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ABSTRACT: The preparation of poly(N-isopropylacrylamide)-monolayer-protected clusters (PNIPAM-
MPC) of gold nanoparticles was carried out in a homogeneous phase using three methods, in which three
types of PNIPAM ligands were employed. The first type was comprised of PNIPAMs with narrow molar
mass distributions, synthesized by reversible addition—fragmentation chain transfer (RAFT) polymeri-
zation and thus bearing a dithiobenzoate at the chain end. These polymers were used directly to passivate
the gold nanoparticles upon the Schiffrin reaction in a one-pot synthesis. The second type of ligand was
derived from the first one through hydrazinolysis, and they therefore contained a thiol end group. The
third type of ligand was PNIPAMs obtained through conventional radical polymerization, postmodified
to contain thiol end groups. The PNIPAM-MPCs were characterized by high-resolution transmission
electron microscopy, UV—vis spectroscopy, and dynamic light scattering. The one-pot synthesis utilizing
the ligands of the first type turned out to be a simple and facile method compared with the other two
ways, with which the size of the gold nanoparticles can be easily manipulated mainly by adjusting the
molar ratios of PNIPAM/HAuUCI,. PNIPAM is a more efficient ligand to stabilize the gold nanoparticles
in water and in organic solvents than alkanethiols. The surface density of PNIPAM chains ranged from
1.8 to 2.5 chain/nm?, which is much lower than that typical for alkanethiols. The thickness of a PNIPAM
monolayer bound to the gold core is somewhat larger than the size of the random coil of the corresponding
free PNIPAM in aqueous solution, which suggests that the conformation of a PNIPAM chain bound to

the gold core is extended.

Introduction

Monolayer-protected clusters (MPC) of metal nano-
particles constitute a rapidly emerging field of chemical
research due to the very specific electronic, optoelec-
tronic, and catalytic properties of the clusters derived
from the quantum-scale dimension.1=> MPC is a core—
shell nanocomposite composed of a metal core and a
shell ranging from small organic compounds to macro-
molecules. The organic shell can be further functional-
ized in various ways. Among the metal cores, particu-
larly gold, silver and copper have been the major focus
because of their unique optical properties®’ for the
design of, for example, optoelectronic analytical de-
vices.®9 In particular, since a reliable way to prepare
gold nanoparticles passivated by alkanethiols was first
demonstrated by Schiffrin,’® much effort has been made
on the synthesis and monolayer functionalization,11-17
the control of the size and monodispersity of the gold
core, and the core structure®2° and on the properties
of MPCs?1=23 in order to develop new building blocks
for optical, electronic, and biomedical applications.

Recently, a method using thiolated polymers as
ligands to protect gold nanoparticles has been devel-
oped,?425 which shows that the thiolated polymer ligands
are more efficient than alkanethiols in preparing small
sized gold nanoparticles and stabilizing the particles in
solutions as well as in increasing their thermoresis-
tance. Importantly, the properties and potentials of
MPCs may be extended when using polymer ligands
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with different architectures to stabilize gold nanopar-
ticles. In general, two strategies, “grafting-from” and
“grafting-to”, can be utilized to prepare gold nanopar-
ticles with well-defined covalently bound polymer mono-
layers. The “grafting-from” strategy is based on the
surface-initiated polymerization, by which better uni-
formity and controlled thickness of the polymer shell
on the surface of various solids are possible to obtain if
living polymerization techniques are applied.?6=2° In the
case of gold nanoparticles, end-functionalized monolay-
ers, regarded as macroinitiators, may be used to initiate
living/controlled polymerization directly on the surface
of the particles. Several researchers reported that the
“grafting-from” strategy could construct a highly dense
polymer brush on the surface of gold nanoparticles.
Jordan et al.3% used the surface-initiated living cationic
polymerization to prepare a nanocomposite where the
gold core was coated with an amphiphilic shell with a
well-defined hydrophilic/lipophilic balance. Using surface-
initiated atom transfer radical polymerization (ATRP),
gold nanoparticles coated with poly(methyl methacry-
late)31:32 as well as with poly(n-butyl acrylate)3® were
recently prepared. We previously reported the synthesis
of gold nanoparticles grafted with a thermoresponsive
polymer by surface-induced reversible addition—frag-
mentation chain transfer (RAFT) polymerization.3*

In the “grafting-to” strategy, polymers end-capped
with a thiol group or containing a disulfide unit have
been used instead of small alkanethiol ligands upon the
Schiffrin reaction to prepare directly the polymer MPCs
of gold nanoparticles. Teranishi et al.2* used poly-
(mercaptomethylstyrene-co-N-vinyl-2-pyrrolidone) to sta-
bilize gold nanoparticles. Murray et al.?> reported a
monolayer-protected gold cluster based on a monolayer
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of a-methoxy-w-mercapto-poly(ethylene glycol) (PEG-
SH, molar mass 5000). Corbierre et al.3® reported gold
nanoparticles covalently passivated with a thiol end-
capped polystyrene prepared by anionic polymerization.
Mangeney et al.36 reported the grafting of gold clusters
with nonionic hydrophilic polymers containing disulfide
group anchors. The resulting polymeric monolayer was
further derivatized and used for the specific recognition
of analytes.

