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Abstract

We report a simple and versatile method for grafting polymers on nanoparticles. A procedure was
developed for the synthesis and subsequent functionalization of silica nanoparticles with a
perfluorophenylazide. Polymers were then grafted by the photochemically induced insertion
reactions of the perfluorophenylnitrene. Polystyrene, poly(4-vinylpyridine), and poly(2-ethyl-2-
oxazoline) were successfully grafted on silica nanoparticles. Grafting density was studied with
regard to polymer concentration and molecular weight.

Introduction

Synthesis of core—shell nanohybrids, consisting of an inorganic nanoparticle core and a
polymer shell, is a topic of great interest. Surface coatings such as polymers markedly
influence particle behavior and spatial distribution.! Properties including solubility,
dispersibility, corrosion resistance, biocompatibility, and mechanical stability can be
conveniently altered by applying surface coatings to nanoparticles. Furthermore, the
synergistic interactions enable hybrid nanomaterials to display properties that are not
apparent in the constituent materials alone. These nanoparticles have already demonstrated
potentials in a wide range of applications including sensors, drug delivery, biomedical
devices, optics, electronics, and catalysis.2™

A number of methods have been employed for coating nanoparticles with polymers. In
traditional colloidal chemistry, polymers are often coated on nanoparticles by physisorption,
thus providing a passivation layer preventing the nanoparticles from aggregation or
degradation.® A popular deposition procedure employs polyelectrolytes as the coating
materials, which relies on the Coulombic attraction between charged nanoparticles and the
oppositely charged polyelectrolyte polymer.11-14 After the first layer is coated, additional
layers can be deposited by using polyelectrolytes of opposite charges, and therefore the
thickness of the coating can be controlled by the number of polyelectrolyte layers used in the
deposition. However this approach is limited to polymers that are available in the
polyelectrolyte form. More frequently, polymers are attached to nanoparticle surfaces
through covalent linkages. The strong covalent bonds often yield markedly improved
properties and enhanced performance for the resulting materials. Covalent immobilization
generally falls into one of the two categories, the first of which is the graft-from approach
where the polymer is produced in situ by way of chain growth polymerization or surface-
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initiated polymerization. A common practice is to immobilize a polymerization initiator on
nanoparticles and subsequently grow polymer chains from the surface by the addition of
monomers.1>-22 Surface-bound polymers prepared by the graft-from technique have a higher
grafting density, forming the so-called polymer brushes. A strong driving force for the brush
conformation is the covalent bond formation that compensates for the entropy loss resulting
from the polymer chains stretching away from the surface. The second covalent attachment
method is the graft-to approach that employs polymers having functional groups that can
react with the surface functionalities on the nanoparticles. Frequently the polymers are end-
functionalized and are chemisorbed onto the substrate by coupling, for example, thiols/
dilfides to metallic surfaces such as gold or silver, silanes to silicon oxide, or phosphates to
titanium oxide surfaces,10:19.23-26

Herein we report a general approach to the covalent attachment of polymers to
nanoparticles. This approach relies on the photochemistry of perfluorophenylazides
(PFPAS). Irradiation of PFPAS generates highly reactive singlet perfluorophenylnitrenes that
can subsequently undergo C-H, N-H insertion and C=C addition reactions with the
neighboring molecules (Scheme 1).2728 The functional group R serves as the anchoring
point to the nanoparticle, whereas the azido groups form covalent bonds to the polymer upon
UV activation. The functionalized PFPA therefore acts as a coupling agent attaching
polymers to nanoparticles surfaces. The F atoms on the phenyl group increase the lifetime of
the perfluorophenyl nitrene that subsequently undergoes insertion reactions.2® Without F,
the photogenerated singlet nitrene quickly rearranges to the corresponding seven-membered
ketenimine, which reacts with amines to give azepinamines, or produces polymer tars in the
absence of a nucleophile. This immobilization technique can be considered as a graft-to
approach, although it differs from the conventional protocol that the polymer is attached to
the substrate by insertion reactions that would unlikely occur at the chain ends because of
the low statistical probability. A more likely scenario is the bonding of the polymer via the
train segments of the polymer. An advantage of this technique is the possibility to
immobilize a wide variety of molecules because no special functional groups are necessary
for the attachment. In addition, the R group can be selected depending on the chemical
composition of the nanoparticle. This approach is therefore general with respect to both the
molecule to be attached and the type of the nanoparticle material.

