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ABSTRACT: We report the preparation of functional polymer latexes by using amphiphilic diblock copolymers
as additives during the precipitation polymerization. The crosslinked microspheres with sizes ranging from 1 to
2 um were prepared by precipitation copolymerization of styrene and divinylbenzene in solvent mixtures of
acetonitrile and toluene. Because of the affinity between the polystyrene block and the monomers used for the
polymerization, the amphiphilic diblock copolymer polystyrdmpely(acrylic acid) (PS-PAA) could be
incorporated within the particle. The structure and the chemical composition of the particles were studied by
means of SEM, FTIR spectroscopy, and X-ray photoelectron spectroscopy (XPS). Effective surface migration
produced either hydrophilic or hydrophobic particles. Exposure of the particles to hot water provoked surface
rearrangement and thus the acrylic acid functions to be revealed. On the contrary, the contact with either air or
toluene induced migration of the polystyrene chains to the interface. Hence, the chemical composition at the
surface can be reversibly modulated. Moreover, the PAA functionalized microspheres have the ability to reversibly
change the external charge as a function of the pH by ionization and deionization of the acid functional groups.

Introduction microparticles. For that purpose, an amphiphilic diblock co-

Functional latexes, i.e., microspheres bearing surface chemicaP©!ymer was incorporated within the monomer mixture during
groups, are the center of a large number of studies nowddays. the.prempltatlon polymenzatlpn: The diblock copolymer is
Such interest relies on the potential of these particles, when d€signed to contain a block similar in nature to the monomer
appropriately functionalized, in a wide variety of applications. _mlx_ture used _dur|ng _the reactlt_)n, 1€, polystyrene, that favors
In particular, they are extensively used in medical and biological 't incorporation during the microgel formation. The second
applications, e.g., bioseparation, immunoassay and affinity- PI0CK stands for the surface functionality, e.g., carboxylic
diagnosis, or as carriers for drug delivery purpdse¥so, functions if poly(acrylic acid) is used. Once the reaction

microspheres have been employed in optical and opto-electricalconCIuded and the parti_cles have been Fhus formed, simple
devicesS in catalysis, or micropatternirfy. exposure to water will direct the hydrophilic segment of the

The preparation of functionalized polymer microspheres block copolymer by surface segregation toward the interface.

requires the control of, among other parameters, particle size,Equa”y’ an_nea!ing e_ither to air or toluene will induce a surfac_e
nature, and density of the functional groups and colloidal reconstruction in which the lower surface-energy hydrophobic

stability. Several methods have been developed for the func- Plock will t}eblclzaglad Et thllle surfac? The difference mtst,urface
tionalization of particles that can be summarized into two general energies ot bo OCKS alows surlace rearrangement to occur

approaches: (i) particles prepared by polymerization of a main In response to a change in th_e environment; thus, the ch_a_lracter
monomer in the presence of other monomer containing the of the parn_cle can be reversibly changed from hydrophilic to
desired functions, i.e., functional monomeasd (ii) method- hydrophobic. ) )
ologies based on the modification of the final polymer latexes ~Among the methods available for the preparation of polymer
either by chemical treatmefitsr by grafting polymers and block ~ Particles we have chosen the precipitation polymerization
copolymers from/onto their surfacéBoth methods have several Method. This approach leads to rather monodisperse micro-
major drawbacks. The copolymerization of functional monomers spheres free of any surfactants or stabilizers that could interact
is restricted to a limited number of monomers for two main With the surface segregation process. Equally, the use of
comonomers and/or, on the other hand, chain transfer reactionsShape under harsh temperature and pressure conditions.
if the functional group present has a labile prot8iRostmodi- ) .
fication of latexes is difficult to perform in terms of reproduc- EXPerimental Section
ibility.and generally needs additional steps to obtain the desired  Chemicals.Styrene, divinylbenzene, atert-butyl acrylate were
functionality 2 purchased from Sigma-Aldrich. Styrene aad-butyl acrylate were
To overcome several of the drawbacks described above, wedried under Cakland cryodistilled. Azobisisobutyronitrile (AIBN,
designed a novel strategy to prepare functionalized po|ymeric 98%) as the initiator was recrystallized from methanol before use.
All other solvents were used as received unless otherwise specified.
*To whom correspondence should be addressed. Fax: (33) Synthesis.The synthesis of the djblock copolymers obtained by
540008487. Phone: (33) 540003695. E-mail: jrodriguez@enscpb.fr..  atom transfer radical polymerization (ATRP) has been already
T UniversiteBordeaux . described elsewhefé.The preparation of the particles has been
*ICMCB-CNRS. carried out by precipitation polymerization as follows (procedure
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Figure 1. Schematic of the functional particles synthesis by precipitation copolymerization.

