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Preparation of Well-Defined Hybrid Materials by tionalities) per silica particle was 1600, the macroscopic gel
ATRP in Miniemulsion point should occur when 2/1606 0.125% of the chains
terminate in an inter-particle fashion. The amount of terminated

Lindsay Bombalski, Ke Min, Hongchen Dong, chains (including inter- and intra-particle terminations) can be

i ; i estimated from the radical concentration and the termination
Chuanbing Tang, and Krzysztof Matyjaszewski coefficient, i.e., A[P{] = [k{P*]? dt. The radical concentration
Center for Macromolecular Engineering, Department of [P] was calculated from the kinetic plot (Figure 1A) to be 3.8
Chemistry, Carnegie Mellon Unersity, 4400 Fifth Aenue, x 10710M (k, = 4.82 x 10* M1 57115 Thus, the total number
Pittsburgh, Pennsynia 15213 of terminated chains during 8.5 h should be M1 s71 x
Receied June 25, 2007 (3.8 x 10719M)? x 8.5 x 3600 s=4.42x 107 M (using an

averaged constant value &f ~10® M~1 s71, although it is
recognized thak; is not only chain length dependent but also
affected by the surrounding of the growing radicafsgince
the total concentration of initiating sites was 1.¥5107* M,
0.25% of the chains would have terminated-85% conversion

control over the size of each segment permits the formation of (~8.5 h). T.h's IS be_yond th? calculgted gel point, mdma}mg
materials that display self-organized, nanostructured morphol- concurrent intra-particle and |nt§r-part|cle termination reactions.
ogies with properties suitable for use in a variety of sensing or ~ When the monomer conversion exceeded 35%, the product
biomedical applicatiofsin addition to preparing materials ~Was partially insoluble in THF due to macroscopic gelation.
suitable for reinforcing organic polymets. The fraction of insoluble gel in the reaction flask visibly
The most widely used synthetic route for the preparation of increased as the reaction progressed, indicating a continuation
hybrid materials is to conduct a chain growth polymerization of the macroscopic gelation process. After the silica particles
from a monolayer of initiators attached to the inorganic particle Were etched using HF, the bound polymer was separated and
surface. This “grafting from” approach provides composite analyzed by GPC. The molecular weights increased linearly with
structures with the highest grafting densitiy particular, atom conversion, 'd|splay|rllg a narrow molecular weight qllstr'lbutlon
transfer radical polymerization (ATRB)? one of the most ~ (Mw/Mn), which is evidence of a controlled polymerization, as
versatile controlled/living radical processebas been exten- ~ S€en in Figure 1B. It is important to stress that the fraction of
sively applied to “grafting-from” procedures, yielding cere chains terminated by coupllng_ (.lrllter- or mtra-parncle) among
shell hybrid particles with controlled thickness of the tethered @ll generated polymers was initially not high enough to be
polymeric shelP~11 However, one of the biggest challenges in detected by GPC (the estimated fraction of the coupled chains

this approach is to avoid macroscopic gelation resulting from Was only 0.24% at 8.5 h). However, afteb0 h the conversion
inter-particle coupling reactiorig:13 was essentially complgtg and the GPC trace of the grgfted
To illustrate the problem arising from cross-linking reactions Polymer showed a significant shoulder with molecular weight
and/or macroscopic gelation, a bulk ATRPrebutyl acrylate ~ twice that of the major peak (Figure 1C). This shoulder peak
(BA) was carried out using functionalized silica particles as (ca. 20% of all polymers) can be ascribed to radical coupling.
multifunctional initiators (Mls). The MIs were prepared, as In order to suppress the impact of this inevitable macroscopic
previously reported, by reacting 1-(chlorodimethylsilyl)propyl gelation, “grafting from” reactions are typically conducted under
2-bromoisobutyrate with the hydroxyl groups on the silica high dilution!8°over long reaction timé-2°and/or are stopped
particle surface (silica particle diametdr= 20 nm)Z° On the at low monomer conversiot¥- 22 Another method, based on
basis of elementary analysis each functionalized silica particle concurrent polymerization from an unbound “sacrificial” initia-
has~1600 initiating sites. The reaction conditions are listed in tor, also efficiently limits inter-particle coupling, plausibly by
Table 1, entries 45. The silica MIs were dispersed in BA  “diluting” the particles with the free polymer chains with a single
monomer for further ATRP reactions. functionality which could lead to non-gel forming termination
The viscosity of the bulk reaction system quickly increased reactionst®22Molecular weights of free and bound polymer are
and the stirring bar stopped moving at 25% monomer conversionessentially the sant@:231n all of these systems gelation could
and at 35% {8.5 h) the reaction mixture could not form a be avoided, producing particles with a uniform polymeric
solution on further dilution, indicating macroscopic gel forma- corona. These approaches do therefore minimize inter-particle
tion. Since sampling the reaction mixture was not possible after termination; however, high dilution and low monomer conver-
macroscopic gelation, multiple parallel polymerizations were sion result in solvent and monomer waste and increased cost.
carried out in order to measure the monomer conversions beforeThe method based on using sacrificial initiator requires the
and after gelation (Table 1, entries-%). As seen from the  separation of free polymer, which is challenging, especially for
kinetic plot (Figure 1A), the monomer conversion continued to very small particles.
increase even after gelation, demonstrating the “living” character  An alternative method to suppress inter-particle coupling and
of the systems. Polymerization accelerated after gelation, macroscopic gelation would be to create boundaries and force
plausibly due to a slower deactivation at higher viscosity. polymerization to occur inside very small compartmentalized
On the basis of Flory’s gelation theory for multifunctional cells. This “boundary effect” is naturally present in colloidal
systems, a critical gel point should occur when (on average) systems, such as miniemulsion, in which polymerization occurs
every multifunctional species is connected to more than two in separate droplets and multifunctional species cannot react
neighbors. Since the average number of initiating sites (func- with each other, if they are isolated in different dropRéts.
Although the microscopic cross-linking/gelation can occur inside
* Corresponding author. E-mail: km3b@andrew.cmu.edu. the droplet, the macroscopic gelation can be efficiently avoided.
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Recent advances in polymer chemistry allow preparation of
well-defined organic/inorganic hybrid materials comprising
segments that are incompatible at the molecular lefekcise
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Table 1. ATRP of BA from Functionalized Silica Particles in Bulk and Miniemulsion?

