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ABSTRACT: Covalent functionalization of azide-modified
SiO, with well-defined, alkyne-terminated poly(N-isopropyla-
crylamide) was accomplished by the Cu(I)-catalyzed [3 + 2]
Huisgen cycloaddition. The alkyne-terminated RAFT chain
transfer agent was first synthesized, and then the alkyne-
terminated thermoresponsive poly(N-isopropylacrylamide)
(PNIPAM) with different molecular weights were synthesized
by the RAFT of NIPAM monomer. The polymerization kinetics
and the evolution of number-average molecular weights (M,),
and polydispersities (M,,/M,), with monomer conversions
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were investigated. A copper(I)-catalyzed azide—alkyne cycloaddition (CuAAC) “grafting to” method was used to attach
thermoresponsive polymers onto the exterior surface of SiO, nanoparticles which produced relatively high grafting density. The
as-synthesized hybrid nanoparticles showed thermoresponsive behavior and were characterized by FTIR, XPS, TGA, DLS, and

TEM, etc.
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1. INTRODUCTION

The polymer/inorganic nanocomposites have gained great
attention in recent years as their excellent properties, such as
mechanical properties, thermal stability and flame retardance, gas
barrier properties, biodegradation, and abrasion resistance.'~* The
inorganic particles’ surface modification is a kind of typical
method to prepare polymer/inorganic hybrid materials. There
are two ways to attach the polymer chains to the surface of
inorganic particles: “grafting to” and “grafting from”®~® techni-
ques. Although the “grafting from” approach promises high graft
density, attachment of initiator groups to inorganic surfaces and
control over polymer molecular weight and architecture can be
difficult to achieve. Additionally, the widely used controlled
radical polymerizations that have been reported to occur from
inorganic surfaces may be affected by radical coupling to
substrates, potentially causing side reactions can reduce the
controllability of the polymerization process. Conversely, “Graft-
ing to” approach refers to preformed, end-functionalized poly-
mers reacting with a suitable substrate surface under appropriate
conditions to form a tethered polymer brush. The covalent bond
formed between surface and polymer chain makes the polymer
brushes robust and resistant to common chemical environmental
conditions. This method has been used often in the preparation
of polymer brushes. End-functionalized polymers with a narrow
molecular weight distribution can be synthesized by living
anionic, cationic, radical, group transfer and ring-opening me-
tathesis polymerizations. The substrate surface also can be
modified to introduce suitable functional groups by coupling
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agents or SAMs. In addition, most of the reported inorganic
surfaces grafting reactions require relatively harsh conditions,
typically involving high-temperature and long reaction time.
Such conditions may be incompatible with many of the func-
tional molecules that are desirable for grafting onto substrates.”'?

Therefore, there is a strong driving force to explore new robust
and efficient grafting approaches to tailor the properties of
inorganic materials. One potential method for achieving high
graft density while maintaining control over the polymer struc-
ture involves the application of a modular approach where
substrates bearing a controllable number of highly reactive
surface species are coupled to separately prepared, end-function-
alized polymers using an efficient (preferably quantitative)
coupling protocol. Recently, the Cu(I)-catalyzed [3 + 2]-cy-
cloaddition reactions between an azide and an alkyne, i.e., “click
reactions”, as termed by Sharpless and co-workers,'" have gained
a great deal of attention because of their high specificity and
nearly quantitative yields in the presence of many functional
groups. Because of its quantitative yield, mild reaction condi-
tions, and tolerance of a wide range of functional groups, Cu(I)-
catalyzed azide—alkyne cycloadditions (CuAACs) have been
shown to be an almost universal tool for modifying polymers,
dendrimers, rotaxanes, inorganic surfaces, colloidal nanoparticles,
and even biological entities such as cells, viruses, or proteins.">~'*
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Hence, most drawbacks of standard “grafting to” approaches
have been offset by the strong efficiency of the CuAAC process.

