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ABSTRACT: A functional monomer with a pendant azide moiety, 6-azidohexyl methacrylate (AHMA), was
polymerized on the surface of silica nanoparticles via surface-initiated reversible addition-fragmentation chain
transfer (RAFT) polymerization with considerable control over the molecular weight and molecular weight
distribution. The kinetics of AHMA polymerization mediated by 4-cyanopentanoic acid dithiobenzoate (CPDB)
anchored nanoparticles was investigated and compared with that of AHMA polymerization mediated by free
CPDB under similar conditions. The subsequent postfunctionalizations of PAHMA-grafted nanoparticles were
demonstrated by reacting with various functional alkynes via click reactions. Kinetic studies showed that the
reaction of surface-grafted PAHMA with phenylacetylene surface-grafted PAHMA was much faster than that of
free PAHMA with phenylacetylene, whereas in the case of high molecular weight alkynes surface-grafted PAHMA
showed lower reaction rates as compared to free PAHMA.

Introduction

Reversible addition-fragmentation chain transfer (RAFT)
polymerization, a recently developed controlled radical polym-
erization (CRP) technique, has been widely used to prepare
polymer materials with predetermined molecular weights, nar-
row polydispersities, and advanced architectures.1-4 RAFT
polymerization is performed under mild conditions, is applicable
to a wide range of monomers and does not require a catalyst.
Because of these advantages, RAFT polymerization has emerged
as one of the most versatile CRP techniques. Recently, the
copper-catalyzed Huisgen dipolar cycloadditions, also termed
“click reactions”, has drawn a great deal of attention due to
their high efficiency, technical simplicity, and high specific-
ity.5-7 Combining click reactions with RAFT polymerization
creates a versatile postfunctionalization strategy to prepare
highly functionalized polymers. Generally, this postfunctional-
ization strategy is utilized in two approaches to prepare end-
functionalized and side-functionalized polymers. In the first
approach, a RAFT agent containing azide or alkyne moiety is
prepared and used to mediate the polymerization of various
monomers. The resulting polymers contain terminal alkynyl or
azido functionalities, which can be used in click reactions with
functional azides or alkynes, respectively. Using this approach,
Gondi et al. synthesized functional telechelic polymers.8 Queme-
ner et al. synthesized block copolymers by cojoining azide and
alkyne end-functionalized polymer pairs.9 In the other approach,
a polymer with pendant alknyl or azido groups is first
synthesized by RAFT polymerization, which is subsequently
side-functionalized via click reactions. O’Reilly et al. reported
the synthesis of block copolymers incorporating alkyne func-
tionality in the hydrophobic block using RAFT polymerization.10

These alkyne-functionalized block polymers were used to
prepare shell-cross-linked micelles which could be functional-
ized with azides. Quemener et al. synthesized a comb polymer
via RAFT polymerization of a protected alkyne and subsequent
click functionalization.11 In our recent work, we reported the
direct polymerization of 2-azidoethyl methacrylate by the RAFT

polymerization, and the resulting side functionalization of the
azide polymer via click reactions with high efficiency.12

Surface modification of nanoparticles with synthetic polymers
is of great interest due to their potential application in optics,
electronics, and engineering.13-15 The recent development of
the RAFT polymerization technique has proved to be a versatile
tool to modify the nanoparticle surfaces with a variety of
functional polymers.16 Among various approaches based on the
RAFT technique, surface-initiated RAFT polymerization is
arguably the most promising one due to its ability to precisely
control the structure of the grafted polymer chains with a low-
to-high range of graft densities. Generally, there are two routes
to utilize surface-initiated RAFT polymerization to prepare
surface-grafted polymer chains including using (1) a surface-
anchored initiator with free RAFT agent in solution and (2) a
surface-anchored RAFT agent with appropriate initiation method.
Tsujii et al.17 reported the first application of surface-initiated
RAFT polymerization in the modification of silica particles using
a surface-anchored RAFT agent. Baum and Brittain18 utilized
RAFT to graft polystyrene (PS) and poly(methyl methacrylate)
(PMMA) from silica particles using a surface-anchored azo
initiator. Since these pioneering works, the surface-initiated
RAFT technique has been utilized in the surface modification
of various nanoparticles with a wide range of polymers.19-34

In the recent works of Ranjan and Brittain,35,36 surface-initiated
RAFT polymerization was also combined with click chemistry
to modify the surface of silica nanoparticles. In their process,
an alkyne-terminated RAFT agent was immobilized onto azide-
functionalized silica nanoparticles with high efficiency via click
reactions. Using these surface-anchored RAFT agents, high-
density polymer brushes could be synthesized on silica nano-
particles.

