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ABSTRACT: The phenylphosphinic acid-functionalized microspheres were successfully prepared by “one-
pot” emulsion polymerization of styrene/divinylbenzene with a functional macromolecular reversible
addition—fragmentation chain transfer (RAFT) agent, poly(3-[2-(acryloyloxy)ethoxy]-3-oxopropyl(phe-
nyl)phosphinic acid)-block-polystyrene (P(AOPA)-b-PSt), as an amphiphilic emulsifier. The monodisperse
microspheres were obtained with about 300 nm of the diameters and the clear core—shell structures, while
phenylphosphinic acid groups were introduced into the shell Vla the RAFT process. The functionalized

microspheres show high ability to coordinate with Cu>*

Introduction

In the past decades, surface-functionalized microspheres have
attracted more and more attention of polymer chemists because
they have a high potential for many applications.! Among them,
itis well-known that phosphorus-containing microspheres can be
used as 1on exchangers due to their good ionic coordination
properties.” ¢ For the preprepared microspheres, the functiona-
lization of surfaces can normally be achleved by grafting
techniques’ '* and chemical modifications."'™"* For example,
Alexandratos et al.* prepared the phosphorus-functionalized
microspheres by immobilizing polyols onto cross-linked poly-
(vinylbenzyl chloride) and then monosubstltutmg with diethyl
phosphate ligands; Trochimczuk® obtained the functionalized
microspheres with phenylphosphinic acids by reacting styrene/
divinylbenzene (St/DVB) resin with PCl; in the presence of
Friedel—Crafts catalyst.

Recently, there is great interest in preparing mlcros;l)heres
emulsion polymerization with polymeric surfactants'*'® be-
cause the polymeric surfactants show obvious advantages, such
as their low critical micelle concentration and low diffusion
coefficient compared to that of classical low-molecular-weight
surfactants. For example, Mohanty et al.'” used amphiphilic
diblock copolymers poly(styrene)-block-poly(styrenesulfonate)
as an emulsifier to prepare electrosterically stabilized colloidal
particles of different diameters between 70 and 400 nm; Chevalier
and co-workers'® reported that block copolymers poly(caprolac-
tone)-block-poly(ethylene oxide) are promising nonionic macro-
molecular surfactants for the stabilization of emulsions due to a
stronger adsorption and an increased long-term stability.

At the same time, great progress has been made in controlled/
living free radical polymerization in the past few decades, such as
living free radical nitroxide- medlated polymerlzatlon 19-21 atom
transfer radical polymerization,”? >* and reversible addition—
fragmentation chain transfer (RAFT)ZS’26 process, which have
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or Fe**

provided a powerful tool to synthesize the block copolymer with
controlled molecular weights and “well-defined” structures.
Among them, RAFT polymerization is a versatile technique,
which involves a fast, reversible chain-transfer process of a
thiocarbonylthio compound reacting with propagating chain
radicals. The process is no metal contamination in comparison
with atom transfer radical polymerization and is applicable to a
wide range of monomers (most monomers polymerized by free
radical methods) and reaction conditions.*

Recently, we noticed that macro-RAFT agents have been used
as stabilizers in emulsion polymerization.?”-*® Martins dos Santos
and co-workers®** and Charleux et al.*' respectively synthesized
poly(ethylene oxide)-based macromolecular agents and used
them as stabilizers and control agents in the miniemulsion
polymerization of styrene; Hawkett and co-workers reported
the amphlphllic, RAFT-capped, acrylic acid—styrene diblock
copol)j/mers and acrylic acid—butyl acrylate diblock copoly-
mers were synthesized and applied as stabilizers of emulsion
polymerization; and Yan et al.> obtained the polymeric particles
with hydrophobic cores and hydrophilic shells via emulsion
polymerization of styrene using a water-soluble poly(acryla-
mide)-based macro-RAFT agent in aqueous solution. There is
no doubt that this technique may provide a facile “one-pot”
approach to prepare functionalized microspheres; however, there
are no papers published on it.

