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Polymer-grafted gold nanoflowers with
temperature-controlled catalytic features by
in situ particle growth and polymerizationf
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We report a convenient strategy for the synthesis of polymer-grafted gold nanoflowers by combining an
activator regenerated by electron transfer atom transfer radical polymerization (ARGET ATRP) and the
reduction of metal ions in a one-pot fashion. Poly(N-isopropylacrylamide)-coated gold nanoflowers

(PNIPAM-AuUNFs) with controllable sizes, shapes, and shell thickness are obtained and applied as
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Polymer-metal hybrid nanomaterials, particularly polymer—
gold nanocomposites, have attracted continuous attention over
the past two decades.”” The combination of chemical, optical,
and electronic characteristics of nano-sized metals with tunable
features of functional polymers has opened various promising
applications including as components in optical and electronic
devices, as well as in catalysis, sensors and biomedicine.>* It
is widely accepted that the properties of polymer-metal nano-
composites are largely determined by their composition, shape,
size, distribution, and surface structures. Therefore, substantial
efforts have been devoted to control and optimize the properties
of these nanomaterials.>®

Gold nanoflowers (AuNFs) are unique nanostructures with
large numbers of branches.”'® Owning to their coarse surfaces
consisting of many sharp tips, as well as high surface-to-volume
ratios, 3D hierarchical AuNFs have demonstrated remark-
able performances in catalysis,"""> surface-enhanced Raman
scattering,"*™*® photothermal conversion,'® and cell imaging."”
AuNFs with surface-grafted functional polymers are particularly
attractive as the polymer shell provides additional features such
as solubility and stimuli-responsiveness.'® Polymer-AuNFs can
be achieved by in situ reduction of gold ions in the presence of
polymer templates or by grafting polymer chains to or from
already formed AuNFs.'” However, these methods involve
tedious multistep fabrication and purification processes, and
there is only limited control over the structure of the metal
nanoparticles and the polymers at the surface."* Therefore, a
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temperature-controlled nanoparticle catalysts for the hydrogenation of p-nitrophenol.

facile and green route for the synthesis of multifunctional
polymer-coated AuNFs would be very attractive.

Atom transfer radical polymerization (ATRP) is a widely used
polymerization technique for the synthesis of well-defined
polymers. However, ATRP catalysts are usually sensitive to air and
other oxidants. To solve this limitation, Matyjaszewski et al. have
developed an improved technique termed activator regenerated by
electron transfer (ARGET) ATRP (Fig. 1A).*°*® Transition metal
complexes in their oxidation stable state (e.g:, CuBr,/ligand) are
used as catalyst precursors in ARGET ATRP. A reducing agent such
as ascorbic acid is continuously added to reduce the Cu" species
to the active catalyst (Cu' species). The major benefits of ARGET
ATRP are low amounts of catalysts, ease of preparation, storage,
and handling of the ATRP catalysts in air.

We report a convenient procedure for the synthesis of catalytically
active AuNFs coated by a responsive poly(N-isopropylacrylamide)
(PNIPAM) shell by combining ARGET ATRP and the reduction
of metal ions in one reaction step. The approach is based on
a protein-derived biopolymer template providing (1) distinct
numbers of amino groups able to bind chloroauric anions
and (2) many initiation sites for ARGET ATRP. Human serum
albumin (HSA) has been selected as biotemplate as it is an
important physiological transporter for various metal ions>! and
metallodrugs® in the bloodstream. In our previous work,
denatured HSA has been exploited for the stabilization of metal
colloids and nanoparticles.”**® Herein, the HSA-derived biopolymer
is equipped with ATRP initiators and combined with ascorbic acid
reducing the metal ions and activating the ATRP catalyst for
PNIPAM polymerization. In this way, PNIPAM-coated gold nano-
flowers (PNIPAM-AuNFs) of tunable sizes and shapes with excellent
stability and thermo-responsiveness have been obtained in a one-
pot reaction. Temperature-responsive PNIPAM has been used for
the first time to coat AuNFs, although some PNIPAM-Au nano-
composites are known.”* ' PNIPAM-AuNFs serve as a smart catalyst,
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Fig. 1 (A) The mechanism of ARGET ATRP. (B) Synthesis of PEG-dcHSA-Br
and its application as a substrate for preparing PNIPAM-AuNFs by one-pot
concurrent ARGET ATRP and gold reduction.

whereby the temperature-responsive PNIPAM shell controls
hydrogenation of p-nitrophenol to p-aminophenol. We believe
that the approach could be extended to other noble metal
nanoparticles and functional polymers, providing access to a
variety of multifunctional polymer-metal hybrid nanomaterials.