In an effort to further expand the versatility of surface-initiated
RAFT polymerization toward the surface modification of
nanoparticles, herein we report a postfunctionalization approach
of combining surface-initiated RAFT polymerization and click
reactions for nanoparticle functionalization. A functional mono-
mer with a pendent azido group was polymerized on the silica
nanoparticle surfaces via surface-initiated RAFT polymerization.
The resulting polymer-grafted nanoparticles have a large number
of reactive azido groups on them, which can be referred to as
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“massively reactive nanoparticles”. The subsequent postfunc-
tionalizations were demonstrated by reacting with various
functional alkynes.

Experimental Section

Materials. Unless otherwise specified, all chemicals were
purchased from Acros and used as received. 4-Cyanopentanoic acid
dithiobenzoate (CPDB) anchored silica nanoparticles, prop-2-ynyl
4-cyano-4-(phenylcarbonothioylthio)pentanoate, and 4-(4-(pheny-
lamino)phenylamino)phenol were prepared according to the
literature.27,37,38 2,2′-Azobis(4-methoxy-2,4-dimethylvaleronitrile)
(V-70) was purchased from Wako and used as received.

Instrumentation. NMR spectra were recorded on a Varian 500
spectrometer using d8-THF as solvent. Molecular weights and
molecular weight distributions were determined using a Waters gel-
permeation chromatograph equipped with a 515 HPLC pump, a
2410 refractive index detector, and three Styragel columns (HR1,
HR3, HR4 in the effective molecular weight range of 100-5000,
500-30 000, and 5000-500 000, respectively) with THF as eluent
at 30 °C and a flow rate of 1.0 mL/min. The GPC system was
calibrated with poly(methyl methacrylate) and polystyrene standards
obtained from Polymer Laboratories. Powder conductivity measure-
ment was performed in a custom-built guarded cell, which has
electrode size of 1.4 cm in diameter. The cell was connected to a
Keithley 6485 picoammeter and a Bertan 225 voltage source during
measurement.

Synthesis of 1-Azido-6-hydroxyhexane. To a 250 mL round-
bottom flask was added 1-chloro-6-hydroxyhexane (13.65 g, 0.1
mol) and sodium azide (13 g, 0.2 mol) in 50 mL of water. The
mixture was stirred at 80 °C for 12 h and then cooled to room
temperature. The solution was extracted with ether (3 × 100 mL),
dried with sodium sulfate overnight, and filtered. After the removal
of the solvent under vacuum, 1-azido-6-hydroxyhexane was
obtained as a colorless liquid (yield: 12.9 g, 90%). 1H NMR (500
MHz, CDCl3): δ (ppm) 1.4 (m, 4H, CH2), 1.53-1.62 (m, 4H, CH2),
3.26 (t, 2H, CH2N3), 3.64 (t, 2H, CH2O).

Caution: special care should be taken to minimize the possible
explosion in the preparation and handling of the azide compound.

Synthesis of 6-Azidohexyl Methacrylate (AHMA). To a 500
mL round-bottom flask, a solution of 1-azido-6-hydroxyhexane
(14.3 g, 100 mmol), methacrylic acid (7.74 g, 90 mmol), and
4-(dimethylamino)pyridine (DMAP) (3.67 g, 30 mmol) in 100 mL
of methylene chloride was cooled to 0 °C. Dicyclohexylcarbodi-
imide (DCC) (20.63 g, 100 mmol) was dissolved in 50 mL of
methylene chloride and added slowly to the solution. The resulting
mixture was warmed to room temperature and stirred overnight.
The precipitate was removed by filtration. After removal of solvent
and silica gel column chromatography (10:1 mixture of hexane and
ethyl acetate), the product was obtained as a colorless liquid (yield:
16.1 g, 85%). 1H NMR (500 MHz, CDCl3): δ (ppm) 1.41 (m, 4H,
CH2), 1.59-1.72 (m, 4H, CH2), 1.95 (s, 3H, CH3C), 3.26 (t, 2H,
CH2N3), 4.15 (t, 2H, CH2O), 5.55 (s, 1H, )CH), 6.1 (s, 1H, )CH).
13C NMR (500 MHz, CDCl3): 18.79, 26.07, 26.85, 28.96, 29.21,
51.8, 64.98, 125.71, 136.8, 167.9. IR (NaCl disk): 1720 cm-1