for a targeted crosslinking density of 40%): 0.79 mL of styrene solutions were dialyzed against water at pH 7.0 for 30 min. A
(Sty), 0.79 mL of divinylbenzene (DVB), and 72 mg of azobi- second dialysis against an acidic water solution (pH 3.0) allowed
sisobutylonitrile (AIBN) where dissolved in 30 mL of an acetoni- the MB to be released. Finally, the quantity of MB was estimated
trile/toluene (95%/5%) mixture. In a separate step, the diblock by UV spectroscopy (LamberBeer law).

copolymer (10% related to the total amount on Sty/DVB) was

dissolved in the same solvent mixture and added to the previousResults and Discussion

solution. The polymerizations were carried out at a constant Th fi f mi h b initati thods h
temperature of 83C during 4 h. After the polymerization was € préparalion or microspneres by precipitation methods has

accomplished, the soluble polymer was separated from the insolubleiMPortant advantages, including narrow size distribution or the
fraction by vacuum filtration. The insoluble polymer was exten- absence of steric or ionic stabilizers within the reaction mixture,
sively washed with tetrahydrofuran. and is currently well documentéd.To date, the synthesis of
Annealing. The reversibility in terms of surface functionality =~ functional microspheres by precipitation is mainly carried out
has been evidenced by annealing the particles to different environ-either by copolymerization of different monomer mixtures or
ments. Dispersed particles were annealed to hot watetfG9or postmodification. However, they require either the fine adequacy
2 days), which induced the hydrophilic block to migrate to the of the monomers or additional, and in general tedious, modifica-
interface polymer/water. On the contrary, annealing to dry air tjon steps after the formation of the partidfewe describe, in
(100°C, 2 days) or to toluene (room temperature, 2 days), Which i o ticje * an alternative approach concerning the surface

is a good solvent for polystyrene, brought about a surface fi thodol | | df | interfi
rearrangement where the hydrophobic polystyrene chains moveg>€dregation methodology, 1argely used lor pianar Interiaces,
to introduce the functional groups at the particle surface.

preferentially toward the interface.
Particle Size and Potential{ Analysis. Particle size, size The preparation of functional particles by using this method
distributions, and surface charge were measured using a Zetasizeimproves several main aspects: given that the diblock copolymer
3000 (Malvern Instruments). All DLS measurements were carried used as an additive is prepared in a separate step by controlled
out at a wavelength of 633 nm, 2&, and an angle detection of  radical polymerizatiod? chain lengths of the PAA block that
90°. For the potential measurements, the sample concentration || form the particle shell can be easily modified. Additionally,
was 1 mg/mL and the pH was varied between 3 and 10. controlled radical polymerization methods allow the preparation
SEM. The morphological characterization of the functionalized of diblock copolymers with narrow molecular weight distribu-

microspheres was carried out with a scanning electron microscope,. - .
(SEM, JEOL JSM-5200 scanning microscope). The particles were tions (MWD). Hence, the particle shell layer is formed by PAA

dropped onto a sample holder, placed under vacuum at room chains having all similar Igngths. More importgntly, the o!epsity
temperature and gold-coated prior to examination. of functional groups, crucial for many applications and difficult
X-ray Photoelectron Spectroscopy (XPS) ExperimentsXPS to control following the postreaction approach, can be controlled
spectra were recorded with a 220i-XL ESCALAB from VG. The by the quantity of diblock added during the polymerization step.
particles, supported on indium, were put under ultrahigh vacuum  The synthetic route for the preparation of functional micro-
(UHV) to reach the 1G® Pa range. The nonmonochromatized Mg spheres having a PAA shell is outlined in Figure 1. The