Experimental Section

Materials

3-Aminopropyltrimethoxysilane (United Chemical Technologies, Bristol, PA), methyl
pentafluorobenzoate (99%, Aldrich), sodium azide (99%, Aldrich),
dicyclohexylcarbodiimide (99%, Aldrich), n-octadecyltrimethoxysilane (Gelest, Morrisville,
PA), tetraethyl orthosilicate (99%, Aldrich), ammonium hydroxide (30%, J.T. Baker),
ethanol (200 proof, Aaper), CHCI3 and CH,C1, (Fischer) were used as received.
Polystyrene (PS, average molecular weight 280 000), poly(2-ethyl-2-oxazoline) (PEOX)
(average molecular weight 500 000, 200 000, and 50 000), and poly(4-vinyl pyridine)
(P4VP) (average molecular weight 160 000) were purchased from Aldrich and were used as
received. CDCl3 used in the NMR analysis was purchased from Cambridge Isotope
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Laboratories (Andover, MA). The 280-nm long pass optical filter was purchased from
Schott Glass Technologies, Inc. (Fullerton, CA).

Photolysis was carried out with a medium pressure Hg lamp (450 W, Hanovia). The lamp
reached its full power after an ~2 min warm up to an intensity of 5 mW/cm? as measured by
a power meter using a 365 nm sensor. IR spectra were obtained on a Perkin-Elmer Spectrum
RX 1 model 1600. The 1H NMR spectroscopy was performed on a Nicolet NT-500 MHz
FT-NMR. To prepare samples for the NMR experiments, polymer-coated nanoparticles
were first dried in an oven at 75 °C overnight, then 10.0 mg of the dry particles was
dispersed in 0.5 mL of CDCl3 in the NMR tube; particle dispersion was achieved by
sonication. All spectra were acquired at 64 scans. Scanning electron microscopy (SEM)
analysis was performed on an FEI Siron XL30 SEM. Samples were prepared by placing a
drop of the nanoparticle suspension onto a silica wafer and letting the solvent evaporate.
Thermogravimetric analysis (TGA) was carried out on a Mettler Toledo thermogravimetric
analyzer, Model TGA/SDTA8518. The samples were prepared by centrifugation and
removal of the supernatant followed by drying for several days in an oven at 80 °C. TGA
experiments were carried out by heating the sample in air to 1000 °C at a rate of 10 °C/min.
Elemental analyses were performed by Quantitative Technologies, Inc. (Whitehouse, NJ).

Synthesis of Silica Nanoparticles

Silica particles were synthesized following the Stéber procedure.3? TEOS (2.8 mL) was
added to 200 proof EtOH (34 mL) followed by the addition of NH4OH (2.8 mL). The
reaction was allowed to proceed at room temperature for at least 8 h with vigorous stirring.
This recipe resulted in a suspension that was 2.7% solids by weight as determined by
gravimetric analysis. The particle diameters were determined using SEM by measuring the
diameters of ~100 particles at random and taking the average.