The synthesis of the biopolymer template is schematically
illustrated in Fig. 1B. First, the carboxylic acid groups of HSA
are converted into amino groups by applying a large excess of
ethylenediamine to afford cationized HSA (cHSA). cHSA possesses
many amino groups for the attachment of ATRP initiators and
facilitates the adsorption of higher amounts of AuCl,™ anions. To
improve protein solubility and stability, short polyethylene glycol
(PEG, M;,, ~ 2000) chains are conjugated to cHSA to afford PEG-
CcHSA with about 32 PEG chains as calculated from the matrix-
assisted laser desorption/ionization time-of-flight (MALDI-TOF)
mass spectrum (Fig. S3, ESIt). Next, PEG-cHSA is denatured in
urea-phosphate buffer using tris(2-carboxyethyl) phosphine
hydrochloride as reducing agent. N-(2-aminoethyl)maleimide
trifluoroacetate salt (MI-NH,) is added to cap the thiol groups
generated after reduction of disulfide bridges of HSA. The
resulting denatured polypeptide (PEG-dcHSA) is reacted with
2-bromoisobutanoic acid N-hydroxysuccinimide ester, which
introduces ATRP initiators with bromide end groups to the poly-
peptide backbone giving PEG-cHSA-Br in 51% yield. According
to MALDI-ToF mass spectra in Fig. S4 and S5 (ESIt), 61 initiation
sites per polypeptide backbone have been introduced.

For the preparation of the polymer-grafted AuNFs in one
reaction pot, chloroauric acid (HAuCl,) is selected as the metal
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Table 1 Synthesis of PNIPAM-AuNFs under different conditions

Entry Molar ratio of -NH,/HAuCl, T°(°C) ¢’ (h) Diameter® (nm)
1 6:1 23 2 148 £ 16

2 3:1 23 2 219 £ 21

3 1:1 23 2 179 + 88

4 3:1 40 2 61+9

5 3:1 23 1 217 £ 18

6 3:1 23 4 214 £ 21

“ Reaction temperature. ” Reaction time. ¢ Average diameter deter-
mined from TEM images using Image] software.

source and N-isopropylacrylamide (NIPAM) as monomer to
impart a thermal-responsive polymer. In a typical process, the
substrate PEG-dcHSA-Br, the monomer NIPAM, the HAuCl,
solution, and the stock solution of copper(n) bromide/tris-
(2-pyridylmethyl)Jamine (Cu"Br,/TPMA) are first dissolved in
deionized water. Oxygen is removed through three freeze-pump-
thaw cycles, and the solution is stirred at room temperature for
one hour to allow the complexation of AuCl, ™ by the amino groups
of the peptide chains. Degassed ascorbic acid solution is added via
a syringe pump at a slow speed of 0.6 uL min~ ", and the reaction
proceeds at predetermined time and temperature. Purification of
the polymer-grafted AuNFs proceeds by simple centrifugation to
remove unreacted monomers. As summarized in Table 1, six
reaction conditions have been applied to study the impact of the
—-NH,/HAuCl, molar ratio (-NH, refers to total amount of amino
groups from PEG-dcHSA-Br in the reaction solution which is
300 nmol), reaction temperature and reaction time on the sizes
and morphologies of the formed PNIPAM-AuNFs. The obtained
AuNFs were imaged by transmission electron microscopy (TEM)
and the results are shown in Fig. 2 and Fig. S6-S11 (ESIY).

As shown in Fig. 2A-D, AuNFs with rough surfaces are formed,
and the enlarged TEM images in Fig. 2 and Fig. S6-S11 (ESI{)
even capture the polymer shells surrounding the AuNFs. Next, the
impact of the -NH,/HAuCl, molar ratio on the size and shape of
PNIPAM-AuNFs is analyzed. By increasing the amount of HAuCl,
in the reaction mixture, the -NH,/HAuCl, molar ratio changes
from 6:1 (entry 1) to 3:1 (entry 2), and to 1:1 (entry 3) (Table 1,
23 °C, 2 h reaction time). The diameter of the AuNFs increased
from 148 £ 16 nm to 219 + 21 nm by varying the molar ratio
from 6:1 to 3:1. At equimolar ratio of -NH,/HAuCl, (entry 3),
irregular AuNFs with more dispersed shapes are observed
(Fig. 2C and Fig. S8, ESIT). Here, most likely, the number of
primary amines from the template is not sufficient to complex
the available AuCl, " in solution and the biopolymer is not able to
stabilize the resulting AuNFs well.

