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Abstract

Polymer nanocomposites of core—shell structure were prepared by grafting poly(methyl methacrylate) (PMMA) from TiO, nanopar-
ticle via the surface-initiated polymerization (SIP) strategy. A bifunctional polymerization initiator inspired by r-3,4-dihydroxyphenyl-
alanine (DOPA), a key constituent of mussel adhesive proteins (MAPs), was designed and synthesized for use in SIP from oxide surfaces.
The biomimetic initiator spontaneously adsorbed to TiO, from aqueous solution, resulting in a colloidal initiator system with the
initiator content of approximately 6.8 wt%. Subsequent in situ activation of the surface-initiated atom transfer radical polymerization
(SI-ATRP) gave rise to PMMA polymer shell layers tethered to TiO, nanoparticle cores. The results demonstrate a viable biomimetic
strategy toward the preparation of polymer functionalized metal oxide nanoparticles that may be useful for construction of functional

polymer nanocomposites.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Polymer—matrix nanocomposites (PMNs) represent an
attractive family of composite materials in which the nano-
meter-size reinforcing fillers are uniformly dispersed in the
polymer matrix on a nanometer scale as compared to con-
ventional phase-separated macrocomposites [1]. Due to the
high surface areas of the nanofillers and their molecular-
level interactions with the polymer chains, there is great
interest in nanocomposites due to significant scientific
questions relating to interfacial chemistry and physics as
well as their greatly enhanced practical properties [2]. Poly-
mer-clay nanocomposites (PCNs), which are probably the
most intensively investigated PMN system to date, serve
as typical examples that exhibit highly improved thermal,
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mechanical, and barrier properties achieved at substan-
tially low filler contents (usually <5 wt%) because of the
total exfoliation and nanometer-scale dispersion of layered
silicate platelets in the polymer matrix [3,4].

In addition to physical methods that essentially involve
blending polymers with original or organically modified
fillers, surface-initiated polymerization (SIP) is a promising
and versatile approach among various chemical synthesis
methods for the preparation of PMNs [5]. In SIP, a poly-
merization initiator is first anchored to the nano-filler sur-
face by chemi- or physisorption and then activated in situ
in the presence of monomers under polymerization condi-
tions. Thus, SIP generates a PMN in which the polymer
chains are bound to the nanofiller surface. The basic
advantage of SIP originates from a sound assumption that
exfoliation could be facilitated by polymer chains growing
from nanofiller surfaces, leading to finely dispersed PMNs.
Moreover, SIP is capable of producing polymer-coated
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precursor nanofillers that provide better dispersiblity and
compatibility with the polymer matrix in the physical
methods for PMNs [6].

Because of their interesting mechanical, electronic, opti-
cal, catalytic, and magnetic characteristics, SIP has also
been developed into a powerful strategy for modifying
and tailoring the surface properties of metal and semicon-
ductor nanospheres, oxide nanospheres and nanorods, and
carbon nanotubes toward nanostructured functional mate-
rials [7]. Since Prucker and Ruhe first demonstrated the SIP
approach with silica nanoparticles in 1998 [8], it has been
utilized to graft different polymers from a wide range of
surfaces, such as flat oxide substrates [9], spherical nano-
particles [10,11], planar clay nanoplatelets [12-14], and
cylindrical carbon nanotubes [15,16], etc. Polymerization
mechanisms proven successful by SIP include traditional
free radical polymerization [17,18], nitroxide-mediated sta-
ble free radical polymerization (SFRP) [19], living anionic
polymerization [20,21], and atom transfer radical polymer-
ization (ATRP) [22]. Surface-initiated ATRP (SI-ATRP)
has been used to graft polymers from various metal oxides
including alumina [23], iron oxide [24], and titanium oxo
clusters systems [25].

