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Abstract

Due to the strong tendency of nanoparticles such as metal oxides to agglomerate, homogeneous dispersion of these materials in a polymeric
matrix is extremely challenging. In order to overcome this problem and to enhance the filler—polymer interaction, this study focused on living
polymerization that was initialized from the surface of titania nanofillers. A new method for synthesizing TiO,/polymer nanocomposites was
found with a good dispersion of the nanofillers by using the bifunctional RAFT agent, 2-{[(butylsulfanyl)carbonothioyl]sulfanyl}propanoic
acid). This RAFT agent has an available carboxyl group to anchor onto TiO, nanoparticles, and an S=C(SC4Hy) moiety for subsequent
RAFT polymerization of acrylic acid (AA) to form n-TiO,/PAA nanocomposites. The functionalization of n-TiO, was determined by FTIR
and partitioning studies, the livingness of the polymerization was verified using GPC and NMR, while the dispersion of the inorganic filler
in the polymer was studied using electron microscopy, FTIR and thermal analysis.

© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

In the last decade, the synthesis of polymer nanocomposite
materials has been intensely studied due to their extraordinary
properties and wide-spread potential applications. As the ma-
trices of nanocomposites, a wide variety of polymers have
been explored, while a diversity of crystalline materials, i.e.,
three-dimensional nano metal oxides [1,2], two-dimensional
layered silicates such as nanoclays [3], and one-dimensional
carbon nanotubes [4] have been used for reinforcement of
the polymer matrices [5]. Recently, attention to the nanoscale
metal oxides has grown due to their unique properties, low
cost, and multiple potential applications [6,7]. Among these,
nanotitania (n-TiO,) is of significant scientific and industrial
interest for several applications, such as a dye in conjugated
polymers for photoelectrochemical [8] or photoconductive
agents [9], a photocatalyst in a photodegradable TiO,/polysty-
rene nanocomposite films [10], and semiconductor electrodes

* Corresponding author. Tel.: +1 519 661 3466; fax: +1 519 661 3498.
E-mail address: pcharpentier@eng.uwo.ca (P.A. Charpentier).

0032-3861/$ - see front matter © 2007 Elsevier Ltd. All rights reserved.
doi:10.1016/j.polymer.2007.07.054

in photoelectrochemical cells [11]. Especially, TiO,/polyelec-
trolyte composites such as TiO,/poly(ethyleneimine)/poly-
(acrylic acid) (PAA) are materials of interest for their potential
application for the solid electrolytes in dye-sensitized solar
cells [12].

Due to their extremely large surface-area/particle-size ratio,
nanoparticles tend to strongly agglomerate, hence reducing the
resultant mechanical properties of the nanocomposite mate-
rials [13]. Many efforts have been taken in order to overcome
this problem and to enhance the filler—matrix interaction. One
approach is breaking down the agglomerated nanoparticles us-
ing a mechanical method such as ultrasonic irradiation, which
has been explored for dispersion of SiO,, TiO,, and Al,O3
nanoparticles during the synthesis of inorganic/polymer nano-
composite materials [14—16]. However, this approach is re-
stricted due to the limited interaction between the inorganic
fillers and the organic matrix, compared with the very strong
interaction between individual nanoparticles. An improved
approach is modifying the surface of the inorganic filler and
covalent attachment to polymer chains to minimize agglomer-
ation and to strengthen the interaction between the nanofiller
and polymer matrix, as illustrated schematically in Fig. 1
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Fig. 1. Schematics of: (a) agglomerated nanoparticles in the matrix polymer in the case without grafting polymer and (b) separation of particles due to the grafting

polymer [18,19].

[17,18]. Using the “grafting to” approach, the number of
polymer chains that one can graft to the nanosurface is gener-
ally small, as the free volume occupied by each grafted poly-
mer chain acts as a barrier to the attachment of subsequent
polymer chains. Hence, “grafting to” is increasingly difficult
as more chains are added to the surface, limiting control of the
molecular weight and polydispersity of the polymer chains.
On the other hand, using ‘“‘grafting from” with initiators ini-
tially anchored to the nanosurface allows monomer molecules
to easily diffuse to the surface of the particles, allowing higher
graft density and better control of molecular weight and poly-
dispersity of the polymer chains [19—21].