X-ray source was used at 100 W, as well as a flood gun to .54y merization reaction takes place in a homogeneous solution
compensate for the nonconductive samples. The spectra were

calibrated in relation to the C 1s binding energy (284.6 eV), which gpr.]tall?)mg the |n|t|11:jtor2 (gl_ElN),kthe rrllonomerg—l(as;)/gen_e and
was applied as an internal standard. Fitting of the high-resolution divinylbenzene), and the diblock copolymer - 33) in

spectra was provided through the AVANTAGE program from VG. @n acetonitrile/toluene m!>_<ture. Tolugne was used as a cos_qlvent
Sputtering depth profiling was achieved by irradiation of the both to enhance the stability of growing particles and to facilitate
polymer surface with low-energy Arions (3 kV). The sputtering  the solubilization of the block copolymers. The structure of the
rate, used throughout all the experiments, was estimated to be 0.12iblock copolymer was chosen to be symmetric in order to
nm/s by using a Ag/silicon wafer surface reference. reduce desorption or solubilization during exposure either to
FTIR (transmission mode) spectra were taken in KBr pellets  water or to toluene. During the crosslinking copolymerization,

containing dispersed particles with a concentration of c>1:1(_)0, atroom partially soluble microgels are first formed. When the critical
temperature. The IR spectra were recorded att20 °C in the precipitation point is attained (specific crosslinking ratio and
spectral range of 6564000 cn™ using a Perkin-Elmer Spectrum chain length), the microgels aggregate to produce colloidally

O t ter. . . S 29T .
nLeozgzcngogjee;se of Methylene Blue (MB)The particles were stable particles. Steric stabilization is provided by the solvated

submerged in a buffered MB solution at pH 7.0 with a concentration Polymer chains located at the slightly swollen surface of the
of MB of 103 M. Note that at neutral pH values, the acrylic acid ~Particles preventing, thus, the aggregation. The gradual incor-
groups are negatively charged and hence establish electrostatigporation of oligomer microgel conducts the growth of particles
interactions with the positively charged MB (load). After 1 h, the as long as polymerization occurs. Moreover, the amphiphilic
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Figure 2. Representative scanning electron micrographs (SEM) of the styrene/divinylbenzene microspheres using 10% of diblock copolymer
PSs—PAA3z3 as an additive during the precipitation polymerization (targeted crosslinking density 40%). The scale bars are 20 ga) doidi®

length.

a reduced stability that can be damaged during the annealing
treatments. On the contrary, the use of DVB exclusively in the
initial feed will lead to highly crosslinked particles that will 0.0
reduce the incorporation of diblock copolymer.

The morphology of the particles was characterized by
scanning electron microscopy (SEM) that provides a first insight
into the regularity and the size of the particles. Representative Figure 3. FTIR spectra of particles obtained for different targeted

; ; ; ; : crosslinking densities between 40 and 80%. The intensity of-tGe
images of the particles obtained using 10% of the diblock O absorption band decreases with increasing crosslinking density. This

P0p0|ymer P&-PAAs; are depicted in Figure 2. Rather regular fact evidences the difficulty of incorporation in the particles having a
in terms of shape, the microspheres have an average diametehighly crosslinking network.

size between 1 and 2m.