The “grafting-to” strategy is an especially useful
synthetic route to prepare polymer stabilized gold
clusters, if combined with a living polymerization
technique. This is because the polymer ligands can be
well-defined prior to being employed to prepare gold
nanoparticles. Particularly, this strategy is promising
when a polymer from a RAFT reaction bearing dithio-
ester end groups is directly used as a passivant. The
dithioester end groups are reduced to thiols when
adding a reducant to the mixed solution of HAuCl, and
the RAFT polymer, and the gold cores are passivated
with the resulting thiols. Just recently, a paper was
published using this concept, in which Lowe et al.’’
reported the synthesis of gold nanoparticles stabilized
by anionic, cationic, neutral, and zwitterionic (co)-
polymers.

We studied the change in the surface plasmon band
of the gold clusters upon coating with PNIPAM.3 To
further investigate the optical and optoelectronic prop-
erties as well as the solution properties as functions of
the size and PNIPAM coating of gold clusters, herein,
we employed the “grafting-to” strategy to prepare
PNIPAM-MPCs of gold nanoparticles by three methods.
Three types of PNIPAMs were used: (i) PNIPAMs
bearing dithiobenzoate end groups, from RAFT poly-
merizations; (ii) PNIPAM end-capped with a thiol group
obtained through hydrazinolysis of the former PNIPAM,;
(iii) thiol-functionalized PNIPAM, obtained through a
conventional radical polymerization and following modi-
fication. These three methods will be compared and
discussed in terms of the size and the size distribution
of the resulting gold nanoparticles.

Experimental Section

Chemicals. N-Isopropylacrylamide (NIPA, Polyscience Inc.)
was recrystallized twice from benzene. Styrene (Aldrich) was
distilled under reduced pressure prior to use. Hydrogen
tetrachloroaureate(l1l) hydrate (HAuClsxH,O, Au content
52%, Fluka). 1.0 M solution of lithium triethylborohydride
(LiB(CzHs)sH) in THF. 4,4'-Azobis(4-cyanopentanoic acid)
(ACPA, Fluka) was used as received. 2,2'-Azobis(isobutyroni-
trile) (AIBN, Fluka) was recrystallized from methanol. Tet-
rahydrofuran (THF) (Lab-Scan, HPLC) used for the synthesis
of gold nanoparticles was dried by refluxing over calcium
hydride and freshly distilled prior to use. Dioxane (Lab-Scan,
Analytical Ac.) was distilled before use. Anhydrous methanol
was obtained by mixing methanol (J.T. Baker, HPLC) with
sodium sulfate. Hydrazine hydrate (H:N—NH2-H,O, 80%),
sodium methoxide solution in methanol (~30%, 5.4 M, Fluka),
1-ethyl-3-(3-(dimethylamino)propyl) carbodiimide hydrochlo-
ride (EDAC), benzyl chloride, elemental sulfur, a-methylsty-
rene (Aldrich), cysteamine hydrochloride, iodine, starch soluble
(Merck), and alumina (Merck) were used as received. All other
solvents with high quality, acetone, ethanol, diethyl ether,
benzene, and carbon tetrachloride, were used as received. The
water used for all the measurements was purified and de-
ionized in an Elgastat UHQ-PS purification system.

1. Synthesis of the Cumyl- and Cpa-RAFT-PNIPAMs
by RAFT Polymerization. Two types of PNIPAMs were
synthesized by the RAFT polymerization starting from the
preparation of two types of RAFT agents, i.e., the 2-phenyl-

Preparation of PNIPAM-MPC 4527

prop-2-yl dithiobenzoate (cumyl-RAFT) and 4-cyanopentanoic
acid dithiobenzoate (cpa-RAFT). Therefore, two PNIPAM
samples were named the cumyl- and cpa-RAFT-PNIPAMs,
respectively. The cumyl-RAFT-PNIPAM is water-insoluble due
to the hydrophobic end groups, whereas the cpa-RAFT-
PNIPAM bearing a carboxylic group is water-soluble as well.
The synthetic routes of RAFT agents®®3° and two RAFT-
PNIPAMs were described earlier.*® Their molar masses and
polydispersities are 4722, 1.10 and 5418, 1.13, respectively,
measured by SEC.

