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Abstract The grafting of biocompatible poly(hydroxy-
ethyl) methacrylate (PHEMA) by a very simple method
onto titanium dioxide nanoparticles is reported. The
selected grafting process is based on the chemical reduc-
tion of diazonium salts by reducing agents in presence of
the vinylic monomer. As previously demonstrated on flat
surfaces, it leads to strongly grafted and stable polymer
films and has many advantages residing in a short one-step
reaction occurring at atmospheric pressure, ambient air and
room temperature in water. TiO, nanoparticles were syn-
thesized by laser pyrolysis, giving nanoparticles with
controlled size and composition. The coating, the compo-
sition, the chemical structure, and the grafted PHEMA
quantities of the resulting products were investigated by
Transmission electron microscopy, Infrared-attenuated
total reflection, X-ray photoelectron spectroscopy, and
Thermogravimetric analysis. It was demonstrated that the
PHEMA shell was successfully chemically grafted onto the
surface of the TiO, core without any significant influence
on the morphology of the nanoparticles.

Introduction

Titanium dioxide has attracted a great interest due to its
unique physico-chemical properties. Highly employed for
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various applications such as cosmetics [ 1], catalysis, pigment
industries [2], solar cells [3, 4], and photocatalysis for organic
pollutants degradation [5], TiO, has also started to be used in
the form of films for the immobilization of biomolecules [6]
and in the form of nanoparticles in the field of hybrid mate-
rials [7-10]. In applications involving TiO, nanoparticles, a
key parameter is their dispersion with control of aggregation
in either various solvents or polymeric matrices. To improve
stability and control the dispersion, the organic modification
of TiO, surface has shown to be efficient since it helps pre-
venting aggregation of the particles and improving their
affinity for their environments. In the literature, the main
route described for modifying the surface of TiO, nanopar-
ticles with organic materials is polymer grafting.

To functionalize the surface of TiO, nanoparticles, sev-
eral approaches have been reported. For instance, the radi-
cal graft polymerization of vinyl monomers on the surface
of TiO, nanoparticles has been successfully achieved by
employing radiation [11], high frequency discharge plasma
[12] or by introducing trichloroacetyl [13], azo [13, 14], or
peroxyester [15] initiating groups in order to initiate the
polymerization. The grafting of TiO, nanoparticles has also
been achieved using usual polymerization initiators with a
prior grafting of coupling agents on the nanoparticles such
as acrylic acid chloride [14], butyltitanate [16], phosphorus-
containing compounds [10, 17], or more commonly double
bonds-terminated silyl products [9, 18, 19]. Most of the
cited works focused on the grafting of methacrylate poly-
mers (in particular poly(methyl methacrylate) PMMA).
Few teams dealt with the grafting of poly(styrene) [10, 12,
14, 17], poly(ethyleneterephtalate) [7, 8], or poly(tetraeth-
ylene glycol malonate) [20] according to the applications of
the final nanocomposite. However, all those polymerization
processes, successfully used for the surface modification of
TiO, nanoparticles, going from free radical polymerization
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[13, 15, 18] (including controlled ones such as SI-ATRP
[21], RAFT [14, 22], or NMRP [17]) to in situ polycon-
densation [7, 8] generally involve: a two-step reaction or
long reaction times or heating/cooling steps or controlled
atmosphere or organic solvents.

In this context, the objective of this study is to demonstrate
the efficiency of the organic modification of TiO, nanopar-
ticles by a simple “green process.” Moreover, the described
process does not change the morphology of the nanoparti-
cles, which opens a new route toward the use of this grafted
materials for further functionalization by, for instance, bio-
molecules or for their integration in polymer matrices.
Organic polymer films (of poly(hydroxyethyl) methacrylate
(PHEMA) in this case) were grafted onto TiO, nanoparticles
via a very simple process recently developed in our labora-
tory [23, 24]. The process (called Graftfastm) is based on the
chemical reduction of diazonium salts by reducing agents in
presence of a vinylic monomer. The use of such coupling
agent in surface modification processes is well-known and
these approaches have been recently reviewed by Bélanger
and Pinson [25] (with a focus on electrografting methods)
and Chehimi et al. [26]. Particularly the grafting of oxide
materials [27] as well as various types of nano-objects has
been achieved using diazonium salts, for instance carbon
nanotubes [28-33], Ti [34] or diamond nanoparticles [35],
graphene nanoribbons [36, 37] or silicon [38] and germa-
nium [39] nanowires. Moreover, several authors reported the
surface modification by PHEMA grafting prepared using
diazonium salt initiators [40—42]. The Graftfast process,
used in this study, leads to stable, homogeneous and cova-
lently grafted polymer films via a short one-step reaction
occurring at atmospheric pressure, room temperature, in
water and requiring no external energy source. The effi-
ciency of this process has already been demonstrated and its
mechanism studied on flat surfaces as well as on carbon
nanotubes [23, 24, 43, 44]. In this article, we report the
feasibility of such a grafting on TiO, nanoparticles by
adapting the experimental conditions. We present here our
initial results on the preparation of PHEMA-modified TiO,
nanoparticles. The coating, the composition, the chemical
structure, and the grafted PHEMA quantities of the resulting
products were investigated by Transmission electron
microscopy (TEM), Infrared-attenuated total reflection
(IR-ATR), X-ray photoelectron spectroscopy (XPS), and
Thermogravimetric analysis (TGA).