To determine whether the diblock copolymer was successfully ~ Surfaces of binary polymer blends can be enriched in one of
incorporated within the microspheres, FTIR spectroscopy the components depending both on the enttbagd enthalp}?
analyses were performed. The infrared absorption of the acrylic of the components but also on the environment of exposure.
acid functions with a characteristic band at 1720~&rare Polymer blends annealed to air exhibit surfaces enriched in the
present exclusively in the diblock copolymer additive and can lower energy groups, such as fluorocarb&h@®n the contrary,
be easily identified. In Figure 3 are depicted the IR spectra for in contact with water or water vapor, surface reconstruction
the particles prepared with different targeted crosslinking generally leads to surfaces in which high-energy surface groups
densities varying between 40 and 80%. An additional spectrum are preferred! The particles behave as a binary blend in which
of crosslinked PS particles without diblock copolymer in the the compatibility is assured by the chemical similarity between
initial mixture was used as reference. For targeted crosslinking the PS segment of the diblock copolymer and the chemical
densities between 40 and 55%, the carbonyl signal at 1728 cm  structure of the PS crosslinked particle. Hence, the microspheres
is clearly observed and evidenced the presence of the blockcan be functionalized at the surface by segregation of the PAA
copolymer within the particles. Above 60%, the intensity of block toward the interface under the appropriate conditions. To
the carbonyl signal decreases significantly and no appreciableinduce the migration of the diblock to the interface, the particles
difference could be observed between the reference and thosevere dispersed in water and heated during 2 days &tC0
particles crosslinked up to 80%. With no doubt, excessive After drying under vacuum, the average surface chemical
increase of the crosslinking density make the incorporation of composition was analyzed by using X-ray photoelectron spec-
the diblock within the particle difficult during the polymerization  troscopy (XPS). Figure 4 shows the XPSs@pectra of the
step. It has to be noted that since after the precipitation particles (targeted crosslinking density 40%) either treated to
polymerization, the particles were washed with THF, i.e., a good air or to water. In addition, to determine whether the diblock is
solvent both for polystyrene and poly(acrylic acid), and the present within the particles, samples exposed to water were
detected PAA results on the FTIR spectra correspond to diblock depth profiled. The higher intensity of the oxygen peakdO
copolymer incorporated within the particle rather than adsorbed in those particles annealed to hot water evidenced the increase
on the surface. of the diblock copolymer concentration at the surface. On the

diblock copolymers are incorporated simultaneously within the 1,2 o )
microgels provided the affinity between the latter and the Targeted crosslinking de'f;:,f
polystyrene block. Whereas the polymerization parameters, ~ 50%
temperature, solvent mixture, amount of diblock copolymer § 60%
(10%), and reaction time (4 h), were maintained invariable & 80%
throughout all the experiments, the targeted degree of crosslink- 2 —— REFERENCE
ing was modified. For that purpose, the relation styrene/ E 06
divinylbenzene (Sty/DVB) introduced in the initial mixture was & ' -C=0
varied between 0.6 and 0.25 for targeted crosslinking between E‘ (1720 cm)
40 and 80%, respectively. Targeted crosslinking densities below g
40% will not produce a precipitate or will afford particles with <

E
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Figure 4. Oxygen (Qg) signal from XPS spectra of the precipitated particles having-B®AAs; as an additive. The four spectra correspond to

samples annealed to water at variable sputtering times, 0, 30, and 90 s, and the particles annealed to air. Approximate sputtering rate: 0.12 nm/s.
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Figure 5. Scheme of the surface rearrangement in the microspheres annealed to water and air. Whereas annealed particles are able to absorb

methylene blue due to the presence of PAA at the surface, in the air annealed particles, the PAA chains are hidden beneath the surface.

contrary, the rather small oxygen signal intensity in particles i.e., the enrichment of diblock copolymer at the interface, occurs
annealed either to air or in toluene supports the surface exclusively at the extreme surfacel0—15 nm). Since a large
rearrangement of PAA blocks beneath the surface. Moreover, proportion of oxygen is present inside the particle, this result
successive environmental changes by exposure to water and airtlearly proves that the diblock copolymer has been incorporated
toluene afford particles with polar carboxylic acid functions or during the precipitation polymerization and the idea of a possible
a hydrophobic corona, respectively. Reversible surface recon-absorption of the diblock copolymer at the surface of the
struction upon exposure to different environments has beenparticles can be discarded.
already highlighted as a potential delivery mechanism in which  The presence of carboxylic functions at the periphery has
a specific functionality can be easily brought to the surface by been also identified by means of the methylene blue method.
environmental changés. Methylene blue is a cationic dye capable of establishing
XPS analysis by sputtering the surface with a photoelectron electrostatic interactions with the negatively charged carboxylic
beam allows a depth profile of the compositional variations of functions, thus at neutral pH values. These electrostatic interac-
water annealed particles. The control of the sputtering time on tions are pH dependent and can be disrupted by reducing the
the polymer surface permits the study of the composition at pH of the solution where the carboxylic groups are neutralized.
different depths. XPS spectra carried out at sputtering times of The quantity of methylene blue adsorbed, directly related to
30 and 90 s demonstrated a decrease of the concentration irthe carboxylic acid functions, can be estimated after release in
oxygen compare to the initial surface composition. On the other acidic water by means of UWvis spectroscopy. Figure 5
hand there is no significant reduction of the oxygen density illustrates particles treated with water and air. Exposed to@ 10
between 30 and 90 s. It indicates that the surface segregationM MB solution and both dialyzed at neutral pH in order to
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Figure 6. ¢ potential measurements of the particles annealed to water at different pH values, 10, 5.5, and 2.5. The charge density increases with
increasing pH due to the deprotonation of the acrylic acid functional groups.