(CdO) and 2100 cm-1 (N3).

Graft Polymerization of AHMA from CPDB Anchored
Silica Nanoparticles. A solution of AHMA (0.5 g), CPDB anchored
silica (0.15 g, 28 µmol/g), V-70 (0.45 µmol), and THF (3 mL)
was prepared in a dried Schlenk tube. The mixture was degassed
by three freeze-pump-thaw cycles, backfilled with nitrogen, and
then placed in an oil bath at 30 °C for various intervals. The
polymerization was quenched in ice water. A small amount of
polymerization solution was withdrawn to measure monomer
conversion by NMR. The polymer solution was precipitated into
methanol, filtered, and dried under vacuum. A monomer conversion
of 5% was reached after 6 h. The cleaved PAHMA had a number-
average molecular weight of 7600 and a PDI of 1.2.

Monomer conversion for AHMA was calculated based on the
following equation:

where I0.6-1 is the integrated area of the signal for the methyl protons
of the polymer and I5.4-5.5 is the integrated area of the signal for
one of the olefinic protons of the monomer.

Synthesis of SiO2-graft-(PAHMA-block-PMMA). A solution
of SiO2-graft-PAHMA (Mn(cleaved PAHMA) ) 7600, PDI ) 1.2) (100
mg), methyl methacrylate (0.5 mL, 2 mmol), V-70 (0.225 µmol),
and THF (1 mL) was prepared in a dried Schlenk tube. The
mixture was degassed by three freeze-pump-thaw cycles,
backfilled with nitrogen, and then placed in a 30 °C oil bath.
After 4 h, the polymerization solution was quenched in ice water
and poured into an aluminum boat. The solvent and monomer
were removed by evaporation in a fume hood overnight and then
2 days under vacuum to determine monomer conversion by
gravimetric analysis, and molecular weight characteristics were
analyzed by GPC after cleavage from the silica nanoparticles
(conversion ) 15%, Mn(cleaved PAHMA-b-PMMA) ) 24 000, PDI )
1.24).

Cleavage of Grafted PAHMA from Silica Nanoparticles.
PAHMA (20 mg) grafted silica nanoparticles were dissolved in THF
(4 mL). HF (0.5 mL, 49% in aq) and phase transfer agent Aliquat
336 (20 mg) were added, and the solution was allowed to stir at
room temperature overnight. The solution was poured into a PTFE
Petri dish and allowed to stand in a fume hood overnight to
evaporate the volatiles. The recovered PAHMA was dissolved in
THF, passed through neutral alumina, and then subjected to GPC
analysis.

Synthesis of Alkyne-Terminated Oligoaniline (ALOAN). To
a 100 mL round-bottom flask, a solution of 4-(4-(phenylamino)phe-
nylamino)phenol (2.76 g, 10 mmol) and triethylamine (10.1 g, 11
mmol) in 50 mL of methylene chloride was cooled to 0 °C.
Propargyl chloroformate (1.3 g, 11 mmol) was added slowly to
the solution. The resulting mixture was warmed to room temperature
and stirred overnight. The precipitate was removed by filtration.
After removal of solvent and silica gel column chromatography
(3:1 mixture of hexane and ethyl acetate), the product was obtained
as a gray solid (yield: 3 g, 85%); mp: 84 °C (capillary uncorrected).
1H NMR (500 MHz, DMSO-d6): δ (ppm) 3.7 (s, 1H, CH), 4.85 (s,
2H, CH2), 6.7 (t, 1H, aromatic), 6.8-7.2 (m, 12H, aromatic), 7.9
(s, 1H, NH), 8.0 (s, 1H, NH). 13C NMR (500 MHz, DMSO-d6):
56.5, 78.3, 79.6, 115.9, 116, 119.1, 120.3, 120.6, 122.4, 129.8,
136.8, 137.5, 143.3, 144, 145.5, 153.8.