The combination of living/control radical polymerization and
click reaction has been a powerful strategy in the preparation of
functional hybrid materials."”** Among the available living/
control radical polymerization (CRP) techniques, the reversible
addition—fragmentation transfer (RAFT) polymerization has
been proven to be one of the more versatile CRP techniques
allowing the controlled polymerization of a wide variety of
monomers under mild reaction conditions.”’ In principle, the
polymers obtained by RAFT polymerization are end-capped by
the moieties derived from the RAFT agent. As a result, the
functional groups can be easily introduced into the chain ends of
the polymers, by ad]ustmg the structure of the RAFT agent used
in RAFT process.””*> On the other hand, in contrast to the large
number of reports using ATRP to prepare polymer grafted
substrates, there are surprisingly few reports on the application
of RAFT techniques to the synthesis of polymer grafted sub-
strates, probably because of the difficulty in covalently attaching
RAFT agent to a substrate.”*

Functional polymers are ideal building blocks for nanofabrica-
tion and engineering of surfaces because of their response in
shape and size to environmental changes. It is an attractive idea to
functionalize nanoparticles with stimuli-responsive polymers,
and the obtained materials can be used to control the release
of guest molecules under external stimuli, such as ionic strength,
pH, and temperature.”>*® Perhaps the most extensively studied
stimuli-responsive hybrid nanomaterials are those coated with
thermoresponsive poly(N-isopropylacrylamide) (PNIPAM)
brushes. PNIPAM has been well-known as a thermoresponsive
polymer, exhlbltmg alower critical solution temperature (LCST)
at ~32 °C.*” We present herein CuAAC-based grafting ap-
proaches for the versatile and eflicient functionalization of
nanoparticles. These approaches are based on tailor-made azide-
functionalized nanoparticles and alkyne-functionalized thermo-
sensitive brush precursors. We also extended the possibilities by
combining both CRP techniques and click chemistry to improve
the complexity and the density of the polymer corona, as shown
in previous work on silica nanoparticles in Scheme 1. To the best
of our knowledge, this is the first example for the synthesis SiO,-
supported organic/inorganic thermosensitive nanomaterials via
RAFT polymerization and click reaction.

2. EXPERIMENTAL SECTION

2.1. Materials. N-Isopropylacrylamide (NIPAM, 99%) was ob-
tained from Tokyo Kasei Kagyo Co. and recrystallized from n-hexane,
then dried under a vacuum. Tetrahydrofuran (THF) and 1,4-dioxane
were refluxed over sodium and distilled twice before use. Dimethylfor-
mamide (DMF) was dried by refluxing over CaH, and distilled just
before use. The nanosilica with the average diameter of 50 nm was
provided by Aladdin Reagent Co. and was kept at 120 °C in vacuum for
36 h prior to use. Sodium azide, N-(3-(dimethylamino)propyl)-N'-
ethylcarbodiimide hydrochloride (EDC - HCl), 4-(dimethylamino) pyr-
idine (DMAP), N,N’-methylenebisacrylamide (BIS), propargyl alcohol,
and (3-chloropropyl)trimethoxysilane were purchased from Aladdin
Reagent Co. with the highest purity and used as received without further
purification. Azodiisobutyronitrile (AIBN) was purchased from Aldrich
and recrystallized from ethanol. All other reagents were purchased from
commercial sources and used as received.

2.2. Instruments and Measurements. FTIR spectroscopy
patterns were performed on a Dig lab FTS 3000 instrument. Gel

Scheme 1. Schematic Illustration of the Synthesis of Hybrid
Silica Nanoparticles Coated with Thermoresponsive PNIPAM
Brushes via RAFT Polymerization and Click Chemistry
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permeation chromatography (GPC) analysis of the samples was per-
formed at a flow rate of 1.0 mL/min and 40 °C in THF by using Waters
GPCV2000 equipment. Elemental analysis (EA) of C, N and H was
performed on an Elementar vario EL. Thermogravimetric analysis
(TGA) was performed under nitrogen atmosphere at a heating rate of
10 °C/min on a Perkin-Elmer instrument TG/DTA 6300. 'H NMR
(400 MHz) spectra of the reversible addition —fragmentation technique
chain transfer agent (RAFT CTA) and polymers were recorded on a
Varian UNITY-plus 400 spectrometer using CDCIj as the solvents. The
morphologies of the polymer grafted silica nanoparticles and the
polymeric nanocapsules were characterized with a JEM-1200 EX/S
transmission electron microscope (TEM) (JEOL, Tokyo, Japan). They
were dispersed in water in an ultrasonic bath for 15 min, and then
deposited on a copper grid covered with a perforated carbon film. The
optical transmittance of aqueous solutions of hybrid nanoparticles was
acquired at a wavelength of 500 nm on a Perkin-Elmer Lamda 35
UV—visible spectrophotometer using a thermostatically controlled
cuvette. X-ray photoelectron spectra (XPS) were performed on a
PHI-5702 instrument using Mg Ka radiation with pass energy of
29.35 eV. Dynamic light scattering (DLS) measurements were con-
ducted with a Brookhaven Instruments BI-2200SM goniometer and a BI-
9000AT digital correlator at fixed angle 90°. The light source was
Spectra-physics 127 Helium—Neon laser (633 nm, power 3SmW). The
time correlation functions were analyzed with a Laplace inversion
program (CONTIN). The aqueous solution was filtered through
Millipore membranes (0.45 um pore size). At each temperature the
sample was kept for 10 min to reach equilibrium.