remove the excess of cationic dye, the surface of those particlesReferences and Notes

annealed to water e>fh|b|t_a blue_color and demonstrated the (1) Kawagucchi, HProg. Polym. Sci2000 25, 117.

presence of carboxylic acid functions. On the contrary, those (2) upson, D. A.J. Polym. Sci., Polym. Sympo85 72, 45.

particles annealed to air remain white. The Y¥s spectra (3) Pichot, C.; Charleux, B.; Charreyre, M. T.; RevillaMacromol. Symp.

in rrel f MB from th revi r 1994 88, 71.
obtained after release o om those previous two cases are (4) Kawagucchi, HBiomedical Applications of Polymeric MaterialSRC

depicted in Figure 5. From this experiment we can conclude Press: Boca Raton, FL, 1993; pp 29824.
that whereas those samples exposed to air have almost no(5) Hayashi, S.; Seo, T.; Hata, H.; Hirai, I..Colloid. Interface Scil997,

carboxylic functions since the quantity of MB delivered is rather 5 144 538. ~ s ch
low, those exposed to water have a large quantity of PAA chains © isgzn%aqgé!:., LI, K.; Kital, A. H.; Steer, H. D. H.Chem. Mater.

at the surface. (7) (@) Yoshimatsu, K.; Reimhult, K.; Krozer, A.; Mosbach, K.; Sode,

; i i K.; Lei, Y. Anal. Chim. Act&2007, 584, 112. (b) Jin, J. M.; Yang, S.;
The microspheres prepared have additionally the ability to Shim. 5. E.: Choe, S Polym. Sci., Part A Polym. Che005 43,

respond to pH. Even thought the MB method already served to 5343.
prove this concept, the pH response has been complementarily (8) Covolan, V. L.; Innocentinni Mei, L. H.; Rossi, C. [Rolym. Ad.
analyzed by potentiometric measurements (see Figure 6). For . rechnol.1997 8, 44.
. . e (9) Zheng, G.; Steer, H. D. H.Macromolecule2003 36, 1808.
that purpose, the particles treated with water have been disperse¢yo) pichot, CPolym. Ad. Technol.1994 6, 427.
in solutions at different pH. At low pH values (pH 2.5), the (11) Jalbert, C.; Koberstein, J. T.; Yilgor, |.; Gallagher, P.; Krukonis, V.

particles have the carboxyl groups protonated and the global _ Macromolecules993 26, 3069.
(12) Ng, J.; Froom, DCan. Chem. New4998 50, 24.

charge of the particle is close to zero. Increasjng the pH_inghtIy (13) Bousquet, A.: Ibarboure, E.. Labruge C.. Papon, E.; Rodriguez-
above the K, of the PAA (~4.8) gives partially negatively Hernandez, JLangmuir2007, 23, 6879.
charged particles. Finally, increase of the solution basicity (pH (14) (&) Downey, J. S.; Mclsaac, G.; Frank, R. S./v@to H. D. H.