2. Synthesis and Modification of Carboxyl-Terminat-
ed PNIPAM (PNIPAM-COOH). Synthesis of PNIPAM-
COOH. PNIPAM-COOH was synthesized by conventional free
radical polymerization. In the three-neck round-bottom flask,
the recrystallized NIPAM monomer (0.1 mol) was dissolved
in 100 mL of ethanol and mixed with the initiator ACPA (2.0
mmol). The solution was kept in the ice—water bath and
degassed by nitrogen over half an hour and then transferred
to an oil bath at 70 °C and polymerized for 20 h. The reaction
mixture was concentrated by a rotary evaporator. The crude
product was dissolved in 50 mL of acetone, precipitated in 200
mL of diethyl ether, and separated using centrifugation.
Repeating the procedure twice, the white product of PNIPAM-
COOH was dried in a vacuum at 45 °C over 48 h. The molar
mass of PNIPAM-COOH is M,, = 10 884, PDI = 1.52, measured
by SEC.

Modification of PNIPAM-COOH and Determination of
the Thiol Group Content of PNIPAM-SH. PNIPAM-COOH
was modified into PNIPAM-SH through the formation of an
amide bond between the primary amino group of cysteamine
and the carboxylic acid end group of PNIPAM. The carboxylic
acid moieties of PNIPAM were activated by the addition of
EDAC. The thiol content of the PNIPAM-SH sample was
determined by iodometric titration. The procedures of the
modification and the titration were described in detail 442 The
thiol group content of the PNIPAM-SH is 17.6 umol/g.

3. Preparation of PNIPAM-Monolayer-Protected Clus-
ters of Gold Nanoparticles (PNIPAM-MPCs) in the
Homogeneous Phase via Three Methods. Three methods,
according to the modification steps of PNIPAM sample, have
been used to prepare PNIPAM-MPCs always in a homoge-
neous THF phase.*?

Method 1: One-Step Way To Prepare PNIPAM-MPCs.
Three PNIPAM-MPCs were prepared in a one-pot reaction
using cumyl- and cpa-RAFT-PNIPAM with different feed ratios
(Scheme 1). The concentration of HAuUCIl,-xH,O was always
kept at 0.1 mmol and the molar ratio of LiB(CzHs)sH/HAUCI,-
xH,0 over 10/1. The details of the preparation of cpa-PNIPAM-
MPC (1/5) are described as an example below. To a vigorously
stirred yellow solution of 0.1 mmol (37.9 mg) of HAuCl;-xH-,0
in 10 mL of anhydrous THF was added 0.02 mmol (108 mg) of
pink cpa-RAFT-PNIPAM in 10 mL of anhydrous THF (the
molar ratio cpa-RAFT-PNIPAM/HAUCI,xH,O = 1/5). The
mixture was stirred for 20 min in an ice bath. Then, 1.2 mL
of 1.0 M solution of LiB(C2Hs)sH in THF was added dropwise
for 2 min to the vigorously stirred solution. The mixture
solution turned immediately brown with a little gas evolution
and was stirred in an ice bath for a further 4 h. The resulting
mixture was first separated by a centrifuge at 15 000 rpm;
only a small amount of precipitate was observed at the bottom
of centrifuge tube, and the supernatant was collected. THF in
the supernatant was removed with a rotary evaporator. The
brown crude product was dissolved in 50 mL of deionized
water, the pH of the aqueous solution was adjusted to 6—7
with 0.1 M HCI, and the solution was purified by ultrafiltration
using a membrane with molar mass cutoff 10 000 and de-
ionized water as eluent. Finally, the concentrated aqueous
solution was frozen and lyophilized. The color of cpa-PNIPAM-
MPC(1/5) was brown-purple. The other two PNIPAM-MPCs,
cpa-PNIPAM-MPC(1/12) and cumyl-PNIPAM-MPC(1/12), both
with purple color, were prepared and purified using the same
procedure except for the feed ratios, cpa- or cumyl-RAFT-
PNIPAM/HAUCI,xH,0 = 1/12.