In this paper, we report a facile approach for the preparation of
the phenylphosphinic acid-functionalized polystyrene micro-
spheres by “one-pot” emulsion polymerization of St/DVB in
the presence of an amphiphilic functional macro-RAFT agent,
poly(3-[2-(acryloyloxy)ethoxy]-3-oxopropyl(phenyl)phosphinic
acid)-block-polystyrene (P(AOPA)-b-PSt). P(AOPA)-b-PSt was
synthesized from RAFT polymerization of AOPA and St and
used not only as emulsifier but also as macro-RAFT agent due to
the structure of thiocarbonylthio moiety. In addition, P(AOPA)
is a novel polymer of phosphinic acids and can be covalently
anchored onto PSt microspheres by the RAFT process in emul-
sion polymerlzatlon which may endow the PSt microspheres
with good ionic coordination property.*
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Experimental Part

Materials and Reagents. 3-[Hydroxy(phenyl)phosphoryl]-
propanoic acid, kindly donated by Yizheng Chemical fibers,
Co. Ltd. (China), was dried for 2 days at 90 °C before use.
2-Hydroxyethyl acrylate (HEA, 98%), 1,3-dicyclohexylcarbo-
diimide (DCC, 99%), and 4-(N,N-dimethylamino)pyridine
(DMAP, 99%) were purchased from Alfa Aesar China
(Tianjin) Co., Ltd. St (Sinopharm Chemical Reagent Co.,
Ltd., CP) was washed with a 5% sodium hydroxide aqueous
solution and then with deionized water until neutralization, and
after being dried with anhydrous sodium sulfate overnight, it
was distilled under reduced pressure and stored under N, at
—20 °C prior to use. 2,2’-Azoisobutyronitrile (AIBN, Sino-
pharm Chemical Reagent Co., Ltd., CP) was purified by re-
crystallization. N,N-Dimethylformamide (DMF, Sinopharm
Chemical Reagent Co., Ltd., AR) and dichloromethane
(CH,Cl,, Sinopharm Chemical Reagent Co., Ltd., AR) were
dried by molecular sieves (4 A). Benzyl 1 H-imidazole-1-carbo-
dithioate (BICDT) was synthesized according to a related
reference.® All other chemical agents were used as received.

Synthesis of AOPA. A solution of 3-[hydroxy(phenyl)phos-
phoryl]propanoic acid (8.56 g, 40 mmol), HEA (4.64 g,
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40 mmol), DCC (8.24 g, 40 mmol), and DMAP (0.1 g) in CH,Cl,
(80mL) wassstirred at 0—5 °C for 24 h. The reaction solution was
filtered, and the solvent was evaporated under reduced pressure
to give the monomer, which was purified by column chroma-
tography on silica gel (CH,Cl,/CH3OH, 20:1) to give a colorless
0il (7.0 g, 56% yield). "H NMR (400 MHz, CDCls): 6=8.7-9.3
(—OH), 7.4-7.9 (—C¢Hs), 58—6.5 (=CH, and =CH-),
3.2—4.4 (O—CH,—CH,—0), 2.1-2.6 (—CH,—CH,—). "C
NMR (100 MHz, CDCl3): 6 = 24.7, 26.6, 60.2, 62.5, 127.6,
127.8, 128.6, 128.7, 129.2, 131.3, 131.4, 132.8, 165.7, 174.0. *'P
NMR (162 MHz): § = 44.8.

Synthesis of P(AOPA)-b-PSt. P(AOPA) was first synthesized
by RAFT polymerization, and the typical procedure was as
follows: a stock 5 mL solution comprising AOPA (2.4 g, 7.6
mmol), BICDT (28 mg, 0.12 mmol), and AIBN (5 mg, 0.03
mmol) in DMF was prepared and was placed in an ampule. The
contents were purged with argon for 10 min to eliminate the
dissolved oxygen. The ampules were then flame-sealed and
placed in an oil bath thermostated at 60 °C. After a preset
reaction time, each ampule was cold with ice water and opened.
Considering that AOPA and BICDT could be dissolved well in
diethyl ether, and the polymer was not dissolved in diethyl ether

Scheme 1. Synthetic Route for the Amphiphilic Macromolecular Reversible Addition—Fragmentation Chain Transfer (RAFT) Agent, Poly-
(3-[2-(acryloyloxy)ethoxy]-3-oxopropyl(phenyl)phosphinic acid)-block-polystyrene (P(AOPA)-b-PSt)