Synthesis of Alkyne-Terminated Polystyrene (ALPS). A
solution of styrene (9 mL), prop-2-ynyl 4-cyano-4-(phenylcarbono-
thioylthio)pentanoate (0.3 g), and AIBN (12 mg) was prepared in
a dried Schlenk tube. The mixture was degassed by three
freeze-pump-thaw cycles, backfilled with nitrogen, and then
placed in an oil bath at 60 °C for 13 h. The polymerization solution
was quenched in ice water and precipitated into cold methanol.
The polymer was recovered by centrifugation and dried under
vacuum (Mn ) 1000, PDI ) 1.05).

Click Functionalization of PAHMA Grafted Silica Nanopar-
ticles. A mixture of PAHMA grafted silica nanoparticles (1 equiv
of -N3), alkyne (2 equiv), and N,N,N′,N′′ ,N′′ -pentamethyldiethyl-
enetriamine (PMDETA) (0.5 equiv) was dissolved in deuterated
THF. The solution was degassed by bubbling nitrogen for 5 min
and transferred to a NMR tube containing CuBr (0.5 equiv) under
a nitrogen atmosphere. The reactions were conducted at room
temperature and monitored by 1H NMR spectroscopy. After
reaction, the mixture was diluted with THF and passed through
neutral alumina to remove the copper catalyst. After concentration
by rotary evaporation, the solution was precipitated into methanol
(cyclohexane for reaction with ALPS) to remove residual alkyne.
After filtration, the product was dried under vacuum.

Results and Discussion

RAFT Polymerization. The azido-containing monomer,
AHMA, was synthesized by a two-step reaction. 1-Azido-6-

CAHMA )
I0.6-1

I0.6-1 + 3I5.4-5.5
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hydroxyhexane was first prepared by reacting 1-chloro-6-
hydroxyhexane with sodium azide. The subsequent DCC/DMAP
mediated coupling of methacrylic acid and 1-azido-6-hydroxy-
hexane gave the product in good yield under mild reaction
conditions. The CPDB anchored silica nanoparticles, NP-1 and
NP-2, were prepared according to the literature,27 which had
surface densities of 28 and 76 µmol/g. Considering the side
reactions occurring with the azido group at elevated tempera-
tures, the surface-initiated RAFT polymerization of AHMA was
conducted at the relatively low temperature of 30 °C using V-70
as a radical initiator (Scheme 1). To minimize the free polymer
in solution, a high CPDB to V-70 ratio (10) was utilized, and
the monomer conversion was also limited to less than 30%.
The surface graft polymerizations of AHMA mediated by the
CPDB anchored silica nanoparticles with two surface densities
were conducted under identical reaction conditions for com-
parison. To investigate the difference between the polymeriza-
tion behavior on the surface of nanoparticles and that in solution,
the RAFT polymerization of AHMA in solution mediated with
free CPDB was also conducted under identical reaction condi-
tions.

Figure 1 shows the GPC traces for the RAFT polymerization
of AHMA mediated with free CPDB and CPDB anchored

nanoparticles with two different surface densities. For the
polymerization of AHMA mediated by free CPDB and NP-1,
the GPC traces were observed to be narrow and unimodal over
the range of conversions investigated in this study. However,
in the case of the AHMA polymerization mediated by NP-2, a
slight high molecular weight shoulder was observed even at
very low conversion. This high molecular weight shoulder
became more distinguishable with the increase of conversion
and finally resulted in an obvious broadening of the GPC trace.
In recent work,12 we have demonstrated that the azido group
could cycloadd to methacrylate monomer during the RAFT
polymerization of the azide monomer, which leads to the
branching of polymer chains, represented by the appearance of
a high molecular weight shoulder on the GPC trace. For the
surface-initiated RAFT polymerization of AHMA mediated by
CPDB anchored nanoparticles, the polymer chains are growing
from the reactive sites on the nanoparticle surfaces. Because of
the immobilization of the polymer chains, the local concentration
of polymer chains on the nanoparticle surfaces is very high,
which results in the extremely high concentration of azido
groups near the nanoparticle surfaces. Because the grafted
polymer chains will not strongly hinder the diffusion of small-
sized monomer to the surface, AHMA monomer will have a