Various polymers such PS, PMMA, and PnBuA have been
successfully ““grafted from” nanoparticles via living/controlled
radical polymerization techniques [22—27]. Ejaz et al. [28]

grew polymer chains of methyl methacrylate from solid sur-
faces including silicon wafers, silica particles, and glass filters,
by applying atom transfer radical polymerization (ATRP).
Kong et al. [29] functionalized multiwalled carbon nanotubes
by ATRP polymerization of styrene.

Using the relatively new technique of reversible addition-
fragmentation chain-transfer (RAFT) polymerization, which
has several advantages including polymerizing acidic mono-
mers such as acrylic acid (AA), Baum and Brittain [30] poly-
merized St and MMA from silica nanoparticles, while Cui
et al. [31] polymerized St successfully from multiwalled
carbon nanotubes. RAFT confers living/controlled character
to the polymerization with a mechanism suggested by Vana
et al. [32] (Scheme 1) which includes: (I) initiation, (II) pre-
equilibrium involving the initial RAFT chain-transfer agent
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Scheme 1. Mechanism of RAFT polymerization [32].
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(CTA), (IT) propagation and re-initiation, (IV) chain equilibra-
tion (the core of RAFT polymerization), and (V) termination.

The key factor that makes RAFT a living polymerization
technique is the choice of the RAFT agent. This choice de-
pends on the monomer structure, leaving group R, and group
Z in RSC (Z)=S [32]. In this study, two kinds of RAFT
agents (1 and 2 in Scheme 2) were synthesized to determine
which one is appropriate for the acrylic acid monomer. Then
“grafting from” polymerization with nanotitania (n-TiO,)
was attempted using the RAFT technique. Anchoring of the
RAFT agent to the surface can be accomplished via either
the Z or R group; however, most studies have chosen the R
group [21], which leads to a scenario more closely resembling
“grafting from”. The mechanism of attachment of the Z group
to the nanoparticles’ surface is similar to that of “grafting to”’,
with the intrinsic difficulties described above.

Our approach in selecting the RAFT initiator agent was to
choose a R structure with a free carboxylate group that can co-
ordinate to Ti(VI) on the titania surface. Rotzinger et al. [33]
explored the attachment of a carboxylic group to a TiO, sur-
face as sensitizers in dye-sensitized solar cells, and identified
three possible coordination modes, monodentate, chelating
or bridging bidentate (Scheme 3). Using this approach, we pre-
viously reacted the bifunctional molecule, methacrylic acid, to

Z/\s/R

1) Z=CH,S
R = CH(CH,)CO,H

() Z=OFEt
R = C(CH,)(CO,Eb),

Scheme 2. Structures of RAFT agents (1) and (2).
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coordinate to n-TiO, with subsequent free-radical polymeriza-
tion of methyl methacrylate to form the nanocomposite
n-TiO,/PMMA [34]. This research explored a living technique
using the bifunctional RAFT agent, 2-{[(butylsulfanyl)carbo-
nothioyl]sulfanyl }propanoic acid) (1). RAFT agent 1 was
used to coordinate to n-TiO,, while the S=C(SC4Hy) moiety
was used for subsequent RAFT polymerization of acrylic acid
(AA), as illustrated schematically in Fig. 2. Coordination of
the RAFT agent onto the n-TiO, was confirmed using ATR-
FTIR analysis, livingness of the solution polymerization of
AA was demonstrated by solution polymerization using 1
with subsequent '"H NMR and GPC analysis, while the result-
ing nanocomposites were characterized by electron micros-
copy, FTIR, and thermal analysis.