Functionalization of Silica Nanoparticles

PFPA-silane was synthesized following a previously reported procedure.3! Briefly, a
solution of N-succinimidyl 4-azidotetrafluorobenzoate, 3-aminopropyltimethoxysilane in
CH,Cl, was stirred in argon at room temperature for 5 h. The product was purified by
column chromatography on silica gel using 1:3 v/v CHCls/hexane containing 2% methanol.
To functionalize silica nanoparticles, a 3.5-fold excess of PFPA-silane, (110.0 mg, 0.277
mmol), or, in the case of the control, octadecyltrimethoxysilane (104.0 mg, 0.277 mmol),
was added directly to the Stéber solution, and the mixture was stirred at room temperature
overnight. The stoichiometry was calculated from the total surface area of the nanoparticles
assuming PFPA-silane reacts with the surface silanol group, and each silanol group
occupies a surface area of 0.6 nm?2.32 The next day the mixture was brought to reflux while
continuing stirring for 1 h at ~78 °C to facilitate covalent bonding of the silane to the silica.
Functionalized silica nanoparticle suspension (9.0 mL) was centrifuged (10 min, 10 000
rpm) and was redispersed in the fresh solvent by sonication. This centrifugation/redispersion
procedure was repeated five times, with the first three rinses in EtOH and the last two in
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CHClIs3. After the last centrifugation, the nanoparticles were redispersed in 5 mL of CHCl3
and were transferred into a 50-mL beaker.

Attachment of Polymer to Nanoparticles

PEOX, PS, or P4VP (1.0, 0.5, or 0.25 g) was added to the suspension of PFPA-
functionalized silica nanoparticles in CHCI3 while stirring until the polymer was completely
dissolved to give either 200, 100, or 50 mg/mL polymer solution. A 280-nm optical filter
was then placed over the beaker, and the mixture was irradiated for 15 min with a medium
pressure Hg lamp while stirring was continued. The unattached polymer was removed from
the diluted solution by way of five centrifugation/redispersion cycles in CHCls.

Results and Discussion

In this article we demonstrate the successful immobilization of polymers on silica
nanoparticles using PFPA as the coupling agent. The key step is the preparation of PFPA-
functionalized nanoparticles that can be used to attach a variety of molecules and materials.
To achieve this, a simple one-pot procedure was developed for the synthesis and the
subsequent functionalization of silica nanoparticles. The widely adopted Stdber method was
employed to prepare monodisperse silica nanoparticles from Si(OEt), by way of a
hydrolysis and condensation reaction.3? The particle size was measured to be 93 + 14 nm in
diameter by SEM. These particles were not as monodisperse, which is often the case for
Stdber nanoparticles smaller than 100 nm. The size of these nanoparticles could be
conveniently controlled by adjusting the mole ratio of the reactants used in the synthesis.
The prepared nanoparticles were then functionalized in situ by subsequently adding PFPA-
silane directly into the Stdber solution, reacting at room temperature overnight followed by
refluxing for 1 h (Scheme 2). The IR spectrum of obtained nanoparticles showed the typical
absorption of the azido group at 2126 cm™2, indicating the successful functionalization of
the nanoparticles with PFPA.

Elemental analysis of the nanoparticles after surface functionalization gave 0.54% F.
Assuming that PFPA-silane has reacted with all of the available surface silanol groups (Si—
OH) on the nanoparticle, and each silanol group occupies a surface area of 0.6 nm?2,32 the
theoretical maximal amount of %F can be calculated from the following equation:

[(4772/0.6) /N,] x FW_ x 4

F:
% 4/3713 x d+ [ (4772/0.6) /N, ] x FW .,

0]