Scheme 1. Synthesis of PAHMA Grafted Silica Nanoparticles and Click Functionalization
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great probability to be involved in the side reaction with the
azido group on the grafted polymer chains before adding to
propagating radicals or diffusing out. This concentration effect
becomes more obvious with the increase of both the graft density
and molecular weight of the grafted polymer chains, which is
a likely reason for the appearance of high molecular weight
shoulders for the polymerization of AHMA mediated by NP-2.

The kinetic results for the RAFT polymerization of AHMA
mediated by CPDB anchored nanoparticles and free CPDB at
30 °C are shown in Figure 2a. A linear relationship between
ln(M0/Mt) (where M0 is the initial monomer concentration and
Mt is the monomer concentration at time t) and polymerization
time was observed for all three cases, indicating a constant
radical concentration during the polymerization. The polymer-
ization mediated by NP-1 was slightly faster that the polym-
erization mediated by NP-2, and a longer induction period was
also observed for the NP-2 system. This phenomenon is
consistent with the results of the styrene and butyl acrylate
surface polymerizations in the literature,19 which could be
ascribed to the “localized high RAFT agent concentration”
effect. However, compared to the polymerization mediated by
free CPDB, the polymerizations mediated by CPDB-anchored
nanoparticles were significantly faster, which cannot be ex-
plained by the “localized high RAFT agent concentration” effect.
In a previous paper,27 it was reported that the polymerization

of methyl methacrylate on the nanoparticle surfaces was much
faster that that in solution, which was speculated to be attributed
to the unique steric environment of the intermediate macro-
RAFT agent radical on the nanoparticle surfaces. Because of
the structure similarity between AHMA and methyl methacry-
late, the similar results observed for the surface polymerization
of AHMA further supports this speculation.

The controlled nature of AHMA polymerization was dem-
onstrated by the linear increase in Mn with monomer conversion
as shown in Figure 2b. It is noted that the measured molecular
weight for all three cases had a close agreement with the
theoretical molecular weight (represented by the solid line in
Figure 2b), which indicated a high efficiency of free CPDB as
well as anchored CPDB throughout the polymerization. For the
polymerization of AHMA mediated by free CPDB and NP-1,
the molecular weight distribution remained narrow (<1.2) over
the range of conversions investigated. Although well-defined
polymer chains were obtained (PDI < 1.2) at conversions <20%
in the case of NP-2, an increase in PDI (1.31) was observed at
higher conversion (25%), corresponding to the appearance of
the high molecular weight shoulder in the GPC trace.

The surface-initiated RAFT technique has particular utility
in the preparation of surface-grafted block copolymers. The
ability to form block copolymers by the chain extension is also
an excellent indication of the “living” characteristics of the
homopolymer grafted from the surface of nanoparticles. In this
work, an NP-1-graft-PAHMA (Mn(cleaved PAHMA) ) 7600, PDI
) 1.2) was first prepared with a monomer conversion of 5%.

Figure 1. GPC traces for the RAFT polymerization of AHMA
([AHMA] ) 0.7 M, [V-70] ) 1.12 × 10-4 M, 30 °C) mediated with
free CPDB and CPDB anchored nanoparticles: low density (NP-1) (28
µmol/g, 1.12 × 10-3 M); high density (NP-2) (76 µmol/g, 1.12 × 10-3

M).