The reaction temperature also plays a crucial role for the
formation of PNIPAM-AuNFs. At -NH,/HAuCl, molar ratio of
3:1, a temperature shift from 23 °C to 40 °C results in the
formation of much smaller AuNFs with an average diameter of
only 61 &+ 9 nm (Fig. 2D-F and Fig. S9, ESIt) compared to 219 +
21 nm at 23 °C. The temperature-controlled AuNF growth is
attributed to the thermal-responsive characteristics of the PNIPAM
shell at the AuNFs surface. Below 23 °C, PNIPAM remains well
soluble in water. Therefore, gold ions and nanoclusters can
penetrate the PNIPAM shell, aggregate and form larger gold

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 2 TEM characterization of PNIPAM-AuNFs prepared under different
conditions: (A) =NH,/HAuCl, 6:1, 23 °C, 2 h; (B) —=NH,/HAuUCl, 3:1, 23 °C,
2 h; (C) =NH,/HAuUCl, 1:1, 23 °C, 2 h; (D) -NH»/HAuCl, 3:1, 40 °C, 2 h;
(E) size distribution of PNIPAM-AuNFs (entry 4); (F) the average diameters
of PNIPAM-AuNFs (entries 1-6, Table 1).

nanoparticles. However, when the temperature is increased
above the lower critical solution temperature (LCST) of PNIPAM,
i.e. to 40 °C, the PNIPAM chains collapse and form a dense
shell preventing further growth of the AuNFs. Therefore, AuNF
formation can be controlled in situ during the polymerization
process by simply adjusting the temperature.

Varying the reaction time from 1 h to 2 h and 4 h does not
affect the size and morphology of AuNFs and only a slight
impact on the thickness of the PNIPAM shell is observed as
depicted in the TEM images in Fig. S10 and S11 (ESIY). In these
experiments, a -NH,/HAuCl, molar ratio of 3:1 and a reaction
temperature of 23 °C are selected indicating that AuNF formation is
already completed within 1 h reaction time.

The thermo-responsiveness of the PNIPAM-AuNFs is studied
by dynamic light scattering (DLS). The hydrodynamic radius of
PNIPAM-AuNFs is monitored during temperature increase from
20 °C to 60 °C with 5 °C increments (Fig. 3 and Table S1, ESIT).
When the temperature is kept below 30 °C, the hydrodynamic
radius (Ry,) of PNIPAM-AuNFs remains constant within the
range of 52-60 nm. However, R, reveals a pronounced drop
to less than 30 nm when the temperature increases from 30 °C
to 35 °C. The sizes of PNIPAM-AuNFs above 30 °C correlate to
the dimensions measured by TEM as depicted in Fig. 2D. Also,
the transition temperature is consistent with the LCST of
PNIPAM (32 °C) reported in the literature.>®**** During the
experiment, the solution turns slightly turbid when the temperature
increases above the LCST, indicating the formation of some minor
aggregates of PNIPAM-AuNFs. This is probably the reason for the
size increase when the temperature rises from 40 °C to 60 °C (Fig. 3).

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 3 Hydrodynamic radius of PNIPAM-AuNFs (entry 4) determined by
DLS at increased temperature from 20 °C to 60 °C.

However, the nanohybrids can be easily re-dispersed by shaking
at room temperature and the solution becomes transparent
again.