2. Experimental
2.1. Materials

Titania nanospherical particles (n-TiO,) (99.5%, Sigma—
Aldrich, avg. part. size 25—70 nm), 2,2'-azobis(2-methylpro-
pionitrile) (AIBN) initiator (Toronto Research Company),
methanol (HPLC grade, Sigma—Aldrich), hydrochloric acid
(39%, Sigma—Aldrich), and radical inhibitor BHT (2,6-di-
tert-butyl-4-methylphenol, 99%, Sigma) were used as re-
ceived. Acrylic acid (AA) monomer (99%, Sigma—Aldrich,
inhibited with 200 ppm BHT) was passed through an inhibitor
remover column (Sigma—Aldrich) before use. The RAFT
agents (2-{[(butylsulfanyl)carbonothioyl]sulfanyl } propanoic
acid) (1) and 2-((ethoxythiocarbonyl)-2-methyl malonate (2)
(Scheme 2) were prepared as described elsewhere [35].

2.2. RAFT polymerization of acrylic acid

A 0.0229 mol/L solution of RAFT agent (1/2) and a
2.29 mol/LL solution of acrylic acid ([AA]J/[RAFT agent] =
100) were dissolved in 150 ml methanol in a 250 ml three-
neck flask equipped by a line of nitrogen supply, a thermome-
ter, a stirrer for gentle mixing, and a condenser (with silica gel
at the top for moisture removing). The solution was first
heated to 65 °C, then 0.00229 mol/L of AIBN was added,
which acted as an initiator ([RAFT agent]/[AIBN] = 10). At
various times during the polymerization, GPC samples were
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Fig. 2. Functionalization of TiO, and formation of PAA—TiO, nanocomposite.
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prepared by removing small samples of the reaction mixture,
inhibiting polymerization by BHT as radical inhibitor, solvent
stripping in vacuum at 40 °C, and then re-dissolving in an
aqueous buffer (NaHCO; 0.05M, NaNO; 0.1 M, NaNj;
0.02 M) before molecular weight analysis.

2.3. Functionalization of n-TiO,

RAFT agent (1) of 4.5 g and 1.5 g of n-TiO, were dispersed
in 50 ml methanol with the aid of ultrasound for 1 h. The dis-
persed solution was then transferred to a 100 ml round bottom
flask equipped with a condenser and a magnetic stirrer under
nitrogen. The solution temperature was maintained at 65 °C
under stirring for 24 h. After filtering the reaction product
through a 0.05 pm polycarbonate membrane filter, the un-
reacted RAFT agent was removed by washing with methanol,
and the solid product was dried overnight under vacuum
at 60 °C.

2.4. Acrylic acid graft polymerization from RAFT agent
anchored from n-TiO,

Acrylic acid monomer of 0.6 g, 0.06 g of functionalized
TiO,—RAFT agent (10:1 wt/wt), and 0.004 g of AIBN were
dispersed in 60 ml methanol with the aid of ultrasonication.
Then the solution was transferred to a 100 ml three-neck flask
equipped with nitrogen supply, a thermometer, and a condenser
under constant stirring for 24 h. The mixture was diluted with
methanol and filtered through a 0.05 um polycarbonate
membrane filter. To ensure that any ungrafted polymer was
removed from the product, the filtered solid product was
rinsed with methanol several times. The resulting solid prod-
uct was then dried overnight under vacuum at 60 °C.

2.5. Cleaving grafted polymer from particles

PAA of 30 mg “grafted from” TiO, nanoparticles was
dissolved in 1 ml of HCL (2M) and 30 ml of deionized
water. The solution was allowed to stir at 80 °C under reflux
overnight. After filtration through a 0.05 um polycarbonate
membrane filter, the solution was poured into a glass plate
and allowed to stand in a fume hood overnight. The recov-
ered PAA was dissolved in an aqueous buffer (NaHCO;
0.05 M, NaNO; 0.1 M, NaN;3 0.02 M) for subsequent GPC
analysis.

3. Characterization

The molecular weight and PDI of PAA were measured by
gel permeation chromatography (GPC) with an Agilent 1200
using a RI detector referenced to PEO standards (1 ml/min,
at 30 °C). '"H NMR spectroscopy was operated on a Varian
Mercury 400 while FTIR spectra were collected using a KBr
pellet on a Bruker IFS 55 FTIR instrument attached with
a MCT detector, with a resolution of 2 cm ™! and 128 scans
for each sample. Scanning electron microscopy (SEM) images
and energy dispersive spectrometer (EDS) were recorded

using a Hitachi S-2600N without gold coating at 10 kV, trans-
mission electron microscopy (TEM) was performed on a Phil-
lips CM 10 electron microscope at 80 kV, and STEM was
performed using a Hitachi HD2000 at 200 kV. Thermo gravi-
metric analysis (TGA) was performed using a TGA Q500 at
a heating rate of 10 °C/min under nitrogen.