where r is the radius of the silica nanoparticles (averaged at 46.5 nm measured by SEM), Na
is the Avogadro number, d is the density of silica (2.0 g/cm3or 2.0 x 10721 g/nm3),33 FW
and FWpgpp are the formula weights of F and PFPA, respectively. The calculated value,
0.64% F, is slightly higher than the result from the elemental analysis of 0.54%. The lower
experimental value might have resulted from a lower silanization yield, incomplete
hydrolysis of ethoxy groups on TEOX thus reducing the amount of available Si-OH
groups,3* or the solvent trapped inside the nanoparticles, which would lead to increased
sample weight and thus a lower F% value. The presence of solvents or other volatile
components in the nanoparticles is supported by the TGA. Upon heating, PFPA-coated silica
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nanoparticles exhibited a weight loss of ca. 5% in the temperature range of 25-120 °C. In
fact, weight losses of a similar magnitude in this temperature range were observed for all
nanoparticle samples subsequently immobilized with polymers (Figure 1) as well as
unfunctionalized Stdber nanoparticles. The mole ratio of F to N calculated from the
elemental analysis was found to be 1.01 for the PFPA-functionalized nanoparticles (Table
1). This is in excellent agreement with the structure of PFPA-silane, further confirming the
successful attachment of PFPA on the silica nanoparticles.

Polymer immobilization was carried out by irradiating PFPA-functionalized nanoparticles
suspended in the polymer solution while stirring (Scheme 2). Chloroform was used as the
solvent because of its excellent solubilizing ability and the increased lifetime of the singlet
perfluorophenylnitrene in this solvent, which should result in an enhanced insertion/addition
reaction yield (Scheme 1).35 Excess polymer was removed by repetitive extraction of the
nanoparticles with the solvent. The presence of polymers attached to SiO, nanoparticles was
confirmed by *H NMR. Nanoparticles coated with polystyrene (Figure 2b) showed peaks
that corresponded to those of the polymer itself (Figure 2a). This immobilization procedure
was also applied to PEOX, a hydrophilic polymer, and P4VP, a basic polymer. 1H NMR
spectra confirmed that both polymers were successfully attached to the PFPA-functionalized
nanoparticles.

To establish that the polymer was indeed covalently bonded to the surface of the silica
nanoparticles rather than just physisorbed, control experiments were carried out in which the
Stdber nanoparticles were functionalized with octadecyltrimethoxysilane (ODTMS) instead
of PFPA-silane. The ODTMS-coated nanoparticles were subjected to the same procedure as
PFPA-coated nanoparticles to attach PS, PEOX, or P4VP. In all cases, the 1H NMR
spectrum of the resulting nanoparticles did not show peaks in common with the respective
polymer but instead contained only peaks corresponding to ODTMS. In another experiment,
freshly prepared Stober nanoparticles were irradiated in the presence of a solution of
polystyrene in chloroform. After the resulting nanoparticles were washed with the solvent,
no polystyrene molecules were detected in IH NMR. These results confirmed that the
surface azido groups were responsible for the successful attachment of polymers.

The amount of polymers immobilized on the nanoparticles was determined
thermogravimetrically using TGA. Figure 1 is a typical TGA graph showing the weight loss
of the polymer-functionalized nanoparticles upon heating. The weight losses in the
temperature range of 120-940 °C were considered, eliminating the contribution from the
volatile components trapped inside nanoparticles (below 120 °C).34 The weight of the
coupling agent PFPA on the nanoparticles is subtracted from the total weight loss to obtain
the weigh of the immobilized polymer only. The polymer grafting density per unit area
(mg/m?) was calculated using the following equation:

AW, — AW s (IVP/IVPFPA) 9
(W (43mr% % d)] x dr? @

where AW, is the change in the sample weight upon heating from 120 to 940 °C, AWprpAp is
the weight change of PFPA-functionalized nanoparticles at 120-940 °C, W, and Wpgpp are
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the weights of the polymer-coated and PFPA-functionalized nanoparticles at 940 °C,
respectively, d is the density of the nanoparticles, which is 2.0 g/cm3or 2.0 x 109 mg/m3,33
and r is the radius of the nanoparticles (averaged at 46.5 nm measured by SEM).