Figure 2. (a) Kinetic plots and (b) dependence of the molecular weight
and polydispersity on conversion for the RAFT polymerization of
AHMA ([AHMA] ) 0.7 M, [V-70] ) 1.12 × 10-4 M, 30 °C) mediated
with free CPDB (1.12 × 10-3 M, triangle) and CPDB-anchored
nanoparticles: low density (NP-1) (28 µmol/g, 1.12 × 10-3 M, circle);
high density (NP-2) (76 µmol/g, 1.12 × 10-3 M, square). Solid line in
(b) is the theoretically calculated molecular weight.
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The isolated NP-1-graft-PAHMA was employed as macroCTA
for polymerization of MMA to produce a block copolymer, NP-
1-graft-(PAHMA-block-PMMA). The MMA conversion was
15% after 4 h at 30 °C. As shown in Figure 3, the complete
shift of the GPC trace and the low polydispersity of the cleaved
block copolymer (Mn(cleaved PAHMA-b-PMMA) ) 24 000, PDI ) 1.24)
demonstrated the controlled nature of the polymerization and
the fidelity of the end-group functionalities.

Click Functionalization. The polymer chains with pendant
azido groups can be side-functionalized with alkynes via the
highly efficient click reaction. The above-prepared PAHMA-
grafted nanoparticles have a large number of reactive azido
groups on the grafted PAHMA chains, which are excellent
precursors for attaching various functional alkynes. However,
since PAHMA chains are immobilized on the surface of
nanoparticles, the efficiency of click functionalization might be
significantly decreased due to the large steric hindrance intro-
duced by the localized high polymer chain concentration. To
compare the click efficiency of grafted PAHMA with that of
free PAHMA, three alkynes with different molecular weights,
including phenylacetylene, ALOAN, and ALPS, were selected
to be reacted with both grafted PAHMAs and free PAHMA in
THF using CuBr/PMDETA as catalyst. Figure 4 shows the 1H
NMR spectra of PAHMA and click functionalized PAHMAs.
It was observed that the signal (3.3-3.4 ppm) from -CH2N3

protons of PAHMA was shifted quantitatively downfield
(4.3-4.4 ppm) upon triazole formation, which could be
monitored over time to determine the conversion of azido
groups. The dependence of conversion on time for the reaction
of phenylacetylene with PAHMA, NP-1-graft-PAHAM, and
NP-2-graft-PAHMA is shown in Figure 5. Surprisingly, for
grafted PAHMAs more than 90% conversions were achieved
in 20 min, which was much faster than that for free PAHMA
under identical conditions. A possible reason for this unexpect-
edly high rate of reaction could be the concentration effect. For
surface grafted PAHMA, the local concentration of azido groups

near the nanoparticle surfaces is much higher than the normal
concentration of azido groups for free PAHMA in solution. Once
alkyne diffuses into the grafted PAHMA chains, it will be
consumed quickly by reacting with an azido group to form a
triazole. With the consumption of alkyne, the concentration of
azido groups decreases while the local concentration of triazoles
increases correspondingly. Because of the exceptional ability
of triazoles to bind and stabilize copper(I),39,40 the local
concentration of copper(I) catalyst increases dramatically, which
further boosts the conversion of remaining azido groups.
Therefore, these PAHMA-grafted nanoparticles can be actually
regarded as “massively reactive nanoparticles”, which can be
functionalized by trapping and reacting with alkynes with very
high efficiency. For phenylacetylene, its diffusion is not severe-
ly hindered by the grafted PAHMA chains due to the relatively
small size, which leads to the high reaction rate. To further study
the effect of the size of the alkyne on the rate of click reaction,
kinetics for the cases of two large-sized alkynes, ALOAN and
ALPS, were also investigated. As shown in Figures 5 and 6,
the reaction of ALOAN with free PAHMA was much faster
than that of phenylacetylene with free PAHMA, which may be
attributed to the higher reactivity of ALOAN. For grafted
PAHMAs, although the larger size of ALOAN compared to

Figure 3. GPC traces for NP-1-graft-PAHMA (Mn(cleaved PAHMA) ) 7600, PDI
) 1.2, solid) and NP-1-graft-(PAHMA-block-PMMA) (Mn(cleaved PAHMA-b-PMMA)

) 24 000, PDI ) 1.24, dashed).

Figure 4. 1H NMR spectra of (a) PAHMA, (b) PAHMA-click-
phenylacetylene, (c) PAHMA-click-ALOAN, and (d) PAHMA-click-
ALPS.