4. Results and discussion
4.1. RAFT polymerization of AA

4.1.1.'"H NMR

As described in the introduction, RAFT polymerization
achieves living growth starting from the initial dithioester or
trithiocarbonate RAFT agent, which is activated by radicals
generated from a traditional initiator [36] e.g. AIBN in this
case. The synthesized RAFT agent (1) and PAA in metha-
nol-d, were examined using 'H NMR (Fig. 3). In Fig. 3a,
the peaks B, C and E—H are assigned to the RAFT agent
[37], and peaks I and J in Fig. 3b are attributed to the repeating
unit of PAA [38]. Peak A is due to CD;OH that is generated
through substitution of methanol-d, and carboxylic acid, and
peak D is from the solvent. The NMR spectrum in Fig. 3b
shows that the functional groups of the RAFT agent are
retained in the polymer, which provides strong evidence for
the RAFT reaction occurring.
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Fig. 3. '"H NMR spectra of (a) 2-{[(butylsulfanyl)carbonothioyl]sulfanyl}-
propanoic acid (1), and (b) PAA.
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4.1.2. Molecular weight determination

Living polymerization is characterized by a linear increase
of the molecular weight with conversion and reaction time,
and a very narrow molecular weight distribution as evidenced
by a polydispersity index (PDI=M,/M,) approaching 1.
Table 1 shows the M,, values of acrylic acid synthesized by
using two kinds of RAFT agents (1 and 2 in Scheme 2) at
different concentration ratios (mol/L). By using 2, after 1 h
the M, of the polymer is relatively unchanged with polymeri-
zation time and the PDIs are broad, which is in contrast with
the data obtained by Ladaviere et al. [39], where the M, in-
creased with time and the PDIs were narrow. As mentioned
earlier, the effectiveness of the RAFT agent depends on both
the monomer structure, and the R and Z groups. Moad et al.
[40] showed that RAFT agents having O or N atoms (e.g.
O-alkyl xanthate and N,N-dialkyl dithiocarbamate derivatives)
are not very effective RAFT agents due to the interaction be-
tween O or N lone pairs and the C=S double bond, resulting
in delocalization of this bond (Scheme 4). This helps to
explain why RAFT agent 2 controlled the molecular weight
poorly.

On the other hand, the molecular weights of polyacrylic
acid synthesized by 1 increased linearly with time, and gave
very narrow PDIs. As well, the polymer obtained with 2 was
white, while that obtained from 1 had a yellow tinge, indicat-
ing the presence of the RAFT agent, which was also confirmed
by the '"H NMR results (above). Fig. 4 shows the GPC elution
profiles of the PAA obtained using solution polymerization
with RAFT agent 1, where additional experiments were car-
ried out for longer periods of time. The molecular weights
of PAA increased directly with reaction time, and PDIs were
in the range of 1.10—1.14. These results confirmed that the
RAFT agent 1 was involved in a living polymerization
reaction.

4.2. Nanoparticle functionalization and graft
polymerization

4.2.1. FTIR study

In order to verify the functionalization of n-TiO, as well as
the formation of the nanocomposite, FTIR analysis was car-
ried out as FTIR is an established technique for analyzing
the complexes of metal carboxylate species [41—44]. The
spectrum of the RAFT agent (1) in Fig. 5a exhibits peaks at

Table 1

Polymerization of AA at different [AA]/[RAFT agent] in methanol as a
solvent, at 65°C, and AIBN as an initiator, [RAFT agent]/[AIBN] = 10,
[AA] =2.29 mol/L

Time (h) 1 2

[AA)/[1] [AA)/[2]

50 100 50 100

M, PDI M, PDI M, PDI M, PDI
1 1700 112 3600 111 6000 1.82 6500 1.79
2 2900 1.10 4700 1.10 5600 1.68 6300 1.76
3 3200 1.07 6300 1.06 5000 2.18 6100  1.87

€]
S

S
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Scheme 4. Canonical form of xanthates and dithiocarbamates [40].