The surface grafting density 0 (number of chains/ nm?) was calcu-
lated using the following equation:'”

WOrg
V artich eN
<Wlmrg>l) Particle [N A
o =

MOrg SParticle

(1)

Here, W, is the weight loss percentage corresponding to the decom-
position of the organic component, Wy,o,, is the residual weight
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percentage, p is the density of bulk SiO, (2.4 g/ cm3), Vparice 18 the
volume of SiO, nanoparticle calculated from the average diameter of
Si0, (S0 nm), N, is Avogadro’s number, Mo, is the molecular weight of
the organic component, and Sp,ice. is the surface area of SiO,
nanoparticle calculated from the average diameter of SiO, (S0 nm).

The distance between grafting sites D (nm) was calculated using the
following equation:>

D = (4/07)""? 2)

2.3. Preparation of Azide-Modified SiO, (SiO,—Ns). Into a
100 mL dried round-bottom flask, 2 g of silica nanoparticles was
ultrasound dispersed in 60 mL of DMF for 30 min, and then 1 g of
3-chloropropyltrimethoxysilane was added and ultrasound was allowed
to proceed for 2 h. NaNj (2.0 g, 30.77 mmol) was then introduced into
the flask and the mixture was stirred at 40 °C for another 12 h. After the
reaction, azide-modified silica nanoparticles (SiO,—Nj3) were purified
by three centrifugation/redispersion cycles in DMF, H, 0O, and MeOH,
followed by drying in a vacaum oven at 30 °C.

2.4. Preparation of Alkyne-Terminated Chain Transfer
Agent (alkyne-CTA). The synthesis of S-1-dodecyl-S'-(,0-dimeth-
yl-a”-acetic acid)trithiocarbonate chain transfer agent (trithiocarbonate
CTA) was carried out according to a previously reported method in the
literature.>" In brief, 4.04 g of dodecanethiol (20 mmol), 10 mL of
acetone, and 0.26 g of tetrabutyl ammonium bromide (0.8 mmol) were
added into a 50 mL flask, and it was bubbled with nitrogen gas for 30 min
at 10 °C. After that, 1.68 g of 50 wt % sodium hydroxide (21 mmol)
aqueous solution was added slowly below 10 °C. After stirring for
another 15 min, a carbon disulfide solution in acetone was added
dropwise (CS,: 1.525 g, 20 mmol; acetone: 2.015 g, 34.5 mmol). Next,
the system was stirred for another 15 min, and then 3.565 g of
chloroform (30 mmol) and 8 g of 50 wt % sodium hydroxide (100
mmol) were added below 10 °C. The ice bath was removed 30 min later,
and the reaction was carried out for 12 h, and then 30 mL of distilled
water and S mL of hydrochloric acid (6.8 M) were added. After 30 min,
the system was distilled under reduced pressure to remove the volatile
solvents and there appeared some yellow precipitation, and which was
collected by filtration. Then the precipitation was dissolved into 100 mL
isopropanol under strong stirring, and the undissolved residue was
removed by filtration. After that, the filtrate was distilled under reduced
pressure to remove isopropanol, and the residue was recrystallized in
hexane and dried in vacuum for 24 h. At the end, 4.4 g of trithiocarbonate
CTA was obtained.

Alkyne-terminated ~ S-1-dodecyl-S'-(a, ~ o'-dimethyl-a”-propargyl
acetate) trithiocarbonate was synthesized by esterification of S-1-
dodecyl-S'-(0, o-dimethyl-a”-acetic acid) trithiocarbonate and pro-
pargyl alcohol. S-1-dodecyl-S'-(at, 0-dimethyl-o”-acetic acid) trithio-
carbonate (2 g, 5.5 mmol), EDC-HCI (2.12 g, 11 mmol), and DMAP
(0.067 g, 0.55 mmol) were mixed in 20 mL of dry CH,Cl,. Propargyl
alcohol (0.635 mL, 11 mmol) was added dropwise to the mixture at 0 °C,
and the transparent yellow solution was stirred at room temperature for
48 h. After the reaction, the mixture was washed with distilled water for
three times. The ester was further purified with silica column chroma-
tography (eluent: a mixture of petroleum ether and ethyl acetate with a
volume ratio of 1:1), and S-1-dodecyl-S'-(@, o’'-dimethyl-0”-propargyl
acetate) trithiocarbonate was obtained. The yield of the product is
about 84%.