HO_ .0
_ c
H,C=CH | o
\\
C=0 -CH, || o \\\p./OH
o + H,C” DCCOMAP o g O AP
—— | W
b —p o [l | —,
cH, 0_F|' O CH,Cl,,0°C.24h  fl, J ( /)
W
H,C P WA
2 »’f \W AOPA
OH M DCC: 1 3-dicyclohexylcarbodiimide
5 DMAP: 4-(M, N-dimethylamino) pyridine
S

BICDT / '

W If,

Y N CH A(CH HC S //c ™~
{ \ He—)— _
ABN,DMF,60°C % 4 2 L2 o '
—o0

St / Y

—»{\ o t:Hz{CH2 HC
AIBN, DMF, 80°C . // . /
Cs
/ 0
o
\\
/
/
\\
0
/
0==
\\v
3
rd
4
5

\

Lo N

S

N

P(AOPA)-RAFT agent

RAFT: reversible addition-fragmentation
chain transfer
BICDT: benzyl-1H-imidazole-1-carbodithioate
0 AlBN: 2 2-azoisobutyronitrile

= OMF: M, N-dimethylformamide

S
Il
_C.
CH,—CH 7 S ‘!q -
| LN
e -\‘\,] ~y

P(AOPA)-b-PSt



Article

while it could be dissolved in methanol, the resultants were
diluted with a little methanol and precipitated in 10-fold diethyl
ether; the obtained polymer was dried in vacuum at 40 °C until a
constant weight was obtained gravimetrically. Conversions
were determined by '"H NMR and gravimetric methods; both
gave comparable results. P(AOPA),4 (M, = 8000 g/mol, PDI =
1.06, conversion =41.2%) was obtained as macro-RAFT agent
for the extension of St. The same procedure was used for the
extension reaction of St, except that P(AOPA),, instead of
BICDT was used as RAFT agent. Finally, P(AOPA),4-b-PSt o
(M,=9950 g/mol, PDI=1.36) was given as the emulsifier for the
emulsion polymerization.

Synthesis of Functional PSt Microspheres by Emulsion Poly-
merization. The microspheres were prepared via emulsion poly-
merization with P(AOPA),4-b-PSt |9 as the emulsifier, styrene
as the monomer, and divinylbenzene (DVB) as cross-linker.
Ammonium persulfate (APS) was used as an initiator for the
polymerization.

h' h
@CHZ{CHQ—;QFECH%J;S_(NS .

;
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Chemical shifts (ppm)
Figure 1. '"H NMR spectrum of poly(3-[2-(acryloyloxy)ethoxy]-3-

oxopropyl(phenyl)phosphinic acid)-block-polystyrene (P(AOPA),4-b-
PSty9) in DMSO-ds (M,, = 9950 g/mol, PDI = 1.36).
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A typical recipe for the emulsion polymerization can be
described as follows: Polymerization was performed in a 100
mL three-necked reactor (usually a round-bottomed flask)
immersed in a thermostated water bath and equipped with a
reflux condenser (water cooling), an argon inlet, and a thermo-
meter. Initially, 0.08 g of block copolymer was dispersed in 50
mL of distilled water under ultrasonic irradiation and purged
with Ar gas for 20 min. Then, 1 g of St and 0.06 g of DVB were
added under stirring, and the mixture was heated to 70 °C under
Ar gas. Finally, an aqueous solution of the initiator (APS, 0.04 g
dissolved in 2 mL of distilled water) was added to the mixture to
start the polymerization. The polymerization was stopped after
8 h to ensure complete conversion, and the reaction mixture was
slowly cooled to room temperature. Finally, the microspheres
were collected by centrifugation at 15000 rpm for 60 min and
were dialyzed with ethanol for 48 h to remove unreacted
monomers and free macromolecular emulsifiers. The obtained
microspheres were dried in a vacuum oven at 40 °C to constant
weight (0.95 g) and were stored in desiccator before use.