19h

7 7.5 8 8.5 9 9.5 10 10.5
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Fig. 4. GPC elution profiles for RAFT polymerization of acrylic acid using
RAFT agent 1 at 65°C, for 2h (M,=2900 g/mol, PDI=1.10), Sh
(M, =3980 g/mol, PDI=1.12), 19h (M, = 8000 g/mol, PDI =1.13), 30 h
(M, = 10,000 g/mol, PDI = 1.14).

1707 cm™ "' (carboxylic group), 1375—1450 cm ™' (alkane groups),
and no obvious peak in the region from 1475 to 1650 cm™~'. The
new peaks at 1547, 1568, and 1626 cm ™! of the functionalized
n-TiO, are assigned to the bridging or chelating bidentate coor-
dination between titanium atoms and the carboxyl groups
(Fig. 5b). The small peaks at 1708 and 1746 cm ™" are attributed
to residual un-coordinated RAFT agent and carboxylate mono-
dentate, respectively. In the spectrum of a typical n-TiO,/PAA
composite, the strong peak at 1724 cm™' shows the existence
of the carboxylic group, and the broad peaks in the range of
1500—1625 cm™' show the remaining Ti-acetate bidentate
(Fig. 5¢). The small peak at 1653 cm™" indicates the presence
of adsorbed water, which remained in the nanocomposite even
after vacuum drying, due to the superadsorbent nature of PAA.
The FTIR spectra confirm that the TiO, nanoparticles were
successfully functionalized with the carboxylic group of the
RAFT agent.

4.2.2. Organiclwater partitioning study

In addition to FTIR, the resulting materials were studied by
organic phase/water partitioning experiments. As one would
expect after functionalization by an organic group, n-TiO,’s
hydrophilicity changes. Fig. 6a shows the n-TiO, dispersed
in ethyl acetate/water bilayers, where the n-TiO, is suspended
in the water phase (lower phase), indicating that it is hydro-
philic. The n-TiO, functionalized with the RAFT agent,
however, partitions into the organic phase (upper), due to the
existence of the organic moiety, mainly contributed by —Bu
groups (Fig. 6b). Due to many carboxylic groups and a few
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Fig. 5. FTIR spectra of (a) the RAFT agent 1, (b) the functionalized n-TiO, and (c) the n-TiO,/PAA composite.

—Bu groups in the PAA molecules, the n-TiO,/PAA composite
is mainly hydrophilic in nature, as evidenced by partitioning
into the water phase (Fig. 6¢).

4.3. Molecular weight determination of cleaved PAA

In order to determine whether the polymerization was still
living when the RAFT agent had been coordinated to the
n-TiO,, the PAA was cleaved after various polymerization
times using acidic conditions. The GPC results are presented
in Table 2, which show that the number average molecular
weight increased directly with reaction time, and the PDIs
were relatively low. For the PAA/n-TiO, composites, thermo

i

Fig. 6. In the vials, the upper layer is ethyl acetate and the lower layer is the
water phase. The non-functionalized n-TiO, is well dispersed in the water
phase (a), while the functionalized n-TiO, is suspended in the organic phase
(b) and n-TiO,/PAA composite stays in the water phase (c).

gravimetric analysis (TGA) showed an increase in PAA poly-
mer content with increased polymerization time (Table 2).
These results indicate that the anchored RAFT agent partici-
pated in the living polymerization of acrylic acid.

4.3.1. TGA analysis

The functionalized TiO,, n-TiO,/PAA nanocomposites, and
cleaved TiO, were dried and subjected to TGA. As expected,
the sample of crude TiO, gave no apparent weight loss below
700 °C (Fig. 7a). On the contrary, the sample of RAFT agent co-
ordinated to n-TiO, displayed a weight loss of 4%, which was
removed during heating in the range of 150—450 °C. Similarly
for the n-TiO,/PAA at different polymerization times (Fig. 7b),
the weight loss occurred in the range of 150—450 °C. Higher
fractions of PAA were formed as the polymerization time
increased, indicating the successful graft polymerization of
AA from the RAFT functionalized n-TiO,. After cleaving un-
der acidic conditions for 24 h (Fig. 7c), TGA analysis of the
n-TiO, fraction showed 5% weight loss, indicating that almost
88% of the polymer chains were cleaved from the n-TiO, under
the explored experimental conditions.