Method 2: Two-Step Way To Prepare PNIPAM-MPCs.
As is shown in Scheme 1, the two-step way includes the
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Scheme 1. Schematic Representation of Three Ways To Prepare PNIPAM-MPCs

One-step way:

2) cpa-PNIPAM-MPC(1/12)*
3) cumyl-PNIPAM-MPC(1/12)*

+ HAUCIy/THF
———————» 4) cumyl-PNIPAM-MPC(1/1)*

LiBEt;H
cumyl- or cpa-RAFT-PNIPAM + HAuCl; ——— 1) cpa-PNIPAM-MPC(1/5)*
THF
Two-step way:
H,N-NH, PNIPAM-SH
cumyl-RAFT-PNIPAM —» +
Ethanol Disulfide

Three-step way:

+ ACPA + cysteamine

LiBEt;H 5) cumyl-PNIPAM-MPC(1/5)*

+ HAuClyTHF

NIPAM —— PNIPAM-COOH ————— PNIPAM-SH ———— 6) PNIPAM-MPC(1/3)°

EDAC

LiBEt;H 7) PNIPAM-MPC(1/5)°

a The ratios 1/1, 1/5, and 1/12 denote the molar ratios of cumyl- or cpa-RAFT-PNIPAM/ HAuUCI, used in the preparation of gold
nanoparticles. ®The ratios 1/3 and 1/5 denote the molar ratios of thiol group of PNIPAM/ HAUCI, used in the preparation of gold

nanoparticles.

hydrolysis of cumyl-RAFT-PNIPAM into cumyl-PNIPAM-SH
as the first step and the preparation of cumyl-PNIPAM-MPCs
(1/1 and 1/5) as the second step.

Hydrazinolysis of Cumyl-PNIPAM-RAFT. 3.55 g (0.75
mmol) of cumyl-RAFT-PNIPAM was dissolved in 100 mL of
ethanol in a two-neck round-bottom flask with stirring, and a
pink solution was formed. 1.0 mL (over 20-fold of the equimolar
amount of cumyl-RAFT-PNIPAM) of hydrazine was injected
dropwise with a syringe; the hydrazinolysis started im-
mediately along with the rapid fading of the pink color of the
solution and was allowed to continue for 1 h at room temper-
ature under nitrogen. The progress of the reaction was followed
by UV—vis spectrometry until the absorbance maximum of
dithiobenzoate group at 498.6 nm disappeared. The pH of the
resulting mixture was adjusted to 3 using 0.1 M HCI, and then
the solvent was removed with a rotary evaporator. The crude
product was dissolved in THF and precipitated in diethyl ether.
After three repetitive purifications, a white precipitate of
cumyl-PNIPAM-SH was attained.

Preparation of Cumyl-PNIPAM-MPCs (1/1 and 1/5).
The cumyl-PNIPAM-MPC (1/1 and 1/5) were then prepared
using the cumyl-PNIPAM-SH by the same procedure as
described in the “one-step way”, except for the different ratios,
i.e., molar ratios 1/1 and 1/5 of cumyl-PNIPAM-SH/HAUCI,-
xH0, respectively. The cumyl-PNIPAM-MPC(1/1) sample is
completely brown while the cumyl-PNIPAM-MPC(1/5) is brown-
purple.

Method 3. Three-Step Way To Prepare PNIPAM-
MPCs. In this method, the synthesis and modification of
PNIPAM-COOH as well as the determination of thiol content
of PNIPAM-SH were described in detail above. PNIPAM-MPC
(1/3 and 1/5) were prepared using the same procedure as
described in the “one-step way” with molar ratios 1/3 and 1/5
of PNIPAM-SH/HAuUCI4xH,0, and both of the MPCs were
purple.

Instrumentation and Characterization. Spectroscopy.
UV—vis absorption spectra (400—800 nm) were recorded on a
Shimadzu UV-1601PC spectrophotometer from the methanol
solutions of PNIPAM-MPCs at 20 °C. *H NMR spectroscopy
measurements were conducted with a 200 MHz Varian Gemini
2000 spectrometer using deuterated chloroform as a solvent.
FT-IR spectra of the RAFT-PNIPAM-SH and RAFT-PNIPAMs
were recorded with a Spectrum 2000 (Perkin-Elmer). However,
the thiol end group of the PNIPAM chain could not be detected.

High-Resolution Transmission Electron Microscopy
(HRTEM). HRTEM images were obtained with a Philips
CM200FEG, working at an accelerating voltage of 200 kV. The
point-to-point resolution was 0.24 nm. Images were recorded
by a GATAN slow scan CCD camera. Samples were prepared
by drop-casting one drop of the appropriately diluted cluster
solution in methanol onto the holey carbon film on a copper
grid (S147-4, 400 mesh Cu, Agar Scientific Ltd.) and dried in

air. The size distribution of gold nanoparticles was measured
from the enlarged photographs of the TEM images for at least
80—140 individual gold core images.