Experimental

Materials

All the experiments were conducted in deionized water (DI
water). All standard chemicals were purchased from

Sigma-Aldrich. In this study, the diazonium salt was
nitrobenzenediazonium tetrafluoroborate (NBD, 97%), the
vinylic monomer was 2-hydroxyethyl methacrylate
(HEMA, 97%), the reducing agent L-ascorbic acid or
Vitamin C (VC, >99%). Except for NBD, the reactants
were used as received; in particular, the vinylic monomer
was not distilled to remove commercial inhibitors. Prior to
use, NBD was purified by precipitation in diethyl ether. It
is important to notice here that we selected NBD, HEMA,
and VC to simplify the understanding of the grafting and
the conclusions. Indeed, the mechanism of the Graftfast
process has been deeply investigated using those reactants
[24]. However, this grafting technique can also be carried
out in organic solvents (with an appropriate choice of the
reducing agent) with no restriction on the vinylic mono-
mers [23] and the diazonium salt.

We worked with two kinds of TiO, nanoparticles. The
commercially available TiO, nanopowder Evonik Degussa
P25 (80 % anatase and 20 % rutile) with a mean diameter
of 25 nm was used since it is widely employed in the lit-
erature and therefore comparisons can be made. Some of
the work was also carried out with TiO, nanoparticles
12 £ 3 nm in diameter (size measured by TEM) synthe-
sized by laser pyrolysis [45—47] consisting of 85% anatase
and 15% rutile. The laser pyrolysis method is based on the
interaction of a powerful IR laser beam with a mixture of
liquid precursors (titanium fetra-isopropoxide TTIP for
TiO, nanoparticle synthesis). It appears as a highly versa-
tile method for the continuous synthesis of extremely pure
and small particles with a narrow size distribution. The
variable reaction conditions (temperature, pressure, flow
rate...) are also an advantage as they allow synthesizing
controlled-size nanoparticles with specific composition; the
ratio of anatase and rutile phases can be chosen through the
synthesis conditions, with a ratio varying from less than
10-100% [46]. In the following, unless otherwise men-
tioned, the term TiO, nanoparticles will refer to nanopar-
ticles synthesized from laser pyrolysis.

Characterization and instrumentation

Infrared spectra were obtained on a Bruker VERTEX 70
spectrometer equipped with ATR (Attenuated Total
Reflection) Pike-Miracle device. The detector was a MCT
working at liquid nitrogen temperature. The spectra were
obtained after 256 scans at 2 cm™ "' resolution.

X-ray photoemission spectroscopy analyses were per-
formed with a Kratos Axis Ultra DLD using a high-resolution
monochromatic Al-Ko line X-ray source at 1486.6 eV.
Fixed analyzer pass energy of 20 eV was used for core level
scans. The photoelectron take-off angle was always normal
to the surface. A survey spectrum and core level spectra of
Cls (282-295 eV), Ols (526-538 eV), N1s (396-409 eV),
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and Ti2p (455-470 eV) regions were systematically recor-
ded. When charging phenomena occurred, the charge was
counterbalanced by adjusting the carbon—carbon bond
energy of the contamination of untreated TiO, at 285.0 eV.
Vision 2 Manager software was used for digital acquisition
but data were processed with Avantage software.

Differential thermogravimetric analyses were carried
out on a simultaneous TGA-DSC analyzer Netzsch STA
449 C under a flow of argon and with the following tem-
perature program: 20 to 800 °C at 10 °C/min.

TEM images were obtained with a Philips CM12 elec-
tron microscope. For the visualization of the polymer on
the nanoparticles, a negative staining was performed by
exposing the grids to a drop of a 2 wt% uranyl acetate
solution in water for 1 min. The grids were tapped dry with
a piece of filter paper to remove the excess stain and air-
dried before TEM measurements.