Figure 5. Dependence of conversion on time for the reaction of
phenylacetylene with PAHMA (Mn ) 9500, PDI ) 1.1, square), NP-
1-graft-PAHMA (Mn(cleaved PAHMA) ) 9400, PDI ) 1.16, circle), and NP-
2-graft-PAHAM (Mn(cleaved PAHMA) ) 9800, PDI ) 1.18, triangle).
Experimental conditions: [-N3] ) 0.05 M; [-N3]:[-CtCH]:[CuBr]:
[PMDETA] ) 1:2:0.5:0.5; in THF-d8 monitored by 1H NMR spec-
troscopy at room temperature.

Figure 6. Dependence of conversion on time for the reaction of
ALOAN with PAHMA (Mn ) 9500, PDI ) 1.1, square), NP-1-graft-
PAHMA (Mn(cleaved PAHMA) ) 9400, PDI ) 1.16, circle), and NP-2-graft-
PAHAM (Mn(cleaved PAHMA) ) 9800, PDI ) 1.18, triangle). Experimental
conditions: [-N3] ) 0.05 M; [-N3]:[-CtCH]:[CuBr]:[PMDETA] )
1:2:0.5:0.5; in THF-d8 monitored by 1H NMR spectroscopy at room
temperature.
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phenylacetylene might be expected to lead to the increased steric
hindrance, its higher reactivity resulted in reaction rates at the
same level as those of phenylacetylene. For the case of the bulky
ALPS, the click efficiency of grafted PAHMAs was significantly
decreased (Figure 7). At conversions <50% the rates of click
reactions for grafted PAHMAs were still comparable to that
for free PAHMA. However, significant drops of the reaction
rates for grafted PAHMAs, particularly NP-2-graft-PAHAM,
which has the highest surface graft density, were observed at
higher conversions, indicating that the steric hindrance created
by the grafted particles and molecular weight of the alkyne had
a effect on the rate of click reactions.

After the click reaction, attempts were made to cleave the
functionalized polymers from the nanoparticle surfaces by
treating with HF. However, degrafting of the polymer was
extremely difficult as the nanoparticles precipitated from THF
solution immediately after the addition of HF, which may be
attributed to the protonation of triazole rings on the grafted
polymer chains. The functionalized polymers prepared from free
PAHMAs were analyzed by GPC to examine the molecular
weight changes of the postfunctionalized polymers. As shown
in Figure 8, the molecular weight distributions of the function-
alized polymers after the click functionalization remained very
low (<1.2), indicating the high fidelity of click reaction. No
obvious shift of the GPC trace was observed upon the click
functionalization of PAHMA with phenylacetylene, which is
similar to the result reported in a previous paper10 for the click
functionalization of PAZMA with phenylacetylene. For PAHMA-
click-ALOAN and PAHMA-click-ALPS, their apparent molec-
ular weights were higher than those of the PHEMA precursors

but still much lower than the theoretical values, which could
be ascribed to the changes in the hydrodynamic volume of the
polymer chains in solution upon functionalization.

One of the primary advantages of the postfunctionalization
strategy is the ability to prepare novel functional polymers by
incorporating functionality that is incompatible with the po-
lymerization conditions. For example, it is known that interesting
electrical and electrochemical properties can be introduced by
incorporating conjugated aniline oligomers into polymer struc-
tures.41 However, direct free radical polymerization of monomer
containing oligoaniline moieties is difficult due to the radical-
inhibiting ability of the diphenylamine unit. To demonstrate the
benefits of the high efficiency and fidelity of click reaction, the
side chains of PAHMA grafted on the nanoparticle surfaces were
completely functionalized by reacting with an alkyne containing
oligoaniline, ALOAN, giving ALOAN-functionalized nanopar-
ticles with well-defined structure. Figure 9 shows the UV-vis
spectra of the resulting ALOAN-functionalized nanoparticles
recorded in DMF solution. It was observed that the ALOAN-
functionalized nanoparticles showed redox properties which
were similar to those of the oligomeric aniline.42 In the reduced
state the functionalized nanoparticles exhibited a single strong
absorption at 310 nm of the UV-vis spectrum, ascribed to the
π-π* transition in the benzenoid ring of attached oligoaniline
side chains. After oxidizing the nanoparticle solution by
bubbling oxygen, a sharp peak at 308 nm and a broad peak at
450-650 nm were observed. The broad peak was attributed to
the benzenoid to quinoid excitonic transition. When the oxidized
nanoparticle solution was doped with sulfuric acid, three peaks
were displayed in the UV-vis spectrum at 308, 400, and 750
nm, and the nanoparticles remained in solution. The protonation
of the oxidized oligoaniline units on the nanoparticle surfaces
caused the low wavelength absorption to split. The high
wavelength absorption red-shifted and extended toward the near-
IR region. The electrical conductivity of ALOAN-functionalized
nanoparticles was also measured. The powdered sample were
first doped with iodine vapor for 1 week and then pressed into
a pellet. The measurement of conductivity was performed at
room temperature in a laboratory atmosphere. The conductivity
of ALOAN-functionalized NP-2-graft-PAHAM (Mn(cleaved PAHMA)