Coordination of PSt Microspheres with Metal Ions. 0.2 g of
PSt microspheres was dispersed in dilute ionic aqueous solu-
tions, i.e., 0.2% FeCl; aqueous solution (pH ~ 7.0) and 0.2%
CuCl, aqueous solution (pH ~ 7.0) under ultrasonic irradiation.
After stirring for 48 h, the coordination equilibrium might be
reached, so the microspheres were collected by centrifugation at
15000 rpm for 60 min and were dialyzed with H,O for 48 h to
remove free metal ion.

Characterization. Transmission electron microscopy (TEM)
images were taken with a FEI Tecnai G20 electron microscope,
using an accelerating voltage of 160 kV. Energy-dispersive
X-ray (EDX) analysis was carried out by a Hitachi S570 scanning
electron microscope equipped with an EDAX-PV 9100 energy-
dispersion X-ray fluorescence analyzer. '"H (400 MHz), '°C
(100 MHz), and *'P (162 MHz) NMR spectra were obtained on
a Varian INVOA-400 instrument. FT-IR spectra were recorded
on a Varian-1000 at room temperature, and the solutions of
polymers were dropped on KBr tablet. The molecular weights

Figure 2. (a) TEM and (b) SEM spectra of PSt microspheres obtained from emulsion polymerization with the copolymer, poly(3-[2-(acrylo-
yloxy)ethoxy]-3-oxopropyl(phenyl)phosphinic acid)-block-polystyrene (P(AOPA),4-b-PSt ;o) as emulsifier.
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Figure 3. Particle size distribution of PSt microspheres in distilled water at the concentration of 0.16 mg/mL.
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and polydispersities of the polymers were determined with a
Waters 1515 gel permeation chromatographer (GPC) equipped
with differential refractometer with temperature control, using
500, 10°, and 10* A MZ-Gel SDplus columns with molecular
weight range 100—500 000 calibrated with PS standard samples.
DMF with 0.05 mol/L of LiBr was used as the eluent at a flow rate
of 0.8 mL min~' operated. The Z-average size and the polydis-
persity index of the micelles were measured by a Malvern HPP
5001 high-performance particle sizer (HPPS).

Results and Discussion

In this study, the novel phosphorus-containing monomer
AOPA was first synthesized by esterification of 3-[hydroxy-
(phenyl)phosphoryl]propanoic acid and 2-hydroxyethyl acrylate
in the presence of DCC and DMAP. And then RAFT polymer-
ization of the monomer was performed with BICDT to produce
the polymer, P(AOPA). Finally, a block copolymer P(AOPA),-
b-PSty9 (M, = 9950 g/mol, PDI = 1.36) was obtained as the
emulsifier via the polymerization of St using P(AOPA),4 (M, =
8000 g/mol, PDI = 1.06) as macro-RAFT agent (Scheme 1). The
structure of the copolymer was characterized by 'H NMR
spectrum (Figure 1). Besides the signal (6.3—7.3 ppm) corre-
sponding to the protons of phenyl groups of St units, the peaks
at 7.3—7.8 ppm can be clearly observed for phenyl protons
of AOPA units, which indicates the successful synthesis of the
copolymer. In addition, the characteristic peaks at 8.0—8.5 ppm
reveal the existence of the imidazolyl group in the polymer
chain.

Because of the amphiphilicity and containing the thiocarbo-
nylthio moiety, the block copolymer can be used not only as an
emulsifier but also as a macro-RAFT agent in emulsion polym-
erization. The emulsion polymerization of St was performed with
APS as an initiator and DVB as cross-linker in the presence of
amphiphilic P(AOPA),4-b-PSt g at 70 °C under Ar gas. After the
polymerization, the microspheres were collected by centrifuga-
tion. The morphologies of the PSt microspheres were investigated
by TEM and SEM (Figure 2). As shown in Figure 2a, the PSt
microspheres possess a monodisperse diameter of about 300 nm,
and the core and shell can be clearly observed. Moreover, the
SEM micrograph demonstrates that the microspheres have a
relatively uniform distribution (Figure 2b).