The grafting densities, in the range of several milligrams per square meter, are comparable
to those reported in the literature for polymers attached to nanoparticles by the graft-to
approach, demonstrating good coupling efficiencies under the current experimental
conditions. For the immobilization to take place, polymer molecules must be in close
proximity with the surface azido groups. In our studies, the coupling reaction was carried
out where the PFPA-functionalized nanoparticles were suspended in the polymer solution.
The immobilization was likely achieved where the polymer molecules were first adsorbed
from solution to the nanoparticle surface and were then covalently attached upon UV
activation of the azido groups. For homopolymers, the amount of polymers adsorbed
depends on several parameters including polymer concentration, solvency, and molecular
weight. Higher solution concentrations usually give increased amounts of adsorbed
polymers, thus higher grafting density. This was observed in the present studies in which the
grafting density increased with increasing polymer concentration (Figure 3). In addition,
higher grafting densities were observed for PEOX and P4VP, whereas PS gave lower values.
This could be attributed to the solvent effect where chloroform is a better solvent for PS than
for PEOX or P4VP. Generally, in the absence of strong solvent-substrate interactions, more
polymer will be adsorbed to substrates from poor solvents than from good solvents.36-38 In a
good solvent, the polymer is well solvated. The repulsion between segments of adsorbed
polymers is greater, leading to a lower amount of surface-adsorbed polymer. Polymer
adsorption generally increases in a poor or the theta solvent.

The effect of molecular weight on the polymer grafting density was investigated using PS
and PEOX of different molecular weights. For PS, the grafting density increased with
increasing molecular weight (Figure 4). Assuming that a polymer adsorption process
precedes the photochemical immobilization, this result implies that more polymers were
adsorbed on the functionalized nanoparticles as the size of the polymer increased. For
PEOX, however, the grafting density was more or less similar for all three molecular
weights (Figure 4). The result can be explained by assuming that the surface was fully
covered with PEOX molecules. In this case, a unit surface area can accommodate a smaller
number of larger polymers and a higher number of smaller polymers. The size and the
number of polymers offset each other, yielding similar amounts of polymer on the surface.

Conclusion

In summary, we have developed a simple procedure for covalently grafting polymers on
silica nanoparticles. The nanoparticles were first surface functionalized with PFPA
introducing the photoactive group and at the same time rendering them stable from
agglomeration. Polymers were then covalently attached to these nanoparticles by a
photochemically initiated insertion reaction. The advantage of the developed technique is its
simplicity and versatility. PFPA-functionalized nanoparticles can be considered as universal
functional surfaces facilitating the immobilization of a wide range of molecules and
materials regardless of their structures or molecular architecture. Especially beneficial are
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molecules that are difficult to immobilize by the conventional graft-to or graft-from
approaches as a result of a lack of functional groups or the inability to surface polymerize in
situ. This approach employs an external light-induced process that is fast, tunable, and
efficient. The protocols developed can be readily applied to other nanomaterials. We have
successfully prepared PFPA-functionalized Au and Ag nanoparticles for nanocomposites3®
and sensing.
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Figure 1.
Typical TGA graph of polymer-coated silica nanoparticles. The polymer used in this case

was P4VP immobilized at a concentration of 200 mg/mL in chloroform.
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Figure 2.
1H NMR spectra of (a) PS-coated silica nanoparticles, and (b) PS in CDCl5.
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Figure 3.
Grafting density of polymer on silica nanoparticles at various polymer concentrations. The

lines were drawn to aid the eyes.
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Figure 4.
Grafting density versus molecular weight for PS (top) and PEOX (bottom). The

immobilization was carried out by irradiating a suspension of PFPA-functionalized
nanoparticles in 100 mg/mL solution of the polymer in CHCl3. All data is the average of
three samples.
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Scheme 1. Simplified Schematic of the Photochemical Reactions of Perfluorophenylazides
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Scheme 2. Functionalization of Silica Nanoparticles with PFPA-Silane and Subsequent Polymer

Immobilization
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Table 1
Elemental Analysis of PFPA-Functionalized Silica Nanoparticles

wt% N wt% F  mole ratio F:N

0.38 0.51 1.01
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