In this paper, we report our initial results on the prepa-
ration of poly(methyl methacrylate) (PMMA)-modified
TiO, nanofiller using a biomimetic initiator capable of
strong adsorption to TiO, surfaces. We are especially inter-
ested in using SIP strategy from TiO, surface because the
grafted polymer chains are believed to increase the affinity
of the inorganic oxide filler to organic solvents and polymer
matrices [26,27]. In order to apply the SIP approach to Ti/
TiO, surfaces, we designed and synthesized a biomimetic
initiator inspired by adhesive proteins that are secreted by
mussels to adhere to various marine and freshwater sur-
faces. These mussel adhesive proteins (MAPs) were found
to have a high concentration of a catecholic amino acid,
L-3,4-dihydroxyphenylalanine (DOPA) [28-30], which is
believed to interact strongly with a variety of metal, metal
oxide, and polymers [31,32]. Hence, the biomimetic bifunc-
tional initiator contains a catechol end to anchor to TiO,
surface and a bromine terminus to activate ATRP (Scheme
1). The biomimetic concept has been demonstrated by our
previous work on incorporating DOPA in biocompatible
polymers for bioadhesive hydrogels [33,34] and in non-foul-
ing polymer-peptide conjugates to modify Ti/TiO, sub-
strates [35]. In this study, we intend to graft PMMA shell
layers from ~34 nm diameter TiO, nanoparticle core via
SI-ATRP. High surface area TiO, nanoparticle was used
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as a model system to study the feasibility of this biomimetic
approach to SI-ATRP from oxide nanoparticles.

2. Experimental
2.1. Materials

Titanium dioxide nanoparticles (Nano Tek® Titanium
dioxide, average particle size 34 nm, BET specific surface
area 45 m?/g, 80% anatase and 20% rutile) was purchased
from Nanophase Technologies Corporation (Romeoville,
IL). Ultrapure water (resistivity = 18.2 MQ, pH 6.82) used
in all experiments was obtained from a NANOpure Infin-
ity® system from Barnstead/Thermolyne Corporation
(Dubuque, TA). MMA monomer (99%, Aldrich) was dis-
tilled at reduced pressure before polymerization. Catechol
(99%, Sigma), Copper (I) bromide (CuBr, 99.999%,
Aldrich), N,N,N',N',N"-Pentamethyldiethylenetriamine
(PMDETA, 99%, Aldrich), Aliquat 336 (Aldrich), and
hydrofluoric acid (~49 wt% HF in water, Fisher) were used
as received. Other reagents and organic solvents for the
initiator synthesis and polymerization were purchased
from commercial sources and used without further
purification.

2.2. Initiator immobilization

The synthesis and characterization of the SI-ATRP ini-
tiator (Scheme 1) has been recently reported [36]. 250 mg
TiO, powder was dispersed in 250 mL ultrapure water, fol-
lowed by ultrasonication for 30 min and overnight stirring,
to yield a white homogeneous dispersion. 21.6 mg
(0.075 mmol) initiator was dissolved in 10 mL ultrapure
water with the aid of ultrasonication. The white TiO, dis-
persion turned yellow upon dropwise addition of the initi-
ator solution while stirring at room temperature. After
stirring the mixture in the dark for 24 h, the yellow
precipitates were obtained by gravity filtration through a
hydrophilic nylon membrane filter. The precipitates were
then re-dispersed in 250 mL ultrapure water and filtered
again. This washing process was repeated three times to
eliminate unbound initiator. About 225 mg of TiO,—initia-
tor complex was collected and stored in an amber glass vial
after drying under vacuum for 24 h. In order to study the
interaction between the catechol part of the initiator and
TiO, nanoparticle, a reference sample consisting of TiO,
and pure catechol was also prepared using the same
procedures.
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Scheme 1. Synthetic scheme and structure of the catechol-terminated SI-ATRP initiator.
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2.3. SI-ATRP procedure