The particle sizes and size distributions were also characterized
by a high-performance particle sizer (HPPS), and the results
further demonstrated that the microspheres had the symmetric
and very narrow size distributions (Figure 3). All the results
indicate that P(AOPA),4-b-PStyy is a good macromolecular
surfactant for the stabilization of emulsions.
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Figure 4. IR spectra of (a) poly(3-[2-(acryloyloxy)ethoxy]-3-oxopro-
pyl(phenyl)phosphinic acid)-block-polystyrene (P(AOPA)y4-b-PSto)
and (b) functionalized PSt microspheres.
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The surface chemical composition of the microspheres was
characterized by FT-IR spectra (Figure 4). In comparison with
P(AOPA),4-b-PSty9, the characteristic peaks at 1172.5 cm”!
for —P=0 and at 1026.5 cm™' for —P—OH are clearly observed
in the spectrum of the prepared microspheres. This result indi-
cates that the phosphinic acid groups had been successfully
introduced into the shell layer of the PSt microspheres by the
RAFT process in emulsion polymerization.***
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Figure 5. EDX spectra of (a) PSt microspheres, (b) PSt microsphere—
Cu?* complex, and (c) PSt microsphere—Fe*" complex.
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The resins containing variously substituted phenylphosphinic
acid group have been used in ion-exchange/coordination of
Cu(Il), Cd(II), Ni(II), Zn(II), and Eu(IIl) from nitric acid
solutions, and the resins with carboxyl groups in o and f8
positions display higher divalent metal uptake.® In this study,
we expect that the phenylphosphinic acid groups may endow the
PSt microspheres with good ionic coordination property.* In
order to investigate the coordination property of the functiona-
lized PSt microspheres, the coordination experiments were im-
plemented with metal ions. The microspheres were first dispersed
in dilute ionic aqueous solutions, i.e., 0.2% CuCl, aqueous
solution and 0.2% FeCl; aqueous solution under ultrasonic
irradiation. When the coordination equilibrium was reached
after stirring for 48 h, the microspheres were collected by
centrifugation and dialyzed with distilled water for 48 h to remove
free metal ions.

The resultants were characterized by EDX analyses. In com-
parison with the functionalized PSt microspheres (Figure Sa),
Cu and Fe elements can be clearly observed in parts b and
c of Figure 5, respectively, suggesting that phenylphosphinic
acid of P(AOPA) is successfully coordinated with Fe’" and
Cu’*. According to the data of EDX spectra, the mole ratio of
P/Cu and P/Fe was calculated to be 4.25 and 0.80, respectively.
On the other hand, because the coordination number is 4 for
Cu’" and 6 for Fe’*, the mole ratio of P/Cu and P/Fe should
be 2 and 3, respectively, when all phosphinic acid groups
were coordinated. In addition, no chlorine element can be
observed in Figure 5b,c, which further demonstrates that the
metal ions are coordinated with phenylphosphinic acid. There-
fore, in this study, the complexations of metal ions are very high;
especially for Fe*", the complexation even outreaches the full
capacity, which may be attributed that some phenylphosphinic
acid groups on the surfaces might be covered up to no signals in
EDX spectra. The good ionic coordination property may be
ascribed to the phosphoryl oxygen’s greater affinity for Fe** than
for H".?

Conclusion

The phenylphosphinic acid-functionalized PSt microspheres
were successfully prepared by “one-pot” emulsion polymeriza-
tion of St/DVB in the presence of a novel amphiphilic functional
emulsifier, P(AOPA),4-b-PSt;9. The results demonstrated that
the copolymer P(AOPA),4-b-PSt;9 can be used not only as a
macromolecular emulsifier but also act as a macro-RAFT agent
due to containing the thiocarbonylthio moiety. The functiona-
lized microspheres possess a monodisperse diameter of about
300 nm with the core—shell structure. It should be pointed
that the phosphinic acid-functionalized PSt microspheres
show high ability to coordinate with Cu®" or Fe*". Therefore,
we expect that the functionalized microspheres as a potential
metal scavenger will be very useful for the environmental protec-
tion. To our knowledge, this is the first report to prepare surface-
functionalized microspheres by “one-pot” emulsion polymeriza-
tion with the functional macro-RAFT agent as amphiphilic
emulsifier.
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