Thermogravimetric Analysis (TGA). The amount of
PNIPAM ligand on the gold core surface was determined by a
Mettler Toledo TGA 850 in a flowing nitrogen atmosphere. The
temperature was increased from 20 to 800 °C at a rate of 10
°C/min.

Dynamic Light Scattering (DLS). DLS measurements
were conducted at 20 °C with a Brookhaven Instruments Bl-
200SM goniometer and a BI-9000AT digital correlator. The
light source was a Lexel 85 argon laser (514.5 nm, power range
30—150 mW and 90°). The time correlation functions were
analyzed with a Laplace inversion program (CONTIN). All of
the solutions in methanol and in deionized water for polymers
and clusters were filtered through Millipore membranes (0.45
um pore size). The concentrations of aqueous solutions of MPCs
were 0.136, 0.0170, and 0.0165 mg/mL for the cumyl-PNIPAM-
MPCs (1/1, 1/5, and 1/12), respectively, and 0.0160 and 0.0135
mg/mL for cpa-PNIPAM-MPC (1/5 and 1/12), respectively. The
concentrations of cumyl and cpa-RAFT-PNIPAMs were 3.0 mg/
mL in methanol and 1.0 mg/mL in deionized water.

Size Exclusion Chromatography (SEC). The molar mass
and the polydispersity of each PNIPAM sample were deter-
mined with a Waters liquid chromatography system equipped
with a Waters 2410 differential refractometer as a detector.
Three Styragel columns (HR2, HR4, and HR6) were used in
series. A 50 uL aliquot of the sample was injected, and THF
was used as an eluent with a flow rate of 0.8 mL/min at 30
°C. The calibration was carried out with polystyrene standards
(Showa Denko). It is well-known that the determination of the
molar mass of PNIPAM is problematic. However, with low
molar mass polymers (MW < 5 x 10%) the method seems to be
reliable. This was confirmed by estimating the molar masses
by *H NMR spectroscopy.

Results and Discussion

Characterization of the Gold Cores and the
Comparison of Three Methods of Synthesis. The
HRTEM images, and corresponding size distributions
of three PNIPAM-MPCs prepared by the one-step way,
are shown in Figure 1. The mean diameters of the gold
nanoparticles are listed in Table 1. The PNIPAM-MPCs
are well-separated and have reasonably narrow size
distributions. The size of the gold core decreases when
increasing the molar ratio of RAFT-PNIPAM/HAUCI,,
which is in good accordance with the other previous
studies on the alkanethiols as ligands.111418 Only the
amount of RAFT-PNIPAM was changed whereas the
HAuCI,4 concentration was kept constant in all recipes.
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Figure 1. HRTEM images and corresponding size distributions of three MPCs prepared by the one-step method: (a, b) for the
cpa-PNIPAM-MPC (1/5); (c, d) for the cpa-PNIPAM-MPC (1/12); (e, f) for the cumyl-PNIPAM-MPC (1/12).

Table 1. Characterizations of Gold Cores

mean diam of Au

no. Au atoms®/ no. surface atoms?/

PNIPAM-MPC method core? (nm) shape® area’(nm?)

(1) cumyl-PNIPAM-MPC(1/1) two-step 1.3+04 79/TO* 60/8.3

(2) cumyl-PNIPAM-MPC(1/5) two-step 20+0.8 314/TO* 174/19

(3) cumyl-PNIPAM-MPC(1/12) one-step 22+0.8 459/TO* 234/24
(4) cpa-PNIPAM-MPC(1/5) one-step 1.5+05 116/TO™ 78/11

(5) cpa-PNIPAM-MPC(1/12) one-step 23+08 459/TO* 234/24
(6) PNIPAM-MPC(1/3) three-step 5 4794/TO* 1230/108
(7) PNIPAM-MPC(1/5) three-step 6 6266/TO 1472/129

a Determined by HRTEM. P The number of Au atoms per core, shape of Au cluster, number of surface atoms, and surface area for each
Au cluster are calculated as in refs 11 and 14. The shape model of the Au cluster was advocated by Whetten in refs 19 and 20. TO = ideal
truncoctahedron (all sides equal); TO* = truncoctahedron in which (0 < n — m < 4), where n id the number of atoms between (111) facets
and m is the number of atoms between (111) and (100) facets; TO— = truncoctahetron in which (—4 < n —m < 0, m > 1). Note that owing
to the presence of discernible populations in the core size histograms (see Figures 1—3), the shape model and the number of Au atoms per

core are all derived from the average.