2.5. Synthesis of Alkyne-Terminated Poly(N-isopropyl-
acrylamide). Polymerization of NIPAM was conducted at 70 °C
under a nitrogen atmosphere, employing alkyne-terminated trithiocar-
bonate as the reversible addition—fragmentation technique chain trans-
fer agent (RAFT CTA) and AIBN as the primary radical source.
A typical RAFT polymerization procedure was as follows. NIPAM
(12.7 g, 112 mmol), alkyne-CTA (225 mg, 0.56 mmol), 1,3,5-trioxane
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Figure 1. FTIR spectra of (a) bare SiO,, (b) azide-modified SiO,, and
(c) PNIPAM-functionalized SiO,.

(504 mg, 5.60 mmol, internal standard), AIBN (18 mg, 0.11 mmol) and
1,4-dioxane (80 mL) were sealed in a 250 mL vial equipped with a
magnetic stir bar. The solution was purged with nitrogen for 40 min, and
the reaction vial was placed in a preheated reaction block at 70 °C. The
samples were removed periodically by syringe to determine molecular
weight and polydispersity index (PDI) by gel permeation chromatog-
raphy (GPC) and monomer conversion by 'H NMR spectroscopy. The
polymerization was quenched by cooling in liquid nitrogen and exposing
the solution to air. The solution was concentrated under vacuum, and
the polymer was precipitated into cold ether. The polymer was
reprecipitated four times from THF/ether and dried under a vacuum
at room temperature for 12 h.

2.6. Synthesis of the Azide-Modified Silica Nanoparticles
with Surface-Clicked PNIPAM Chains via the Alkyne—Azide
Click Reaction. 0.200 g of azide modified silica particles and 10.0 mL
of DMF were mixed, 1.50 g of alkyne terminated PNIPAM (M, =
12200, 0.12 mmol) was added. After ultrasonic treatment for 10 min, a
solution of CuSO, (0.0019 g,0.012 mmol) in 1 mL of water and another
solution of sodium ascorbate (0.0048 g, 0.024 mmol) in 1 mL of water
were added orderly into the solution. The reaction was run for 24 h
under inert atmosphere at room temperature. After the click reaction,
the flask was exposed to air to terminate the polymerization. Nanopar-
ticles were isolated via centrifugation at 10 000 rpm and rinsed with a
solution of the sodium salt of EDTA and a water/ethanol (1/1, v/v)
mixture (to remove the copper catalyst). Finally, the particles were
placed in a Soxhlet extractor and extracted with ethanol for 18 h to
remove the unreacted PNIPAM chain, and the obtained PNIPAM-
grafted nanoparticles were dried at room temperature in a vacuum oven
for 24 h.

2.7. Etching the Silica Templates. AIBN (3 mg) and N,N’-
methylenebisacrylamide (12 mg) were added into the suspension of the
Si0,-g-PNIPAM nanoparticles (500 mg) in distilled water (30 mL) and
the mixture was stirred at room temperature for 6 h. Then, HF (4 mL,
40%) added to the solution and polymerization was further performed
for another 6 h. The solution was dialyzed against deionized water using
a dialysis membrane with a molecular weight cut off (MWCO) of 3500
Da for 2 days. Finally, water was removed by freeze-drying.

3. RESULTS AND DISCUSSION

3.1. Analysis of FTIR. FTIR was chosen because the technique
is highly sensitive and is able to examine molecules that remain
attached to the particle surface.”> As shown in Figure 1, FTIR
spectroscopy provided clear evidence for the step-by-step surface
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Figure 2. 'H NMR spectra and peak labels for (a) alkyne-CTA and (b) alkyne-PNIPAM. (All measurements were performed in CDCly solution, at

room temperature, using tetramethylsilane (TMS) as the standard.).