4.3.2. Electron microscopy
In order to examine the microstructure and nanofiller distri-
bution within the polymer matrix, SEM equipped with EDS

Table 2
Molecular weight and PDIs (GPC) of cleaved PAA at different reaction times
and fraction of grafted PAA (wt%) (TGA)

Time M, (GPC) PDI Fraction of
(h) (g/mol) grafted PAA
(TGA) (Wt%)
5000 1.23 9
19 10,000 1.17 41.6
24 10,800 1.50 47.8
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Fig. 7. TGA curves of the crude and functionalized TiO,, n-TiO,/PAA at different times, and TiO, after cleaving.

and TEM electron microscopy were used. SEM was used to
study the morphology of n-TiO, before and after functionali-
zation, as well as the polymer nanocomposites. Fig. 8a shows
the SEM image of the commercial n-TiO, consisting of
agglomerated spherical particles, whereas Fig. 8b shows
the n-TiO, after functionalization. No obvious morphology

'500nm

change can be observed from the functionalization step.
Fig. 8c shows the EDS sulfur mapping of RAFT functional-
ized n-TiO,, showing well-distributed sulfur in the nanomate-
rials, indicating successful functionalization. Fig. 8d shows the
n-TiO,/PAA nanocomposite formed after “grafting from”
polymerization with AA in which many nanoparticles with

500nm

Fig. 8. SEM of the non-functionalized n-TiO, (a), SEM and EDS sulfur mapping of RAFT functionalized n-TiO, (b and c), and SEM of n-TiO,/PAA composite (d).
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a diameter of ca. 20—400 nm can be observed. These are
attributed to the polymer chains that can only grow from the
RAFT agent attached to the n-TiO, surface, resulting in the
formation of n-TiO,/PAA nanocomposite, which were also
characterized by TGA (above).

The n-TiO,/PAA composites were examined with TEM
and STEM (Fig. 9a—d). Fig. 9a and b shows the well-
dispersed n-TiO, at low magnification, while Fig. 9c shows
the n-TiO, at higher magnification. Under high magnification
using both bright and dark field electron microscopy, the
“grafting from” polymer surrounding the n-TiO, can be
clearly observed (Fig. 9d and e). Comparing with our former
work on TiO,/PMMA composites [34], the RAFT technique
gave much better separation of the n-TiO, particles. The
excellent separation of n-TiO, particles in this work is
attributed to the growing of grafting AA polymer, which
separates the previously agglomerated TiO, nanoparticles.
In addition, as PAA is known as a polyelectrolyte, this may
also contribute to the excellent dispersion of the TiO,
particles [44,45].

5. Conclusions

For the first time, n-TiO, was functionalized with a RAFT
agent, followed by living grafting from polymerization using
acrylic acid as the monomer, with resultant TiO,/PAA hybrid
materials being synthesized. The RAFT agent, 2-{[(butylsulfa-
nyl)carbonothioyl]sulfanyl }propanoic acid, was shown to be
both functionalization and living polymerization agents.
FTIR analysis and organic phase/water phase partitioning
studies provided the evidence of the functionalization of
n-TiO, by the RAFT agent, while GPC results of cleaved poly-
mer after various reaction times showed that the polymeriza-
tion was still living, even after the RAFT agent was
coordinated to n-TiO,. Electron microscopy images revealed
the growth of the “graft-from” polymers around n-TiO,, and
the nanofillers were well separated and distributed in the poly-
mer matrix. This research demonstrates that living polymeri-
zation initialized from functional groups on TiO, surfaces is
promising to synthesize hybrid materials with an excellent
dispersion of the nanofillers in the matrix.

200nm

Fig. 9. TEM of the n-TiO,/PAA at different magnification (a—c); and STEM of n-TiO,/PAA at high magnification with bright and dark field (d—e).
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