It may be concluded that the PNIPAM ligand is a more
efficient passivant of the growth of the gold core than
alkanethiols because the size of the gold core in this
investigation is smaller than that passivated by similar
amount of an alkanethiol. Murray reported the same
point in his paper?®> where a thiolated poly(ethylene
glycol) with molar mass 5000 was utilized to passivate
the growth of the gold core. One PEG-S-MPC sample

with average core diameter 2.8 + 1 nm was prepared
with a molar ratio 1/12 of PEG-SH/HAuUCI, in a modified
Schiffrin reaction (in two phases). In the present case,
the mean sizes of the gold cores for the cumyl- and cpa-
PNIPAM-MPCs (1/12) are respectively 2.2 + 0.8 and 2.3
+ 0.8 nm, all smaller than that of PEG-S-MPC (1/12),
which means that the RAFT-PNIPAMs used in the one-
step way are at least as good passivants as PEG-SH.
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Figure 2. HRTEM images and corresponding size distributions of two MPCs prepared by the two-step method: (a, b) for the
cumyl-PNIPAM-MPC (1/1); (c, d) for the cumyl-PNIPAM-MPC (1/5).

The cpa-PNIPAM-MPC (1/12) and the cumyl-PNIPAM-
MPC (1/12) have equal size distributions and diameters
(see Figure 1d,f and Table 1). Thus, it can be seen that
the cumyl- and cpa-RAFT-PNIPAMs have a similar
effect in passivating the gold core growth because of
their similar molar masses and narrow polydispersities.

The HRTEM images and the size distributions of the
cumyl-PNIPAM-MPCs (1/1) and (1/5) prepared through
the two-step way are shown in Figure 2. By comparison
with the results of PNIPAM-MPCs prepared by the one-
step way, it is apparent that the ligands used in the
two-step way show much lower effectiveness to passi-
vate the gold core than those used in the one-step way.
The mean diameter and the size distribution of the
cumyl-PNIPAM-MPC (1/1) (Figure 2 b) are similar to
those of the cpa-PNIPAM-MPC (1/5) (Figure 1b) al-
though the former was prepared with a 5-fold higher
PNIPAM-SH/HAuUCI, molar ratio than the latter. Also,
the size distributions of the cumyl-PNIPAM-MPC (1/5)
(Figure 2d) and the cumyl-PNIPAM-MPC (1/12) (Figure
1f) are similar, despite different amounts of the ligands.
The two-step way only differs from the one-step way in
the PNIPAM ligands. In the two-step way, the cumyl-
RAFT-PNIPAM was first hydrolyzed to PNIPAM-SH.
The thiol end group is known to react easily and to form
disulfide upon exposure to air.** In this work, the
hydrolysis of RAFT-PNIPAM and the purification of the
resulting PNIPAM-SH were carried out under a nitro-
gen atmosphere. However, two overlapping peaks were
observed in the SEC chromatograms: an intense peak
related to PNIPAM-SH and a smaller one corresponding
to the PNIPAM disulfide with approximately double
molar mass. On the other hand, disulfides may be used
to passivate the gold core growth as well.3645 Therefore,
the ligand used in the two-step way is a mixture of the

Figure 3. HRTEM images of MPCs prepared by the three-

step method: (a) PNIPAM-MPC (1/3) with low magnification;
(b) PNIPAM-MPC (1/3) with high magnification.

PNIPAM-SH and PNIPAM disulfide and has a broad
molar mass distribution compared to the ligands used
in the one-step way. This fact probably decreases the
effectiveness of mixed ligands, and thus, the size
distribution is broad, e.g., for the cumyl-PNIPAM-MPC
(1/5) (Figure 2d).

The HRTEM images of the PNIPAM-MPC (1/3)
prepared by the three-step way are shown in Figure 3.
The images of PNIPAM-MPC (1/5) are not shown since
they are similar to those of the PNIPAM-MPC (1/3). The
resulting PNIPAM-MPCs could not be separated in good
solvents even using sonication, and it was hard to get
an image of the individual nanoparticles by HRTEM
(Figure 3a,b). In the three-step way, the PNIPAM-
COOH synthesized by conventional radical polymeri-
zation has higher polydispersity than RAFT-PNIPAM
and probably contains a certain amount of PNIPAM
with carboxyl groups at both ends, that is, HOOC-
PNIPAM-COOH, and thus forms dithiolated PNIPAM,
HS-PNIPAM-SH, during further modification. The fail-
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Figure 4. UV-vis spectra of five MPCs in methanol with the
gold core size: (a) cumyl-PNIPAM-MPC (1/1),d = 1.3 £ 0.4
nm; (b) cpa-PNIPAM-MPC (1/5), d = 1.5 + 0.5 nm; (c) cumyl-
PNIPAM-MPC (1/5), d = 2.0 + 0.8 nm; (d) cumyl-PNIPAM-
MPC (1/12),d = 2.2 + 0.8 nm, (e) cpa-PNIPAM-MPC (1/12), d
=23+08nm.

ure of the three-step way is attributed to the existence
of dithiolated PNIPAM ligands, which bridged the gold
clusters together.