PNIPAM-AuNFs with rough surfaces and a thermo-responsive
polymer shell could serve as smart catalysts. As a proof of concept,
the catalytic performance of PNIPAM-AuNFs is analyzed at different
temperatures for the well-known hydrogenation reaction of
p-nitrophenol to p-aminophenol.**® This reaction allows
monitoring the catalytic activity of noble metal-based nano-
materials by UV-vis spectroscopy.®”*® Fig. 4 compares the catalytic
properties of PNIPAM-AuNFs (entry 4) for the reduction of
p-nitrophenol in the presence of NaBH, at different temperatures.
At 23 °C, after PNIPAM-AuNFs have been added to the reaction
solution, the characteristic peak of p-nitrophenol decreases
gradually within 50 min reaction time (Fig. 4A). During this
process, the solution changes from yellow to colorless. As a control,
no absorption changes are observed after mixing NaBH, and
p-nitrophenol for 2 h in the absence of PNIPAM-AuNFs (Fig. S13,
ESIt). These results support that the PNIPAM-AuNFs possess

.0 0.0
300 350 400 450 500 300 350 400 450 500
Wavelength (nm) Wavelength (nm)

Casl  ,5ec
o] =408
=15

<

<10

E

0 10 20 30 40 50
Time (min)

Fig. 4 Temperature-controlled catalysis by PNIPAM-AuNFs. (A and B)
UV-vis spectra of the reaction solution for the hydrogenation of p-nitro-
phenol at 23 °C (A) and 40 °C (B). (C) Plots of In(Ag/As) at 400 nm versus
reaction time. (D) Scheme for the hydrogenation reaction catalyzed by
PNIPAM-AuNFs at different temperatures.
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catalytic activity for the hydrogenation reaction. In contrast, the
characteristic peak of p-nitrophenol only decreases slightly
within 50 min in the presence of PNIPAM-AuNFs at 40 °C
(Fig. 4B). In(4y/A,) at 400 nm is plotted against to the reaction
time for both temperatures, where A, and A, are the absorbance
at time 0 and ¢. Interestingly, an induction time (¢,) is observed
in the initial phase, which is ascribed to the diffusion time of
p-nitrophenol through the PNIPAM shell.*® After the induction
time, In(4y/4;) has a linear relationship to the reaction time,
indicating that the reduction follows first-order kinetics.** At an
extremely low gold concentration of 1.52 mg L™ " in the catalytic
reaction solution, the PNIPAM-AuNFs show an apparent rate
constant (kypp) of 1.02 x 10~° s~ " at 23 °C, which is among the
best performing nanocatalysts ever reported (see Table S2, ESIT).
In contrast, by increasing the temperature to 40 °C, a significant
drop in the rate constant down to about 10% is observed, as
indicated by a kypp of 1.04 x 10~* s7 (Fig. 4C). Obviously, the
PNIPAM shell serves as a diffusion barrier for p-nitrophenol
in the collapsed form resulting in a significant reduction in
catalytic activity (Fig. 4D). It is worthy of note that the polymer
coating could also have an adverse impact on the catalytic
performance as it acts as a physical barrier restricting the
access of p-nitrophenol to the AuNFs.*' There is potential to
further optimize the thickness of the PNIPAM coating to
increase catalytic performance while retaining high stability
and stimulus-responsiveness of the nanohybrids. In addition,
the nanocatalyst could be easily recycled by centrifugation
but then, a slight decrease of the catalytic activity is observed
(Fig. S15, ESIY).

In summary, we have reported a convenient one-pot strategy
for the preparation of PNIPAM-coated AuNF catalysts by combining
ARGET ATRP and the reduction of metal ions. The chloroauric
anion binding capacity of cationized HSA in combination with
the attached ATRP initiators provide an HSA-based macro-
initiator allowing polymer growth and nanoparticle formation
in a one-step reaction. The sizes and shapes of the resulting
AuNFs have been controlled by varying the temperature as
well as the molar ratio of the free amino groups from the
biopolymer template to the chloroauric anions. The thickness
of polymer shell has been adjusted by varying the reaction time.
More importantly, the PNIPAM-AuNFs serve as water-soluble
and temperature-responsive catalyst for the hydrogenation of
p-nitrophenol.

The in situ reduction of metal ions and ARGET ATRP has not
been combined before for the preparation of polymer-metal
nanocomposites. Compared with conventional methods that
involve nanoparticle synthesis, purification and post-modification,
in situ growth allows the convenient synthesis of polymer-coated
metal catalysts without tedious reaction and purification pro-
cedures. More significantly, smart polymers formed during the
polymerization process provide additional in situ control over
the formation of metal nanostructures, which has not been
achieved yet. We believe the novel strategy could be expanded
to construct other polymer-metal hybrid materials for various
applications such as sensing, catalysis, controlled drug delivery,
and photothermal therapy.
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