modification. For bare silica nanoparticles (Figure 1a), absorp-
tion peaks characteristic of tetrahedron silica structures occur at
1100 cm ™' (Si—O stretching) and 465 cm ™ L (si—0 bendlng)
We can also observe the Sl—OH bending at 942 cm ™" and the
Si—O—Si bending at 800 cm ™. The FTIR spectrum of a typical
azide-containing SiO, nanoparticle sample is shown in Figure 1b;
the sharp absorbance peak at 2100 cm ™ corresponds to the -Nj
antisymmetric stretch, whereas the peaks at 2928 and 2858 cm ™
correspond to the —C-H stretching and —CH, stretching
vibrations, respectively. This result showed that the silane
coupling agent modified SiO, nanoparticles were prepared by
the self-assembly of 3-chloropropyltrimethoxysilane from the
surfaces of SiO, nanoparticles and chloride was substituted with
an azide group by reaction with sodium azide. Finally, using a

click reaction, the azide-modified SiO, and alkyne-terminated
poly(N-isopropylacrylamide) were reacted to give the corre-
sponding PNIPAM-coated silica nanoparticles in the presence of
a CuSO,4/Na ascorbate catalyst system in DMF at room tem-
perature. This click reaction was done in the presence of excess
polymer. Chidsey and co-workers used quantitative FTIR spec-
troscopy in their detalled investigation of catalyzed click reaction
on gold electrodes.*®> Williams and co-workers recently used
FTIR spectroscopy to quantitatively assess the azide/triazole
surface coverage on particles over the course of a cycloaddition
reaction.”* As shown in Figure lc, we can clearly observe the
amide I band (1650 cm™ !, C=0 stretching) and amide II band
(1537 em ™', N—H stretchmg) The presence of two bands at
1367 and 1388 cm™ ' are associated with the deformation of two
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Table 1. Characterization of Poly(N-isopropylacrylamide)
with Alkyne-Functionalized Chain Transfer Agents from
RAFT

samples  time (min) M, heo” (g/mol) Mn_GPCb (g/mol) PDI’
S1 60 2890 3300 1.10
S2 90 5920 6100 1.13
S3 120 7630 7900 1.15
S4 150 9670 9500 1.18
Ss 180 11250 12200 1.22

“The theoretical number-average molecular weight was calculated
according to the equation, My heo = My X conv. X [M]o/[CTA], +
Mcra where M, g, is the theoretically calculated molecular weight of
the polymer, My is the molecular weight of the monomer, conv is
monomer conversion as determined by "HNMR spectroscopy, [M],
and [CTA], the concentration of the monomer and the concentration of
the RAFT agent, Mcr, is the molecular weight of the RAFT agent. ®The
number-average molecular weight (M, ) and molecular weight distribu-
tion (PDI=M,,/M,,) were measured by gel permeation chromatograph
(GPC) on PS standards.

methyl groups on isopropyl.®> At the same time, comparing to
Figure 1b, the peak at 2100 cm ™' from —Nj disappeared, which
suggested the formation of the SiO,-g-PNIPAM. The disappear-
ance of the azide stretch after the click coupling indicates that
most of the azides have been consumed during this reaction,
although the low intensity of this IR absorption makes quantita-
tion of conversion difficult.

To further confirm the covalent linkage mode and eliminate
the possibility of physical absorption of alkyne-terminated poly-
(N-isopropylacrylamide) on the silica nanoparticle surface, we
carried out a control experiment. We tried this coupling reaction
with alkyne-terminated PNIPAM and azide-modified silica par-
ticles under the same conditions, but without the click reaction
catalyst (CuSO,/Na ascorbate). The silica nanoparticles ob-
tained from this experiment showed the same FTIR spectrum
as SiO,—Nj3 except that they lacked the absorption peaks of
PNIPAM. This control confirms that the click reaction did not
occur without the addition of catalyst. Noncovalent adsorption
on the silica nanoparticle surface can thus be excluded as a
possibility.

3.2. "HNMR Analysis. A carboxyl-terminated trithiocarbonate
RAFT CTA was prepared by a previously reported one-step
procedure.®’ This CTA is readily used to obtain carboxyl
functionalized polymer. For the application of this type of
CTA in dlick chemistry, we converted the terminal carboxyl
group of CTA to an alkyne group via esterification with propargyl
alcohol. The esterification reaction was done in the presence of
EDC coupling agent and DMAP base. The 'H NMR spectrum
and peak assignments of alkyne-terminated RAFT CTA are
presented in Figure 2a. "H NMR displayed the peaks at (a)
242 and (b) 4.66 ppm, which confirmed the attachment of
propargyl group to CTA. The alkyne-terminated RAFT CTA
was used in the synthesis of PNIPAM homopolymer. Figure 2b is
the "H NMR spectrum of alkyne-terminated PNIPAM. On the
spectrum, characteristic signals of PNIPAM at (j) 3.98 and (k)
1.12 ppm representing methyne and methyl protons on isopro-
pyl groups were observed, which verified the successful synthesis
of alkyne-terminated poly(N-isopropylacrylamide) chains.