As advocated by Whetten,1°20 the gold cluster shapes
were taken as the truncated octahedra in this work. By
reference to Murray’s work on the alkanethiol-MPCs of
gold nanoparticles,’1* and according to HRTEM mea-
surements in this work, the gold clusters prepared by
the three methods were characterized (Table 1).

Surface Plasmon Bands of PNIPAM-MPCs. The
surface plasmon absorption is an optical property for
metallic nanoparticles due to the extensive electronic
correlation and corresponds to a collective excitation of
conduction electrons relative to the ionic core.*® The
intensity of the surface plasmon band (SP band) de-
creases with decreasing the size of the gold core. Figure
4 shows the dependence of surface plasmon bands for
the PNIPAM-MPCs in methanol on the gold core size.
The SP band intensity changes with the particle size,
but the absorbance maximum is ~518 nm in every case.
The SP band becomes undetectable for the smallest
particles, the cumyl-PNIPAM-MPC (1/1) (1.3 + 0.4 nm),
which indicates the onset of the quantum size effect.
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Small particles are regarded to undergo primarily one-
electron excitations with a limited amount of electron
correlation.*®

The SP band of nanoparticles is dependent also on
the surrounding medium due to the change of the
dielectric constant of the medium.® In our previous
investigation,3* we found that the aggregation/collapse
of PNIPAM layer around the LCST considerably affects
the SP band intensity and causes a slight blue shift. In
the future, we will further investigate the changes of
the optical and optoelectronic properties of the aqueous
PNIPAM-MPCs on temperature, pH, and added slat.

The Number of PNIPAM Chains Bound to a
Gold Core and the Surface Density. For all of the
PNIPAM-MPCs prepared by the methods 1 and 2, the
numbers of PNIPAM chains bound to the gold cores
were calculated from the thermogravimetric data and
are listed in Table 2. For both series of the cumyl- and
cpa-PNIPAM-MPCs, the thermal weight loss of PNIPAM
fraction measured by TGA decreases with the increasing
size of the gold core, while the number of PNIPAM
chains bound per gold core increases, this being consis-
tent with the results for alkanethiol-monolayer-protect-
ed gold clusters.’® The two types of RAFT-PNIPAM
ligands have similar values of footprints, i.e., ca. 0.40—
0.45 nm?/chain for the cumyl-RAFT-PNIPAM and ca.
0.42—0.54 nm?/chain for the cpa-RAFT-PNIPAM. If
compared with the footprint of PEG-S-ligand (0.35 nm?/
chain, M, = 5000 of PEG-SH) reported by Murray?® and
with the footprint of dodecanethiolate ligand (0.21 nm?/
ligand) reported by Brust,1%25 it is clear that the
PNIPAM ligand is analogous with the PEG-S-ligand to
passivate the gold core and more efficient than an
alkanethiol.

The surface density of PNIPAM chains for each MPC
was calculated in terms of the number of PNIPAM
chains bound to a gold core divided by the surface area
of the corresponding gold core and ranged from 1.8 to
2.5 chains/nm?Z.

Size of PNIPAM-MPCs and Thickness of PNIPAM
Monolayer. According to the DLS measurements, most
of the PNIPAM-MPCs prepared by methods 1 and 2
even in very dilute aqueous solutions still tend to
aggregate. The size distributions were bimodal, repre-
senting individual MPCs as well as aggregates. The
observed sizes for individual MPCs were close to the
estimated values based on the random coil sizes of
RAFT-PNIPAM chains, also measured by DLS. The
mean hydrodynamic diameters are listed in Table 2.