Functionalization of TiO, nanoparticles with polymer

The mechanism of the Graftfast process for the grafting of
methacrylate polymer onto TiO, nanoparticles is described
in Fig. 1. Originally proposed by Mévellec et al. [23] and
recently more detailed [24], it relies on the chemical
reduction of diazonium salt, in presence of a vinylic
monomer, into aryl radicals (Fig. 1i) which are then able, on
the first hand, to form a grafted polyphenylene-like film on
the substrate (Fig. lii) and, on the other hand, to initiate the
radical polymerization of the monomers (Fig. liii). Then,
the growing radical oligomers eventually graft on the aryl
rings present on the surface (Fig. liv) to form a grafted
polymer shell around the TiO, core. Therefore, the
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Graftfast process does not lead to the grafting of homo-
polymers but of statistical copolymers containing the
monomer and aryl groups [48]. It is worth noting that this
behavior might have an effect on the hydrophilic/hydro-
phobic properties of the polymer grafts, if the relative
amount of aryl groups in the copolymer were significant.

Typically, a 10 mg/mL TiO, nanoparticles solution in
5 °C cooled water was sonicated with an ultrasonic probe
for 30 min (rated power of 750 W) [49]. To start the
reaction, the diazonium salt (concentration in the suspen-
sion of 0.05 M), HEMA and the reducing agent were added
in this order with the respective ratio of 1, 15, and 0.1. The
suspension was kept under sonication (same settings as
above) during the whole 15 min of reaction. To stop the
reaction, a volume of ethanol corresponding to at least
the initial volume of the reactive solution was added. The
suspension was then centrifuged (3000 rpm for 20 min),
decanted, and rinsed several times first with ethanol to
remove free polymer chains and unreacted monomers, then
with dimethyl formamide (DMF) to remove the ungrafted
polyphenylene moieties and finally with water to eliminate
DMF. Afterward, the Graftfast treated TiO, nanoparticles
(GF-Ti0O,) were either dried in air for a few hours in order
to perform IR-ATR, XPS, or TGA measurements, or red-
ispersed in water by 30 min US probe sonication to obtain
a suspension to be deposited on TEM grids.

Results and discussion

The PHEMA-grafted TiO, nanoparticles (GF-TiO,) pre-
pared by this process were first studied by Infrared

Fig. 1 Mechanism of a methacrylate polymer grafting onto TiO, nanoparticles by the Graftfast process
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spectroscopy. Their IR spectrum is compared to the cor-
responding untreated TiO, nanoparticles in Fig. 2a and to
commercial PHEMA in Fig. 2b. Figure 2a shows that
untreated TiO, nanoparticles only absorb at 3340 cm™'
(which corresponds to the stretching motion of the surface
hydroxyl groups or the absorption of water), at 1640 cm™"
which can be attributed to the bending vibration of the
H-O-H bonds of adsorbed water and show a strong and
broad peak in the 800-600 cm ™' region belonging to the
lattice vibrations of TiO, nanoparticles. In the grafted GF-
TiO, product, a new peak at 1717 cm™" appears. It is due
to the stretching vibration of C=0 groups contained in the
polymer indicating the presence of grafted PHEMA onto
TiO, nanoparticles. The comparison of GF-TiO, and com-
mercial PHEMA spectra (Fig. 2b) shows very similar absorp-
tion bands particularly in the region of 1270-1120 cm™'
(C-O stretching bands) and at 1720 cm ™! (stretching
vibration of C=0O groups) which confirms the grafting of
PHEMA onto TiO, nanoparticles. According to the
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Fig. 2 IR spectrum of the PHEMA-grafted TiO, nanoparticles (GF-
TiO,) compared to a the corresponding untreated TiO, nanoparticles
(inset in the 1000-2000 cm ™! region) and b a commercial PHEMA
(20000 g/mol)

mechanism proposed by Mévellec et al. [23] then con-
firmed by Mesnage et al. [24] (Fig. 1), the GF-TiO,
spectrum should also exhibit two weak absorption bands at
1525 and 1350 cm™! attributed to, respectively, the
asymmetric and symmetric stretching of aryl-NO, group
which are characteristic of nitrobenzene moieties and a
weak peak at 1600 cm™" typical of the presence of phenyl
groups. Those two weak peaks can be clearly seen on the
magnification in the 1000-2000 cm™' region of the IR
spectrum presented as inset in Fig. 2a.