3.3. Kinetic Studies. In order to investigate the living/con-
trolled property of the RAFT polymerization of polymer chains,
the polymerization kinetic studies on the synthesis of linear
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Figure 3. (a) Dependence of In([M],/[M]) on polymerization time in
the RAFT polymerization of NIPAM. (b) Dependence of molecular
weights and molecular weight distributions on monomer conversion.
(Experimental conditions: [NIPAM],/[CTA],/[AIBN], = 200/1/0.2;
[NIPAM], = 1.4 M; in 1,4-dioxane at 70 °C. Molecular weights of the
polymers were calibrated on PS standards.).

PNIPAM were conducted. Our goal was to prepare low molec-
ular weight PNIPAM (M,, =3300—12200 g/mol) with a terminal
alkyne group. Detailed information was listed in Table 1. The
polymerization kinetic for NIPAM was shown in Figure 3. A
linear increasing in monomer conversion with time was observed
(Figure 3a), which indicated a well controlled RAFT process
by using the RAFT agent. Figure 3b showed the evolution of
the number-average molecular weight (M,,) and molecular
weight distribution (PDI) values of the obtained PNIPAM on
the conversion for the RAFT polymerization of NIPAM in
1,4-dioxane at 70 °C. The M,, gpc values of the polymers increased
linearly with monomer conversion while keeping low PDI values
(PDI < 1.22). At the same time, the experimental molecular
weights were close to their corresponding theoretical ones at low
monomer conversion.

3.4. Surface Analysis by XPS. The chemical composition of
the modified silica surfaces was determined by XPS measure-
ments (Figure 4). Figure 4a shows the XPS wide scan spectrum
of the bare silica nanoaprticles. The presence of the Cls signals
was probably associated with the adsorption of carbon dioxide
(CO,) or the presence of a trace amount of carbonaceous
contaminants on the surface of silica nanoaprticles,*® and the
signal was weak. By comparison with Figure 4a, it can be seen
that, from Figure 4b, a new signal of N1s appears, which is also
confirmed by the N1s core-level spectrum as shown in Figure 4c.
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Figure 4. XPS (a) wide scan of the bare SiO,, (b) wide scan of $iO,—Nj, (c) wide scan of PNIPAM-functionalized SiO,, (d) N1s core-level of

Si0,—N3, and (e) N1s core-level of PNIPAM-functionalized SiO,.

Compared to the XPS result of PNIPAM-grafted nanoparticles
(Figure 4c) with that of SiO,—N3, the strong peak at the binding
energy (BE) of 400.1 eV corresponding to N1s coming from the
PNIPAAm shell and a new signal (161 eV) of S2p appeared
besides the major peak at the BE of 532.8 eV ascribed to O1s and
the peak at the BE of about 285.6 eV assigned to the Cls;
moreover, the peak at the BE of 103.0 eV corresponding to Si2p
and the peak at the BE of 154.7 eV corresponding to Si2s almost
disappear (Figure 4b). The disappearance of the signals of silica
indicates that whole the surfaces of the silica were coated by the
PNIPAM with a thickness more than the detected depth (~8 nm
for the organic matrix) for the XPS technique,”” which is
consistent with the thickness from the TEM results. Figure 4d
presents high-resolution XPS spectra of the N1s region in the
SiO,—Nj surfaces, and shows two peaks at 399.8 and 403.9 eV

with an intensity ratio of 2:1, similar to other reports for azide
groups on gold™ and graphitic*® surfaces. The high- and low-BE
peaks are, respectively, assigned to the central, electron-deficient
N atom in the azide group, and to the two nearly equivalent azide
N atoms.>® After the click reaction step, the N 1-s peak at 403.9
eV disappeared; the one at 400.1 eV becomes strong (Figure 4e),
which can be taken as a clear evidence for a complete transforma-
tion of the azide group into the 1,2,3-triazole unit bound to the
propargyl-terminated PNIPAM head. These changes for CuAAC
functionalized surfaces were common to every situation
we investigated, and are also consistent with literature obser-
vations.*”*" It could be concluded that the PNIPAM chains had
been grafted from the surfaces of silica nanoparticles.