In a typical polymerization, 100 mg TiO,—initiator com-
plex was dispersed in 50 mL N,N-dimethylformamide
(DMF). The mixture was ultrasonicated until a homoge-
neous yellow mixture was observed. After purging for 1
hour under Ar flow, 4.3mg (0.03 mmol) CuBr and
6.25 uL (0.03 mmol) PMDETA were added. The system
was purged with Ar for 1 hour. 10 mL (93.6 mmol)
MMA was injected via a degassed syringe, the temperature
increased to 65 °C and the reaction held under Ar protec-
tion for up to 28 h. Samples were extracted via a degassed
syringe at defined intervals during the polymerization. The
samples were centrifuged at 8000 rpm for 10 min, followed
by decantation of the supernatant liquid. The pellet was re-
dispersed in DMF and centrifuged again. This washing
process was repeated with THF and acetone to remove
the catalyst, monomer, and free polymer that were not
bound to the TiO, nanoparticle surfaces. The remaining
solids were dried under vacuum for 24 h. To isolate the
polymer bound to the TiO, surface, the polymer-grafted
TiO, sample was dispersed in 1 mL toluene along with
2 mg Aliquat 336 (phase transfer catalyst) and 1 mL 49
wt% HF aqueous solution. The mixture was allowed to stir
for 24 h, during which time the TiO, dissolved. Polymer
was recovered by precipitation into cold methanol and
filtration.

2.4. Characterization and instrumentation

Fourier transform infrared (FT-IR) spectra of original
and modified TiO, samples were obtained on a Thermo
Nicolet NEXUS 870 system. Dried solids were pressed with
KBr (FT-IR grade, Aldrich) and the pellets were scanned
64 times using transmission mode with a resolution of
4 cm™'. UV-Vis spectra were recorded on a Varian Cary
1E model spectrophotometer. Pure and modified TiO,
powders were measured by using the diffuse reflectance
module. Thermogravimetric analysis (TGA) traces were
obtained on a SDT 2960 model from TA Instruments.
All measurements were performed under nitrogen flow
with a heating rate of 20 °C/min. The powder samples were
dried under vacuum overnight to remove moisture before
analysis. Transmission electron microscopy (TEM) images
were acquired on a Hitachi H-8100 electron microscope
operated at 200 kV. TEM specimens were prepared by
casting drops of dilute dispersion of polymer-grafted
TiO, nanoparticles in acetone on 200-mesh carbon-
supported copper grids.

Gel permeation chromatography (GPC) traces were
obtained on a Waters 515 HPLC system with UV-Vis
and refractive index detectors and THF as the eluent.
PMMA standards (Pressure Chemicals, Pittsburgh, PA)
were used to determine the molecular weight (MW) and
polydispersity index (PDI) of the PMMA sample. Samples
were filtered using 0.2 um Teflon syringe filters before injec-
tion to remove insoluble residue.

3. Results and discussion

3.1. Preparation and characterization of the colloidal
initiator

It is well known that catechol derivatives can form sta-
ble complexes with the surface metal atoms of certain metal
oxides [37]. Surface complexation with catechol com-
pounds was used to modify the surface electronic state of
colloidal semiconductors such as TiO, nanoparticle [38].
In our case, the strong interaction between catechol and
TiO, was utilized to immobilize the bifunctional initiator
for SI-ATRP from TiO, nanoparticle surfaces (Scheme 2).

FT-IR spectra of pure TiO,, pure initiator, and TiO,—
initiator complex are shown in Fig. 1. Besides the strong
peak at 1651 cm ™! that comes from amide C=O0 stretching
of the pure initiator molecule, other absorption bands that
are associated with the catechol moiety can be assigned as
previously shown [39]. Strong bands at 1522 and
1566 cm ™" are assigned to aromatic C—C stretching. Multi-
ple peaks from 1250 to 1450 cm ™' can be attributed to phe-
nolic O—H deformations coupled/decoupled with C—C ring
stretching and phenolic C-O stretching. Multiple bands
between 1200 and 1000 cm™' result from phenolic C-O
stretching and aromatic C—H in-plane bending.