; . Macromolecule®001, 34, 4534. (b)Polymer Dispersions and Their
10) lead to particles containing the PAA segment completely Industrial AppIicatioﬁsUrban, D.(, '?’akaymura, K.?Eds.; Wiley-VCH:

charged. Such behavior has been probed to be reversible after  \weinheim, Germany, 2002.
successive additions of acid and base to the solution particles.(15) (a) Goh, E. C. C.; Stover, H. D. Hlacromolecule2002, 35, 9983.
Li, W.-H.; Stover, H. D. H.J. Polym. Sci., Part A: Polym. Chem.
lusi 1999 37, 2899. (b) Li, W.-H.; Li, K.; Stover, H. D. HJ. Polym. Sci.,
Conclusions Part A: Polym. Chem1999 37, 2295. (c) Frank, R. S.; Downey, J.
. . S.; Stover, H. D. HJ. Polym. Sci., Part A: Polym. Cherh998 36,
We developed an alternative method for the design of 2223. (d) Yang, S.: Shi%y S. E.. Choe, ‘Slpéym' Sci., Part A:
functionalized polymeric microspheres. Instead of using tedious Polym. Chem2005 43, 1309. (e) Yang, S.; Shim, S. E,; Lee, H;
i i i initati Kim, G. P.; Choe, SMacromol. Res2004 12, 519. (f) Shim, S. E.;
postreaction treatments, yve_njco_rporated during the precipitation Yang, .. Jung, H.. Choe. Slacromol. Res2004 12, 233. (g) Shim.
polymerization an amphiphilic diblock copolymer designed to S.E.. Yang, S.; Jung, H.: Choi, H. H.; Choe, Polym. Sci., Part

have a compatible part with the particles (in this case polysty- A: Polym. Chem2004 42, 835.

rene) and a second block that will give the functionality at the (16) () O'Rourke Muisener, P. A. V.; Jalbert, C. A; Yuan, C.; Baetzold,
J.; Mason, R.; Wong, D.; Jun Kim, Y.; Koberstein, J. T.; Gunesin, B.

surface, e.g.,_PAA. The_prt_acipitatiorj of the par‘[icle_s is produced Macromolecule2003 36, 2956. (b) Jalbert, C. J.; Koberstein, J. T..
due to the high crosslinking density of the particles and the Balaji, R.; Bhatia, Q.; Salvati, L., Jr.; Yilgor, Macromoleculed 994

stability is thus assured against harsh thermal conditions. The 27, 2409. _ ) ) )
particles surface composition was reversibly modified by 7 gge;?’s?ns, V.; Pintauer, T.; MatyjaszewskiP¥og. Polym. Sci2001,

exposure to water or to air/toluene where the carboxylic acid (18) (a) Lee, J. S.; Fer, M. D.; Wu, D. V.Macromolecules2007, 39,
functions are either revealed or hidden beneath the surface. The  5113. (b) Venkatachala, S. M.; Archer, L. A. Chem. Phys2005

PAA functionalized particles have, in addition, the ability of 2537%)41‘;902- (c) Wu, D. T.; Fredrickson, G. Mlacromoleculed.996

reversiply changing the.surface charge from neutral to negative (19) (a) Afrossman, S.; Hartshorne, M.; Kiff, T.; Pethrick, R. A.; Richards,
depending on the solution pH. R. W. Macromoleculesl994 27, 1588. (b) Elman, J. F.; Johns, B.



9554 Bousquet et al. Macromolecules, Vol. 40, No. 26, 2007

D.; Long, T. E.; Koberstein, J. TMacromoleculesl994 27, 5341. (21) Jalbert, C. J.; Koberstein, J. T.; Balaji, R.; Bhatia, Q.; Salvati, L., Jr.;
(c) Jalbert, C.; Koberstein, J. T.; Yilgor, I.; Gallagher, P.; Krukonis, Yilgor, I. Macromoleculesl994 27, 2409.
V. Macromolecules993 26, 3069. (22) Russell, T. PScience2002 297, 964.

(20) O'Rourke Muisener, P. A.V.; Jalbert, C. A; Yuan, C.; Baetzold, J.; (23) Chung, A. J.; Rubner, M. E.angmuir2002 18, 1176.
Mason, R.; Wong, D.; Jun Kim, Y.; Koberstein, J. T.; Gunesin, B.
Macromolecule2003 36, 2956. MA7019896