3.5. TGA and EA Analysis. Figure S showed the TGA analysis
of the bare SiO,, SiO,—Nj3, and SiO,-g-PNIPAM. The weight
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Figure 5. TGA curves obtained at a heating rate of 10 °C/min under a
nitrogen atmosphere for (a) bare SiO,, (b) azide-modified SiO,, and (c)
PNIPAM-functionalized SiO, having a polymer M, = 12200 g/mol.

loss below 200 °C, due to the physisorbed water and residual
organic solvent, was 6.6% for bare silica (Figure Sa). We observed
a weight loss of 4% (Figure Sb) for the azide-modified silica
particles in the TGA curve. And the residual mass percentage was
91%. The surface grafting density of azide groups was calculated
to be about 3.3 chains/nm” according to the eq 1. This is
consistent with the result of 3.2 groups/ nm? from the elemental
analysis. Figure Sc showed the TGA curves of the click-modified
silica particles with an azide-modified silica particles and low
molecular weight PNIPAM with a terminal alkyne group. It
showed that the weight loss percentage corresponding to the
decomposition of PNIPAM chains was 36%. And the residual
mass percentage was 57%. The surface grafting density of
polymer was found to be about 0.62 chains/nm” calculated from
eq 1, according to the TGA analysis. Using elemental analysis, the
presence of PNIPAM on the surface of silica nanoparticle was
confirmed.*" Elemental analysis results were used to calculate the
surface grafting density. We calculated that 0.64 PNIPAM chains
were present on 1 nm” surface area of silica, which corresponds to
a 141 nm distance between grafting sites according to eq 2.
There have been few reports on the modification of silica
nanoparticles by a RAFT polymer. Benicewicz and co-workers**
deposited RAFT CTA on silica nanoparticles with grafting
densities of 0.15—0.54 RAFT agents/nmz. Guo and co-
workers* immobilized a lactose-containing polymer onto silica
gel particles with grafting densities 0.035—0.178 groups/nm’.
Tenhu and co-workers** employed the “grafting to” approach to
prepare hybrid gold nanoparticles surface coated with PNIPAM
brushes with a grafting density of 2.4 chains/nm? starting from
thiol-terminated PNIPAM chains prepared via the RAFT pro-
cess. In contrast, the surface graftin§ density obtained with an
ATRP initiator was 2—5 groups/nm”.*> Comparing the grafting
density of a RAFT CTA and ATRP initiator, lower grafting
density is obtained with the RAFT CTA. This is likely due to the
attachment of a more bulky RAFT CTA onto silica using the
silanization reaction.'” The grafting density of PNIPAM indi-
cates that roughly 21% azide groups were converted during the
click reaction with the alkyne-functionalized PNIPAM. This is in
good agreement with the results of the TGA analysis (19%).
TGA and EA also confirmed the presence of grafted polymer on
the silica nanoparticle. The series of experiments in this work
use quantitative EA to elucidate the kinetic trends that govern
azide/alkyne cycloaddition on SiO, nanoparticle surfaces. The
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Figure 6. Kinetics of the click reactions of alkyne-PNIPAM to azide-
modified SiO,.
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Figure 7. Transmittance changes of PNIPAM-functionalized SiO,
aqueous solution with temperature.

respective kinetic graph depicted in Figure 6 indicates that even
at room temperature the rate of grafted polymers is relatively fast
during the click reaction, with 20% of the available azido groups
capturing substrate in less than 24 h. Saturation is essentially
observed after 48 h, most probably due to the steric demands of
the grafted polymers rendering the remaining azido groups
inaccessible for further reaction.

3.6. Turbidity Measurements. It is well-known that thermo-
responsive polymers can change their physical or chemical
properties around the lower critical solution temperature
(LCST). N-Isopropylacrylamide (NIPAM) is a water-soluble
monomer whose polymer exhibits many fascinating properties.*®
It mimics the molecular structure of amino acids,*” and its polymer
exhibits a coil-to-globule transition at 32 °C (LCST). This
property is the result of the rather complex polarity of this
molecule. Below the LCST, the amide functionality imbibes
water molecules, via hydrogen bonding, giving it both its water
solubility and surface activity. However, moving above the
transition temperature breaks these hydrogen bonds, and the
polymer expels water molecules and undergoes a coil-to-globule
transition, thereby precipitating to form particles. Owing to
the thermosensitivity, PNIPAM has been widely investigated
to fabricate thermosensitive micelles or gels for drug delivery
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Figure 8. TEM images of (a) bare SiO, nanoparticles, (b) PNIPAM-
functionalized SiO, nanoparticles, and (c) the temperature-responsive
nanocapsules.