In the spectrum of the TiO,-initiator complex, peaks
due to C-O stretching and C-H bending were still present
but shifted to a broad peak at 1211 cm ™' with a shoulder at
1238 cm ™! and another peak at 1157 cm™!. The former
band can be attributed to C-O vibrations after chemisorp-
tion that was present at about 1250 cm ™' in the spectrum
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Scheme 2. Initiator immobilization and SI-ATRP (only the binuclear
chelation is shown).
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Fig. 1. FTIR spectra of pure initiator and initiator modified TiO,.

of TiO,—pure catechol complex (not shown) as well as in
those of other studies on the complexation between cate-
chol derivatives and TiO, [40,41]. The increase of the spec-
trum baseline below 1100 cm ™! is due to strong absorbance
from Ti—-O/O-O bonds in TiO, lattice which is also shown
in the lower wavenumber region in the spectrum of pure
TiO, sample. Furthermore, the strong peak at 1651 cm ™!
from carbonyl group stretching still remained after surface
complexation, which clearly confirmed the presence of the
initiator on the TiO, nanoparticle. Previous FT-IR investi-
gations suggested that the chemisorption of catechol onto
the TiO, surface involved the deprotonation of the pheno-
lic hydroxyl groups of the catechol and its subsequent
bidentate chelation to the surface Ti [41,42]. A similar
mechanism is suggested by the FT-IR spectrum of the
TiO,—initiator complex. First, absorbance of the peaks at
1522 and 1566 cm ™' from C—C ring stretching was reduced
after the initiator’s attachment to the TiO, surface. This is

probably due to the decrease of the mobility of the C-C
ring vibrations that are close to the surface binding site.
Secondly, multiple peaks from 1250 to 1450 cm™! from
phenolic O-H vibrations practically disappeared owing to
the deprotonation of the phenolic OH groups in the surface
chelation process.

UV-Vis diffuse reflectance measurements also demon-
strate the presence of the catechol moiety of the initiator
on the TiO, surface. Fig. 2 shows the UV-Vis absorption
of pure TiO,, TiO, colloidal initiator, and TiO»—catechol
complex. Pure TiO, nanoparticle shows the typical absorp-
tion edge at 400 nm [37,38]. In comparison, TiO,—catechol
complex displays a broad shoulder that reaches a maxi-
mum absorbance at about 420 nm. The spectrum of
TiO,-initiator complex also shows a broad band at
420 nm and closely resembles the overall features of that
of the TiO,—pure catechol complex. This broad band can
be attributed to the intramolecular ligand-to-metal charge
transfer transition within the surface Ti—catechol complex,
in which light with a wavelength of around 420 nm can
activate electron transfer from the surface complexant to
the conduction band of TiO, [38]. Similar UV-Vis features
were observed for the interactions between various metal
oxides including TiO, and catechol derivatives [43-45].
Thus, both IR and UV-Vis results clearly demonstrate that
the catechol-terminated initiator molecule is indeed immo-
bilized to the nanoparticle surface through the interaction
between catechol moiety and TiO,.

TGA was used to quantitatively obtain the content of
initiator in the TiO,-initiator complex. Fig. 3 shows the
thermal decomposition behaviors of pure TiO,, TiO,—initi-
ator complex, and pure initiator. The weight loss of pure
TiO, was about 2.3% when heated from room temperature
to 800 °C, which was mostly due to the evaporation of
absorbed water. The pure initiator did not show any signif-
icant decomposition below approx. 200 °C, which suggests
the unbound initiator possesses the necessary thermal sta-
bility for the subsequent SI-ATRP. Above 200 °C, the ini-
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Fig. 2. UV-Vis diffuse reflectance spectra of pure TiO,, TiO, modified
with initiator, and TiO, modified with catechol.
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Fig. 3. TGA traces of TiO, nanoparticle, TiO,-initiator complex, and
pure initiator.

tiator showed two significant thermal degradations, from
200 to 300°C and from 300 to 500°C. The first
degradation was consistent with the degradation of the cat-
echol moiety, which occurred at a similar temperature
range for the pure catechol (thermogram not shown),
whereas the second thermal degradation was likely due to
the decomposition of the alkyl spacer and the amide group.