XPS analyses were also carried out in order to confirm
the efficient grafting of PHEMA onto TiO, nanoparticles.
First of all, Fig. 3 shows typical survey scans of untreated
and grafted TiO, nanoparticles. Unlike the Cls peak
(centered at 285 eV), the main peaks Ti2p and Ols (cen-
tered at 459 and 530 eV, respectively) are attenuated in the
spectra of the grafted nanoparticles, with respect to the
pristine ones. This is the first XPS evidence of the occur-
rence of a coating. A typical Cls core level spectrum of
untreated TiO, nanoparticles (Fig. 4a) is composed of three
main peaks. The first contribution was adjusted at 285.0 eV
and corresponds to C—C/C—H bonds in alkyl groups (—-CHj,,
—CHj3;). The peak at 286.4 eV is due to —-C—-O- or —C-N-
simple bonds. The last peak at a higher binding energy
(288.7 eV) is assigned to carbonyl groups COO. All those
contributions in the Cls spectrum are classically observed
and attributed to surface contamination of pristine TiO,
nanoparticles. Compared to the Cls spectrum of untreated
nanoparticles, the broad Cls core level spectrum of GF-
TiO, nanoparticles (Fig. 4b) is significantly different. The
peak-fitting parameters of functional groups in the Cls
region are summarized in Table 1.The C—C bonds of alkyl
groups, —-C—O—- or —C-N- simple bonds and carbonyl ester
groups O—C=0 were observed with an area ratio (-C-O-,

—C-N-, and COQO)/(C-C/C-H) 2.3 times higher in
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Fig. 3 Typical XPS survey scans of untreated TiO, nanoparticles
(TiO,) and PHEMA-grafted TiO, nanoparticles (GF-TiO,)

@ Springer



6336 J Mater Sci (2011) 46:6332-6338
(@) , (a) :
25004 C 1sTiO, C-C/C-H 160- N 1s TiO,
140 -
2000 ]
120
1500 1007
) o ]
o O 80
O (@) |
1000 - 60 -
5004 407
20 -
0 ) T ) T ! T ! T ! 0 T T T T T T T T T T T T
292 290 288 286 284 282 408 406 404 402 400 398 396
Binding energy (eV) Binding energy (eV)
(b) : b
2500 C 18 GF-TIO, ® 160 T N1s GF-TiO,
C-C/C-H 140 4
2000 1
120
) 15004 100 4
% C-O/C-N % 1
80 -
1000 o !
60 -
500 40 +
20 -
0 T T T T T T T T T 0 |
292 290 288 286 284 282

Binding energy (eV)

Fig. 4 Typical XPS Cls core level spectrum of a untreated (TiO,)
and b PHEMA-grafted TiO, nanoparticles (GF-TiO,)

Table 1 Contributions (in %) of functional groups to Cls regions
from untreated (TiO,) and PHEMA-grafted TiO, nanoparticles
(GF-TiOy)

C-C/IC-H C-O/C-N  0-C=0 T—m*
(2850 eV) (2864 ¢eV)  (288.7 eV)

TiO, 78.6 11.6 9.8 -

GF.TiO, 62.1 24.2 13.7 Not visible®

# Tt is not surprising that the n—n* shake-up satellite cannot be seen in
our experiments since it is likely that in comparison to PHEMA,
aromatic rings are present in very low amounts in the polymer film.
Therefore, Cls spectra are displayed with a maximum binding energy
of 292 eV

GF-TiO, spectrum than for the untreated nanoparticles.
This is due to the presence of those characteristic groups in
the grafted polymer which confirms the grafting of PHE-
MA on TiO, nanoparticles. The N1s core level in untreated
and grafted TiO, nanoparticles was probed (Fig. 5) and
revealed that both nanoparticles contain nitrogen. How-
ever, the two spectra are clearly different. In the pristine

@ Springer
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Fig. 5 Typical XPS Nls core level spectrum of a untreated TiO,
nanoparticles and b PHEMA-grafted TiO, nanoparticles (GF-TiO;)

nanoparticles, the two peaks at 399.6 and 400.6 eV are
assigned to surface contamination. In the GF-TiO,, the first
peak at 399.7 eV is assigned to NH,, the second peak at
400.5 eV corresponds to nitrogen—nitrogen double bonds
(azo groups N=N) while the third peak at 401.6 eV is
attributed to NH;™ as widely described and discussed in the
literature [48, 50-53]. Finally, the peak observed at a
higher binding energy (405.9 eV) on the GF-TiO, spec-
trum is assigned to nitro groups (—NO,). That latter peak
demonstrates clearly the presence of the nitrobenzene
moieties in the organic shell grafted onto TiO, nanoparti-
cles and thus confirms the mechanism proposed in Fig. 1.
The observed XPS carbon—nitrogen ratio, i.e., (C=0)/
(NOZ)l [24], allows us to estimate a grafted PHEMA
degree of polymerization (DP) of 38 =+ 20 units.

