS with different tertiary
amines led to another family of monodisperse particles
also reported in Table 1.25

=z = - “
+ + +
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1. polymerize
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TMAQ: NR3 = N(CHa)s
TEAQ: NRj = NCoHels

TBAQ: NRj = N(n-CHg)s
HEDMAQ: NRg = N(CH3),CH,CH0H

Figure 3 Synthesis of latexes used as catalytic media.
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Table 1 Properties of Latexes Used As Catalysts

Latex @ N+ sites, mol-% D, nm, by TEM  D,, nm, by DLS
TMAQIHY 0.6 149 166
TMAQSHY 1.3 154 172
TMAQIOHY 6.2 155 183
TMAQ25HY 17 175 217
TMAQS0HY 34 168 274
TMAQ75HY 60 181 379
TMAQ251L 14 184 225
TMAQS50JIL 39 169 300
TMAQ75JIL 61 212 423
TEAQS0JJL 32 164 314
TPAQS0JIL 13 162 208
TBAQS50HNL 24 184 258
HEDMAQS0JJL 25 165 275

aNumbers in the latex names refer to wi-% of CMS in the emulsion
copolymerization. Data are from refs 24 and 25.

The particles vary widely in their internal structures
due to variation of the fraction of ionic polymer repeat
units. A particle containing only 1% of ionic repeat units
can have nearly all of its charged groups on the surface
and have an interior consisting of 1% crosslinked poly-
styrene with few charged groups. With increasing num-
bers of charged repeat units most of the quaternary am-
monium ions must be inside, for less than 2% of them
can be in the surface monolayer of a 200 nm diameter
particle. The internal ionic groups are hydrated, and the
particles are swollen gels in water. The degree of
swelling depends on the number of ionic groups, the
structure of the ionic group, and the degree of crosslink-
ing of the polymer. The particle diameters reported in
Table 1 were measured under dry conditions by TEM
and in water by dynamic light scattering (DLS). The
most swollen particles, TMAQ75, have a swelling ratio
of 8, meaning they contain 7/8 water by volume.
Hydrophilicity of the quaternary ammonium ions and
swelling of the particles decrease with increasing ionic
radius from methyl to butyl. Because of the high ion
content and the low degree of crosslinking, the particles
TMAQ75 and TMAQS50 contain long polyelectrolyte
chains, some of which are anchored to the polymer net-
work at only one end, leaving the other end free to dan-
gle out into the aqueous phase. These hydrophilic parti-
cles may be described as hairy balls.

Hydrolysis of p-Nitrophenyl Diphenyl Phosphate
Moss and coworkers2¢ discovered the o-iodosobenzoate
(IBA) ion to be a highly active catalyst for the hydrolysis
of phosphate esters. Its activity is enhanced by micelles
and polymer colloids. The hydrolysis of <10~ M p-nitro-
phenyl diphenyl phosphate (PNPDPP) with <104 M
IBA at 25°C has a half-life of 10 s or less in hexade-
cyltrimethylammonium chloride micelles at the critical
micelle concentration?¢ and in 0.2-0.6 mg mL-! of sev-
eral of our latexes.27.28 The i0doso oxygen atom of the
cyclic IBA structure shown in Figure 4 attacks phospho-
rus.2? Phosphate ester hydrolysis has been investigated

0
O“p—‘ (OCGHs)g O

pH9.1,25°C
+ 0,
)
NO, -0

IBA
PNPDPP
O O
i
0 0., 0O—P—(OCgHs)2
\
+ oH (CeHs0)2P0O2"
N02 +
IBA

Figure 4 Mechanism of [BA-catalyzed hydrolysis of PNPDPP.

widely in micelles, microemulsions, ion exchange resins,
and other heterogeneous media because of its potential
as a method of decontamination of organophosphorus in-
secticides and chemical warfare agents,30-34

Pseudo-first-order kinetic experiments with varied
IBA concentrations were analyzed for the second-order
rate constants kg, according to

~d[PNPDPP] At = (ky+kpa[IBA]) [PNPDPP]  (3)

in which all concentrations are based on total volume of
aqueous dispersion. The rate constants are reported in
Table 2. The most active media are the latex TBAQ50
which contains 24 mol % of (styrylmethyl)tributylam-
monium ion repeat units and the polyelectrolyte PE44

Table 2 Rate Constants of Hydrolysis of PNPDPP with Latexes and
Polyelectrolytes?

Latex kjga M~ 571 ky, M- 5!
TBAQSOJIJL 3190 55
PE44Ppb< 2050 d
TPAQS50}IL 1700 2.6
TEAQSOJIL 1630 57
TMAQ25JJL 1410 3.7
TMAQS0JJL 1200 1.8
PESONb< 850 d
HEDMAQS0JJL 770 22
TMAQ751JL 370 0.57
PE75Nbe 190 d
TMAQSHY® 184 d
TMAQ2HY® 167 d
none 0.51

apH 9.10 TAPS {N-(tris[hydroxymethyl]methyl-3-aminopropanesul-
fonic acid} buffer, 5.0 mM, [IBA] £ 5.9 x 10-¢ M, 0.2 mg of latex per
mL, 25.0 °C. Data are from ref 28. "pH 8.00, 0.4 mg particles or poly-
electrolyte mL-!, and otherwise the same conditions. Data are from ref
27. <The polyelectrolytes are designated by the wt-% of CMS used in
copolymerization, N for quaternization with trimethylamine, and P for
quaternization with tributylphosphine. dNot determined.
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which contains 44 mol % of (styrylmethyl)tributylphos-
phonium ion repeat units. Activity of the (styrylmethyl)
trimethylammonium ion latexes decreases in the order
butyl > propyl > ethyl > methyl. Polyelectrolytes pre-
pared from copolymers having the same chloromethyl
content but lacking the DVB crosslinks are slightly less
active than the corresponding latexes.