The thermal degradation behavior of the TiO,—initiator
complex was qualitatively similar to that of the pure initi-
ator, although the degradation of the adsorbed initiator
occurred at higher temperatures. Given that the strong
affinity between catechol and TiO, originates from the
reaction between OH groups that are linked to surface Ti
atoms and the phenolic OH groups in catechol [45], the
content of the initiator in the modified TiO, was expected
to be related to the specific surface area and surface density
of the Ti sites on the nanoparticle surface. The specific sur-
face area of the TiO, nanoparticle had an average value of
45 m?/ g. Based on another commercial TiO, material
(Degussa P-25) with similar average surface area (50 m?/
g) and composition (20% rutile and 80% anatase), the sur-
face density of OH groups should range from 1.7 to 3.3
hydroxyl/nm? [45,46]. The excessive amount of initiator
we used was calculated from an arbitrary value of 4 hydro-
xyl/nmz. Based on this value, the theoretical initiator con-
tent was calculated to be 8% for mononuclear chelation
and 4% for binuclear chelation. Experimentally, the TGA
weight loss for the modified TiO, was approx. 7.3%.
Assuming that the pristine and modified TiO, had the same
level of moisture, the initiator content from TGA weight
loss could be estimated as: (7.3-2.3%)/(1-26%) = 6.8%.
This value is between and in agreement with the theoretical
values considering the two chelation possibilities.

3.2. SI-ATRP

The bifunctional initiator was designed to provide
robust anchoring to the TiO, surface via the catechol

moiety, whereas the alkyl halide permitted ATRP from
the functionalized TiO, surface. DMF, which has relatively
high polarity, was chosen as the polymerization solvent
because the structural similarity among DMF solvent,
MMA monomer, and the initiator afforded a homogeneous
and efficient polymerization system. Previous studies dem-
onstrated that homogeneity of the polymerization disper-
sion that contained inorganic colloidal initiator, organic
solvent and monomer was crucial for monomer diffusion
toward surface and successful growth of polymer brushes
[17,21].

Successful SI-ATRP of MMA was demonstrated by FT-
IR, TGA, and TEM analysis of TiO, nanoparticles after
polymerization followed by washing with excess solvents
and drying under vacuum. Fig. 4 illustrates an IR spectrum
of a PMMA-grafted TiO, sample after 24 h of polymeriza-
tion at 65 °C. The expected C—H vibrations at 2950 cm ™!
and carbonyl stretching at 1730 cm ™' clearly indicate the
presence of PMMA in the sample. In addition, the amide
band at 1650 cm™! indicates the presence of the initiator
moiety (Scheme 1) and that the grafted PMMA was indeed
formed through our proposed SI-ATRP scheme. The
amounts of grafted PMMA at different polymerization
times were determined by TGA. As shown in Fig. 5, ther-
mograms of PMMA-grafted TiO, exhibit a major decom-
position event at about 400 °C, which is due to the
decomposition of grafted PMMA polymer. As shown in
Fig. 6, the mass growth of grafted PMMA (determined
by TGA weight loss) on the TiO, nanoparticle was nearly
linear. Moreover, the successful grafting of PMMA was
also confirmed by TEM observation. Fig. 7 is a representa-
tive image that shows an individual grafted nanoparticle
consisting of a dark core of TiO, surrounded by a light
polymer shell. It can be seen that, after 20 h of SI-ATRP,
the particle diameter grew to ~60 nm from its ~35 nm
TiO, core, which is consistent with the average size of the
pristine nanoparticles.
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Fig. 4. FT-IR spectrum of PMMA-grafted TiO, nanoparticle after 24 h
polymerization.
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Fig. 5. TGA thermograms of PMMA-grafted TiO, nanoparticle at
different polymerization times.
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Fig. 6. Bound PMMA mass and M,, as a function of polymerization time.