[BA]:[initiating site]: time convn M theo Mn,exg®

no. media initiation [Cul:[L]:[reducing agent] (h) (%) (g/mol) (g/mol) Mw/Mp

1 bulk normal 200:1:0.4:0.4:0 8.5 35.9 9190 12 660 1.17
2 bulk normal 200:1:0.4:0.4:0 125 62.5 16 000 18 500 1.16
3 bulk normal 200:1:0.4:0.4:0 15.5 78.8 20170 23170 1.13
4 bulk normal 200:1:0.4:0.4:0 19.7 914 23400 27 500 1.13
5 bulk normal 200:1:0.4:0.4:0 51.5 99.9 25570 38 600 1.60
6 miniemulsion AGET 200:1:0.4:0.4:0.18 6 51.0 13050 17 500 1.27
7 miniemulsion AGET 200:1:0.4:0.4:0.18 6 57.0 14 600 19 000 1.25
8 miniemulsion AGET 200:1:0.4:0.4:0.18 20 71.4 18 280 24 600 1.16
9 miniemulsion AGET 200:1:0.2:0.2:0.08 13 80.0 20480 27900 1.30

aTemp= 80°C. Ligand: bis(2-pyridylmethyl)octadecylamine (BPMOD®)In all normal ATRP systems CuBr was used. In all AGET ATRP systems,
CuBr, was used together with ascorbic acid as a reducing agent. Miniemulsion conditions: [Brij 98]:[hexadeaB@] 6 wt % based on monomer; solids
content= 20 wt % (based on 100% conversion). In experiment no. 9, the silica MO initiating sites per particlé.Polymers were analyzed by GPC

after etching silica with HF.
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Figure 1. (A) First-order kinetic plot of ATRP of BA from silica Mls in bulk. Inset: the first-order kinetic plots during the first 6 h. (B) Evolution

of molecular weight of polyBA of hybrid particles vs monomer conversion. (C) GPC traces of cleaved polyBA from bulk ATRP of BA from silica
particle Mls. Polymerization conditions: see Table 1, entrie§.1
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Therefore, the “grafting-from” polymerization could attain since the Mis cannot be added together with the Cu(l) activators.
higher monomer conversion in a miniemulsion process without Distribution of initiator and catalyst was uneven because initiator
macroscopic gelation. Herein, we report using this approach for and catalyst could not be added at the same time. Even after a
the synthesis of pure (without sacrificial initiator) well-defined further sonication process (see Experimental Part in the Sup-
hybrid materials: via ATRP of BA from silica particle MIs in  porting Information), the silica MIs cannot be uniformly
an aqueous miniemulsion system. dispersed throughout the reaction medium. When a series of
The initiation technique has to be carefully selected in order normal miniemulsion ATRPs were conducted it was found that
to conduct a successful miniemulsion ATRP. A normal ATRP, the polymerization rates varied, suggesting irreproducible
starting from alkyl halide initiators and Cu(l) activators, is concentrations of radicals, plausibly caused by the uncontrolled
difficult to conduct in a miniemulsion system since either the distribution of silica Mls.
initiator or catalyst have to diffuse to the dispersed monomer In order to solve the problem of silica particle distribution, a
droplets?® It is even more challenging in the presence of solid recently developed technique, activators generated by electron
particles, such as silica Mls, that cannot penetrate the droplettransfer (AGET)526 was used for an ATRP miniemulsion
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Figure 2. (A) First-order kinetic plots for AGET ATRP of BA from silica Ml particles in miniemulsion. (B) Evolution of molecular weight of
polyBA of hybrid particles vs monomer conversion. (C) GPC traces of polyBA from ATRP of BA from silica MI particles in miniemulsion.
Polymerization conditions: see Table 1, entries96