The kinetic data were analyzed by the ion exchange
model of Figure 5. In the model the PNPDPP and the
IBA are distributed between the particle and the aqueous
phases with second-order reaction occurring in both
phases. For most latex dispersions reaction in the aque-
ous phase is negligible, and the rate of reaction depends
on the concentrations of PNPDPP and IBA and the sec-
ond-order rate constant k,; in the particle phase.
Measurements of the rates of hydrolysis over a range of
particle concentrations showed that all of 2 x 10-> M PN-
PDPP was bound to particles at >2 mg particles mL-L.

Concentrations of IBA in the particles in the absence
of PNPDPP but otherwise under the same conditions
used for kinetics were calculated from spectrophotomet-
ric measurements of the IBA concentration in the aque-
ous phase, from which the particles were removed by ul-
trafiltration. The relative amounts of chloride and buffer
anions bound to the particles were calculated from mea-
surements with an ion-selective electrode of the chloride
ion concentration in the ultrafiltrate of mixtures that con-
tained no IBA. These combined data enabled calcula-
tion, via quadratic equations, of the ion exchange selec-
tivity coefficients defined by eq 4, and the results are re-
ported in Table 3.

Ky /e = X[ClL/ X1 [Clly 4

The remaining analysis of the kinetic data depends on
two approximations. (1) Exchange of IBA, chloride, and

Aqueous Latex
Phase Phase
PNPDPP, <==—== PNPDPP,
+ +
IB Aw -_-— IBAL
k2w k2L

Figure 5 Kinetic scheme for IBA-catalyzed hydrolysis of PNPDPP in
a latex dispersion.

Table 3 Ion Exchange Selectivity Coefficients in Latexes at 25°C2

Latex Kigact Kopsel!
TMAQ75JJL 24 0.58
TMAQS0JJL 14 0.37
TBAQS0J1JL 1.7 0.27

aRef 28. 5.0 mM pH 9.10 TAPS, 2.5 x 104 M IBA, CI- from 0.1 mg
latex mL-!. <5.0 mM pH 9.10 TAPS, ClI- from 0.1 mg latex mL-'.

buffer ions is much faster than chemical reaction.
Equation 2 and diffusion coefficients of 10-7 to 10-5 cm?
s.”1 for ions in ion exchange resins show that a time of
1-100 ps is required for 50% exchange of ions in parti-
cles of 200400 nm diameter. This verifies the approxi-
mation, since all reactions had half-lives of at least 10 s.
(2) The sum of concentrations of bound anions equals
the concentration of polymer quaternary ammonium
ions. This is the electroneutrality approximation of con-
ventional ion exchange resins.33 It is supported by mea-
surements of the fraction of H* dissociated from
poly(styrenesulfonic acid) latexes to be <0.04,36 but
measurements have not been reported for quaternary am-
monium ion latexes.

The concentration of IBA in mols per L of particles
((IBA];) was calculated from mols IBA bound in parti-
cles per L of dispersion ([IBA];), the molar concentra-
tion of quaternary ammonium ions in the dispersion
(IN*]), and the particle volume per mol of N+ ions using
eq 3. Particle volume was calculated from the weight of
particles per unit volume and the diameter measured by
light scattering. The second-order rate constant in the
particle k,; was calculated from kg, and [IBA], via eq
6, and the results are reported in Table 2.

(IBA], = [IBA}, /[N+]V )
kiga = ko [IBA], (6)

The k,, values show that the reactivity of IBA in the
most lipophilic latex, TBAQSO, is 10 times that in water,
and that the remaining factor of 630 in the k5, enhance-
ment of 6300 times is due to the higher concentrations of
IBA and PNPDPP in the particle phase than in aqueous
solution. Analysis of the results for the most hydrophilic
latex TMAQ75 shows that the rate acceleration of 370
relative to water is due entirely to higher intraparticle
concentrations of reactants. Thus the major factor re-
sponsible for faster reaction of IBA with PNPDPP in la-
tex dispersions is the extraction of high concentrations of
reactants from water into the particles. The more
lipophilic latexes cause an additional rate acceleration
due to higher activity of the IBA anion, which we at-
tribute to less stabilization of IBA by hydrogen bonding
to water.

The higher activity in more lipophilic latex particles
shown by intraparticle rate constants in Table 2, and the
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very low activity of the latexes TMAQ2 and TMAQS,
which have almost all of their quaternary ammonium

ions on the particle surface, prove that the cores, not the

surfaces, of the ion exchange particles are responsible
for the larger rate enhancements. High intraparticle ac-
tivity and high activity of more lipophilic quaternary am-
monium ions are consistent with the performance of
polymer-supported phase transfer catalysts derived from
ion exchange and Merrifield resin beads.!®
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