) 18 800, PDI ) 1.18) was measured to be 1 × 10-5 S/cm,
which is in the semiconducting range.

Conclusions

A postfunctionalization approach of combining surface-
initiated RAFT polymerization and click reactions to modify
the surface of nanoparticles was demonstrated. A functional
monomer with a pendant “clickable” moiety, 2-azidoethyl

Figure 7. Dependence of conversion on time for the reaction of ALPS
(Mn ) 1000, PDI ) 1.06) with PAHMA (Mn ) 9500, PDI ) 1.1,
square), NP-1-graft-PAHMA (Mn(cleaved PAHMA) ) 9400, PDI ) 1.16,
circle), and NP-2-graft-PAHAM (Mn(cleaved PAHMA) ) 9800, PDI ) 1.18,
triangle). Experimental conditions: [-N3] ) 0.05 M; [-N3]:[-CtCH]:
[CuBr]:[PMDETA] ) 1:2:0.5:0.5; in THF-d8 monitored by 1H NMR
spectroscopy at room temperature.

Figure 8. GPC traces of (a) PAHMA (Mn ) 9500, Mn,theor ) 8500,
PDI ) 1.1, solid), (b) PAHMA-click-phenylacetylene (Mn ) 9400,
Mn,theor ) 13 100, PDI ) 1.11, dash), (c) PAHMA-click-ALOAN (Mn

) 14500, Mn,theor ) 24 600, PDI ) 1.12, dot), and (d) PAHMA-click-
ALPS (Mn ) 20 400, Mn,theor ) 53 500, PDI ) 1.18, dash-dot).

Figure 9. UV-vis spectra of ALOAN-functionalized NP-2-graft-
PAHAM (Mn(cleaved PAHMA) ) 18 800, PDI ) 1.18) in DMF solution:
(a) reduced, (b) oxidized, and (c) doped with sulfuric acid.
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methacrylate (AHMA), was first polymerized on the nanopar-
ticle surfaces via surface-initiated RAFT polymerization with
considerable control over the molecular weight and molecular
weight distribution. The rate of AHMA polymerization mediated
by CPDB anchored nanoparticles was much higher than that of
AHMA polymerization mediated by free CPDB under similar
conditions. In the case of AHMA polymerization mediated by
CPDB anchored nanoparticles with high surface density, a
broadening of the molecular weight distribution was observed
at high conversions, indicating that the involvement of the side-
chain azido groups in side reactions could be enhanced by the
increased density of PAHMA chains on the nanoparticle surface.
Retention of the end-group functionality of the grafted PAHMA
homopolymer was confirmed by chain extension with methyl
methacrylate to yield a narrow-polydispersity diblock copoly-
mer. The subsequent postfunctionalizations of PAHMA-grafted
nanoparticles were demonstrated by reacting with various
functional alkynes via click reactions. Kinetic studies showed
that the reaction of surface-grafted PAHMA with phenylacety-
lene surface-grafted PAHMA was much faster than that of free
PAHMA with phenylacetylene, which was attributed to the
localized concentration effect, whereas in the case of high
molecular weight alkynes surface-grafted PAHMA showed
lower reaction rates as compared to free PAHMA, which was
attributed to the large steric hindrance. This strategy of
combining surface-initiated RAFT polymerization with click
chemistry provides a promising way to modify the nanoparticle
surfaces with a wide range of functional polymers, particularly
when the pendant moiety may interfere with the polymerization
reaction.
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