! The value of the DP is certainly overestimated. Indeed, nitrogen
contamination is present in the pristine nanoparticles. Therefore, it is
impossible to take into account the NH, groups usually observed in
the Graftfast film synthesized with NBD likely to derive from the
degradation of the NO, groups due to exposure to X-ray irradiation
during the XPS analysis [27].
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Fig. 6 TGA curve of pristine and PHEMA-grafted (GF-TiO,) TiO,
nanoparticles

Thermogravimetric analysis was used to estimate the
amount of polymer on the TiO, nanoparticles surface.
Figure 6 shows that the polymer starts to decompose at
250 °C and is completely decomposed at around 500 °C.
The data are only given from 200 °C since at lower tem-
peratures the weight of the sample fluctuates. Indeed, these
variations, always reported when using this TGA appara-
tus, come from the introduction of the argon flow in the
system which leads to buoyancy on the sample and occur
until equilibrium is established. The observed weight loss
from 200 to 500 °C indicates that the grafted polymer
represents 4.06 wt% of the GF-TiO, nanoparticles total
weight. From this result, the number of repeating structural
units composing PHEMA on the surface of TiO, nano-
particles can be estimated. Disregarding nitrophenyl
moieties composing the coating, assuming that TiO, nano-
particles are individual, that the weight loss can entirely be
attributed to the degradation of the polymer and consider-
ing that TiO, nanoparticles have a density of 3.9 g/cm®, we
calculate that the TiO, nanoparticles are covered by 1.53 +
0.38 units/nm? in average. However, in this calculation, we

did not take into account the aggregation of the nanopar-
ticles which could provide a higher value. Therefore, TGA
gives an average coverage ratio of 1-2 HEMA units per
nm?”. This result is in agreement with the low grafting
density of polymer chains already indicated by XPS from
the attenuation (but not complete extinction) of the Ti2p
signal in the survey scans (Fig. 3) of grafted nanoparticles
as well as the estimated polymer length of 38 + 20 units.
Besides, combined together, those two estimations indicate
that the polymer chains are not grafted at full surface
density on the nanoparticle (a grafted polymer chain every
5 nm).

Finally, we tried to observe the grafted polymer around
the nanoparticles by TEM. The comparison between the
untreated P25 TiO, nanoparticles (Fig. 7a) and the corre-
sponding grafted nanoparticles (Fig. 7b) can neither dem-
onstrate the presence of the polymer grafting around the
nanoparticles nor lead to a conclusion on the effect of the
grafting on their dispersion. Thus, we decided to negatively
stain the TEM grid containing the PHEMA-grafted P25
TiO, nanoparticles to enhance electron contrast between
the polymer and the nanoparticles. The result of the
staining is shown in Fig. 7c. The dark gray areas corre-
spond to the polymer which coats the nanoparticles.
Therefore, these TEM pictures demonstrate that the poly-
mer has been successfully grafted onto the TiO, nanopar-
ticles. It also shows that the morphology of the
nanoparticles remains relatively unchanged after grafting.

Conclusions

This study is the first study on the polymer grafting of TiO,
nanoparticles by a “green process” based on diazonium
salts initiating radical polymerization. The advantages of
that method have been demonstrated and lie in a simple
setting up and a reaction under non-drastic conditions
(short one-step reaction occurring at atmospheric pressure,
ambient air, and room temperature). In this preliminary

Fig. 7 TEM images of a untreated P25 TiO, nanoparticles, b PHEMA-grafted P25 TiO, nanoparticles, and ¢ PHEMA-grafted P25 TiO,

nanoparticles negatively stained with uranyl acetate
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study, we demonstrated the efficiency of the grafting on
laser pyrolysis synthesized TiO,. TEM images revealed the
presence of polymer coated onto the nanoparticles while
keeping their morphology. IR-ATR and XPS analyses
confirmed the presence but above all the nature of the
polymer grafted (PHEMA). XPS also enabled to validate
the mechanism involved in the grafting process. Finally,
TGA allowed us to estimate the quantity of polymer onto
the nanoparticles. Additional study is planned in order to
obtain a thicker or more compact grafting of the polymer
by adjusting the synthesis parameters. Finally, we strongly
believe that this very simple grafting process can be
adapted and applied to prepare different types of grafted
TiO, nanoparticles by changing the diazonium salt and/or
the vinylic monomer. Therefore, this surface modification
process opens the way for a large number of applications
requiring not only polymer-grafted TiO, nanoparticles but
also other types of polymer-coated nanoparticles.
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