Table 2. Characterizations of PNIPAM-MPCs and RAFT-PNIPAMs
wt % no. PNIPAM chainb/

mean diam of MPC thickness of PNIPAM

MPC and PNIPAM method PNIPAM2 footprint®/density® or PNIPAMY (nm) monolayer® (nm)

(1) cumyl-PNIPAM-MPC(1/1) two-step 90 30/0.28/3.6 9.8 4.3

(2) cumyl-PNIPAM-MPC(1/5) two-step 78 48/0.40/2.5 11.2 4.6

(3) cumyl-PNIPAM-MPC(1/12) one-step 71 53/0.45/2.2 11.4 45

(4) cpa-PNIPAM-MPC(1/5) one-step 84 26/0.42/2.4 10.0 4.3

(5) cpa-PNIPAM-MPC(1/12) one-step 68 44/0.54/1.8 12.3 5.0

(6) cumyl-RAFT-PNIPAM 3.7)

(7) cpa-RAFT-PNIPAM 3.2(3.8)

a Thermogravimetric analysis for the thermal loss of PNIPAM fraction. ® The number of PNIPAM chains bound to per Au core was
calculated on the TGA results, combined with the mean size of Au core and the number of Au atoms per core. ¢ The footprint of a ligand
= the surface area of a gold core/the number of ligands bound to the gold core, nmZ/chain. Note that the footprint is the average value
because of the average size of gold core and the average number of ligands. The surface density of PNIPAM chains in the inverse of the
footprint, chain/nm2. @ For the PNIPAM-MPCs, the mean diameters were determined by DLS in the aqueous solutions; for the cpa-
RAFT-PNIPAM, the mean diameters were determined by DLS both in the aqueous solutions and in methanol (corresponding data listed
in parentheses), respectively, whereas the mean diameters for the cumyl-RAFT-PNIPAM only was determined in methanol due to its
insolubility in water. ¢ The thickness of PNIPAM monolayer was the shell thickness, equal to Y/5(the mean diameter of MPC — the mean
diameter of gold core).
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Scheme 2. Schematic Representation of Cumyl- or
Cpa-PNIPAM-MPC and the Thickness of PNIPAM
Monolayer Denoted by Arrow

@- cumyl- or cpa-

(\/\ _ pNIPAM chain

The sizes of the cumyl- and cpa-RAFT-PNIPAM
ligands were measured by DLS in methanol and in
deionized water, respectively (Table 2). In an aqueous
solution of the cpa-RAFT-PNIPAM, DLS measurement
showed both the aggregate peak with larger size and
the random coil peak with smaller size, and the latter
size was taken as the random coil size of cumyl- and
cpa-RAFT-PNIPAM.

The thickness of the cumyl- and cpa-PNIPAM mono-
layers bound to the gold core, calculated from both the
MPC sizes and the sizes of the gold cores, is a bit higher
than the random coil size of the corresponding cumyl-
or cpa-PNIPAM chains (Scheme 2). The difference is
small, however, due to the low molar mass of the RAFT-
PNIPAM ligands used in this work. On the other hand,
the cross-sectional areas of the free RAFT-PNIPAM
ligands before binding to the gold cores can be calculated
from their random coil sizes in water and in methanol.
The values are 10.8 nm? for the cumyl-RAFT-PNIPAM
(in methanol) and 8.0 or 11.3 nm? for the cpa-RAFT-
PNIPAM (in water or methanol, respectively). It is
evident that the footprints (ca. 0.4 nm?/chain) of RAFT-
PNIPAM chains bound to gold cores are far smaller than
the cross-sectional areas of the free RAFT-PNIPAM
ligands, but a little larger than the cross-section area
(0.1 nm?) of a sulfur atom (the van der Waals radius of
sulfur is 0.18 nm). Therefore, judging from these data
and the DLS results, the RAFT-PNIPAM chains bound
to the gold cores probably adopt an extended random
coil conformation.

Conclusions

By comparing the three methods to prepare gold
clusters stabilized by PNIPAM ligands, the one-step way
proved most interesting due to the feasibility and the
facile control over the sizes of gold clusters with reason-
ably narrow size distributions. The two types of RAFT-
PNIPAM ligands, derived from the RAFT polymeriza-
tion and directly used in the one-step way, showed
higher effectiveness to passivate the gold clusters than
the mixed ligands of the PNIPAM-SH and PNIPAM
disulfide used in the two-step way. The mixed ligands
with a broad molar mass distribution also caused a
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broad size distribution of MPCs. Using the three-step
way, separate gold clusters could not be prepared due
to a certain amount of dithiolated PNIPAM as a cross-
linking agent.

According to the characterization of gold cores and
the analysis of PNIPAM-MPCs prepared by the one-step
and two-step ways, the PNIPAM ligand turned out to
be a more efficient passivant than alkanethiols; the
surface density of PNIPAM chains bound to a gold core
was high and ranged from 1.8 to 2.5 chains/nm2. By
combining the DLS data with the footprints of the
PNIPAM chains bound to the gold cores and the cross-
sectional areas of the free RAFT-PNIPAM ligands, it
may be concluded that the PNIPAM chains on the
surface of the gold cores are somewhat extended.
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