system.**” UV—vis spectroscopy (4 = 500 nm) was used for
transmission measurements on the aqueous solution of PNIPAM
grafted hybrid silica nanoparticles with a concentration of 0.5
mg/mL. Transmission was monitored at temperature increment
0f 0.5 °C with equilibration time of 15 min. Figure 7 shows a plot
of the transmittance versus temperature. The optical transmit-
tance exhibits no changes in the range of 25—30 °C. In this
temperature range, the outer zone of PNIPAM brushes still
remain hydrophilic and the chains of polymers are extended and
swelled in an aqueous solution. Above 30 °C, PNIPAM becomes
hydrophobic and the chains of polymers are collapsed on the
SiO, core and deswelled in aqueous solution, thus transmittance
decreases abruptly from 78% to 6% in the temperature range
32—36 °C. By comparison with PNIPAM, our data for PNIPAM
brushes on the exterior surface of SiO, nanoparticles show no
sharp changes at any point throughout the transition. These
observations are consistent with theoretical predictions that, as
compared to the spherical surface, strong interchain interactions
are present in the brush grafted to the substrate surface.”® These
enhanced interactions are thought to result in a broadening of the
transition of polymer tethered on the substrate surface.>’

3.7. TEM Analysis. The TEM images of the bare SiO,
particles, the modified SiO, particles and the temperature-
responsive nanocapsules were investigated using transmission
electron microscopy to obtain information on size, shape, and
distribution (Figure 8). The bare SiO, exhibited an average
external diameter about 50 nm and showed large aggregates
(Figure 8a). As can be seen in Figure 8b, after grafted with
prepolymer based on NIPAM, the diameter of SiO,-g-PNIPAM
is larger than that of bare SiO, and SiO,-g-PNIPAM shows
spherical nanoparticles with roughened surfaces coated by poly-
mers. The temperature-responsive nanocapsules were shown in
Figure 8c, the TEM studies gave the direct evidence of the
morphology of the nanocapsules. It can be seen from Figure 8¢
that the inner diameter of the nanocapsule was about 20 nm,
which is smaller than the diameter of the primitive silica
templates. It can be concluded that PNIPAM can successfully
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Figure 9. Kinetics of the smart shell on the surface of silica nanopar-
ticles in response to change of temperature (5 x 10> mg/mL).

encapsulate grafted SiO, once SiO, particles are modified by
click reaction.

3.8. DLS Analysis. Dynamic light scattering (DLS) was
employed to characterize temperature-dependent size changes
of hybrid silica nanoparticles grafted with thermoresponsive
PNIPAM brushes in aqueous solution (Figure 9). As expected,
the diameter was decreased by the increase of temperature and
increased by the decrease of temperature, and the change in the
hydrodynamic diameters was reversible. At 24 °C, PNIPAM is
hydrophilic and soluble in water; the hydrodynamic diameter of
nanosphere is about 130 nm, and the PNIPAM chains are in a
coil state, forming a solvated, incompact nanoshell on the
exterior surface of SiO,. The hydrodynamic diameter of the
core—shell nanostructure decreased from 130 to 67 nm gradually
with temperature increased from 24 to 40 °C, which resulted
from the fact that the solubility of hydrophilic chains in water
became more and more poor with increasing solution tempera-
ture and the fact that the long PNIPAM chains collapsed toward
the surface of SiO,, forming a compact closed nanoshell around
the exterior surface of SiO,. The hydrodynamic size of SiO,-g-
PNIPAM in water based on light scattering was much bigger than
the diameter of SiO,-g-PNIPAM obtained from TEM, which
may have resulted from the fact that the PNIPAM chains and
nanoparticles were solvated in water. Moreover, further DLS
studies revealed that the swelling and collapse of PNIPAM
brushes of hybrid silica nanoparticles were fully reversible upon
cycling the solution temperature between 24 and 40 °C. In the
DLS experiments, we did not observe the aggregation of
nanoparticles at temperatures above the transition points, pre-
sumably because of the low concentrations.

4. CONCLUSIONS

In this study, we demonstrated a novel efficient postmodifica-
tion route for preparation of smart hybrid SiO, nanoparticles
with a stimuli-responsive nanoshell based on RAFT and click
chemistry. This new route allows an easy control of molecular
weight, molecular weight distributions, and architecture of
grafted polymers onto solid surfaces. We also observed that,
the grafting density of polymer chains can be easily adjusted
by changing the react time. The as-synthesized hybrid SiO,
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nanoparticles with a thermo-responsive nanoshell were deter-
mined by FTIR, XPS, TGA, TEM, DLS and UV—vis. The smart
nanoshell undergoes reversible switches between solvated, in-
compact open nanoshell and compact closed nanoshell upon
changing the temperature of the solution, and this new core—
shell nanomaterial will have potential applications in controlled
release of drug, DNA, protein, the smart catalyst, smart separa-
tion system, and preparation of smart nanoreactors.
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