polymerization from silica Mls. In this procedure, catalyst is tions are confined to single droplets and macroscopic gelation
introduced in its oxidatively stable state and is subsequently is suppressed. In addition, based on the volume of miniemulsion
activated by non-radical forming redox reaction with a reducing droplet (5.57x 1° nm?), the average number of propagating
agent. After activation, the polymerization system is essentially chains per droplet was only 54 10~2. This means, on average
the same as a normal ATRP. Because the catalyst is added ir0.54% of droplets were “active” and 99.46% of the droplets
a higher oxidation state and converted in situ to the activator, were “inactive” with all alkyl halides at the dormant stage.

it can be added'tog.ether with the macroinitiators and easily The miniemulsion remained stable during the entire polym-
survive the sonication procedure. AGET ATRP has been o, qi0n AGET ATRP in miniemulsion reached 70% monomer
sfucc;s_saflully carried out under various heterogeneous_; Condl'conversion after 20 h. The molecular weight evolution plot
tions: In .the present StUdY' AG.ET A.T.RP was applied to (Figure 2B) shows that high initiation efficiency, 76%, was
the preparation of hybrid particles in miniemulsion (Table 1, achieved, comparable to the bulk system. Therefore, miniemul-

?hnemsesétira)ét-r :2&223:2&ic?r%?alz:i,caasr%%?rllct e_ll_cr']i’ V‘;?ﬁc?giidetgfsion media facilitated a faster polymerization and avoided
Y ' P macroscopic gelation.

the miniemulsion was 22& 10 nm. In each particle, there were o ) i
~75 silica particles and-120 000 growing chain ends (active The miniemulsion AGET ATRP resulted in monomer droplets
and dormant). of ~220 nm diameter forming polymer particles, and each of
Compared to the bulk reaction, ATRP in miniemulsion them contained-75 silica-polyBA hybrid particles (each with
exhibited a higher reaction rate (Figure 2A), most likely due to ~1600 chains). After drying the miniemulsion samples, these
diffusion of some Cu(ll) deactivator species out of the mini- hybrid particles were individually dispersed in THF and were

emulsion dropletd>29:32According to the kinetic plot, [ can subject to AFM characterizations. Direct visualization of the
be calculated as 9.6 1070 M and the concentration of core—shell hybrid particles (Figure 3) provides additional
terminated chaingii6 h were estimated to b&[P{] = k[P"]? evidence for a gel-free system and a controlled miniemulsion

dt=100M1s1x (9.6 x 10°1°M)2 x 6 x 3600 s= 2.0 x ATRP. Random imaging of the other regions on the same
1076 M. Since the concentration of total initiating sites was 1.75 substrate surface also indicated a small fraction of particle
x 1074 M, ~1.1% of the chains would participate in termination aggregates in the entire sample. The soft polyBA chains formed
reactions. As discussed before, the system should form aa shell with uniform size and can be clearly distinguished from

macroscopic gel when 0.125% of the propagating chains rigid silica cores by AFM. The presence of some free polymer

terminate via an inter-particle process. Therefore, in miniemul- chains (ca. 1%) can result from a small contribution of transfer

sion the gelation should have occurred before 6 h. However, in reactions, chain shear in processing, or residual free initiators
a miniemulsion polymerization inter-particle termination reac- remaining after the functionalization of the silica particles.
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Figure 3. AFM image of silica/polyBA hybrid nanopatrticles prepared
by ATRP in miniemulsion. The hybrid nanoparticles were collected
by redispersing the dried miniemulsion samples in THF before subject
for AFM characterization. Polymerization conditions: see Table 1,
entries 9.

In conclusion, we report the efficient synthesis of hybrid
organic/inorganic nanoparticles using silica particles with surface
tethered initiators an AGET ATRP miniemulsion process. In
comparison to the bulk polymerization, using the same stoichi-
ometry, miniemulsion allowed the preparation of hybrid materi-
als with a higher yield, i.e., higher monomer conversion, and a
higher polymerization rate without macroscopic gelation. Direct
visualization by AFM provided additional evidence for the
formation of well-controlled hybrids. This approach could be
applied to the synthesis of various well-defined polymers with
complex architectures based on multifunctional initiators.
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