Our results indicate that the bifunctional initiator
adsorbed to TiO, nanoparticle surfaces and was capable ini-
tiating ATRP of MMA from the nanoparticle surface. Dis-
solution of the TiO, nanoparticle in HF, followed by MW
analysis of the bound polymer, revealed that the PMMA
MW reached a relatively high MW (M, ~ 52 K) within
2 h. As shown in Fig. 6, further increase in polymerization
time resulted in a modest increase in MW with a maximum
of M, ~ 83 K. Meanwhile, the polydispersities of bound
PMMASs were determined to be in the range of 1.5-1.9.

The lack of precise kinetic and MW control of bound
PMMA suggests that the ATRP conditions were not ideal
in this case. Previous studies have shown that ATRP of
MMA is relatively hard to control for both neat and SIPs
[47-49]. 1t has been demonstrated that copper-mediated
ATRP of MMA has a significantly higher equilibrium con-
stant compared with other monomers such as styrene and
methyl acrylate, which makes the ATRP of MMA rather
facile but relatively difficult to control [47]. Similar to our

Fig. 7. TEM micrograph of PMMA-grafted TiO, nanoparticle after 20 h
of SI-ATRP.

results of rapid chain growth and high polydispersity, poor
MW control of grafted PMMA was also observed for mod-
ified silica nanoparticles [48] and single-walled carbon
nanotubes as ATRP macroinitiators [49]. Generally, MW
control in ATRP is achieved by the persistent radical effect,
in which the termination of less than 5% of the short chains
leads to the initial concentration increase of the deactivator
(Cu'" compound) to protect the growing radicals during
later stages of the polymerization [50]. In the case of SI-
ATRP, sufficient deactivator concentration is unlikely to
attain due to the very low concentration of the immobilized
initiator. Therefore, a low deactivator concentration results
in fast and uncontrolled chain growth and termination. In
our SI-ATRP, we used a high monomer to initiator ratio
(~3000) to achieve high MW polymer grafted from TiO,
nanoparticle surfaces, which has been supported by the
above TGA and GPC results. However, the controllability
of graft polymerization was sacrificed by the extremely low
initiator concentration.

Another possibility for poor control of ATRP may orig-
inate from the phenolic groups on the catechol end of the
bifunctional initiator, which may be expected to impede
the polymerization through the abstraction of the phenolic
hydrogen to inhibit the radical chain growth. However,
Haddleton et al. studied the copper-mediated ATRP of
MMA in the presence different phenolic compounds, and
found them to accelerate the rate of ATRP instead [S1].
Thus, any residual, unbound free initiators that were not
completely washed away in the preparation of the TiO,—ini-
tiator complex could influence the SI-ATRP process as well
as initiate ATRP in the free medium. This may explain why
some free PMMA was also observed in the centrifuge super-
natants. Measured by GPC, the MWs and PDIs of free
PMMASs showed similar values to those of bound PMMAs
(data not shown). Previous studies have shown better-con-
trolled MW growth can be achieved by adding either “free/
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sacrificial initiator” or radical deativator (Cu'' species) at
the beginning of the SI-ATRP from flat substrates [52,53],
silica nanoparticles [48], and carbon nanotubes [54]. Efforts
to improve the controllability of our biologically inspired
SI-ATRP strategy are currently underway.

4. Conclusions

A biomimetic initiator inspired by MAPs and DOPA
was synthesized for SI-ATRP. The initiator was success-
fully anchored to TiO, nanoparticle surfaces by aqueous
chemisorption, which was confirmed by FT-IR and UV-
Vis spectroscopy. TGA showed an initiator content of
6.8 wt%, which was in agreement with the surface hydroxyl
group density. Initial FT-IR, TGA, and TEM results from
SI-ATRP of MMA proved the feasibility of the biomimetic
polymer grafting strategy, although further work toward
better MW control of the grafted PMMA is desired
through optimization of ATRP conditions. Above all, this
viable approach can be applied to other metal oxide fillers
and substrates with polymers of diverse functionalities, and
may open a new route to the modification of nanofillers
and the preparation of functional PMNs and ultrathin
films.
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