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The report describes a strategy for the synthesis of gold nanoparticles for which size and surface
reactivity of the particles are controlled by the molecular sizes of dendritic arenethiols (DAT) as
capping agents. This strategy exploits two important attributes of the DAT molecules: one involving
the utilization of the umbrella-like structure with a single thiol as the anchorage handle and the other
involving the rib with an expandable dendritic structure as a spacing-tunable cap. The synthesis of
gold nanoparticles with controllable sizes below 10 nm has been demonstrated using different sizes of
DAT in both one-phase and two-phase solutions. The unique structural properties of the dendritic
arenethiol capping molecules not only enable the ability to control size growth of gold nanoparticles
but also ready surface exchange reaction for surface derivatization and interparticle assembly. The
viability of this strategy for the control of size and surface reactivity has been demonstrated by results

from the structural and morphological characterizations of the nanoparticles and assemblies.

Introduction

In recent years, functionalized gold nanoparticles are
attracting increasing interest due to the different applica-
tions such as optoelectronic nanodevices,' chemical sensors,’
nanotechnology,’ and biological sciences.* The two-phase
method reported first by Brust and Schiffrin has been
widely used for the synthesis of gold nanoparticles capped
with alkanethiols and other thiols which involved using
tetraoctylammonium bromide (TOABr) as phase transfer
agent.” The presence of TOABr in the resulting gold
nanoparticles was also recognized, which may affect the
properties of the nanoparticles. Kaifer and co-workers
reported a single-phase (e.g., in dimethylsulfoxide, DMSO)
procedure to synthesize the cyclodextrin-modified gold
nanoparticles.® Recently, a simple one-phase method which
successfully produced and stabilized gold nanoparticles
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using porphyrin-based surface passivant ligand in N,
N-dimethylformamide (DMF) was reported by Yutaka
Hitomi.” In these reports, the phase transfer agent was
found to be unnecessary in the synthesis procedure.
In these methods, the synthesis involved the reduction of
Au’" ions to gold atoms and nanoparticles by reducing
agent NaBH,. The possible precipitation of the nanoparti-
cle aggregation is detrimental to the control of the particle
sizes. To prevent the particles from aggregating, one com-
mon approach involved the use of stabilizing agent that
sticks to the nanoparticle surface.® The stabilizing agent not
only passivates the aggregation but also functionalizes the
surface of the gold nanoparticles. The control of the size of
the gold particles has often relied on controlling the func-
tional groups,’ the concentration ratio of capping thiols to
Au, or the lengths of alkyl chain in capping molecules.'® It is
increasingly important to design molecular capping agents
that can control both the size and the surface properties of
gold nanoparticles.

The report describes a strategy of synthesis for the
control of size and surface reactivity of gold nanoparticles
using dendritic arenethiol (DAT) molecules of different
sizes as capping agents. As illustrated by structures 1, 2,
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Scheme 1. (A) Structures of the Dendritic Arenethiols: (1) 3,5-bis(3,5-bis(3,5-di-tert-Butylphenyl)phenyl)benzenethiol, (2) 3,5-bis(3,5-
di-tert-butylphenyl)benzenethiol, and (3) zert-Butylbenzenethiol. (B) Illustration of the Exploitation of the Umbrella-Like DAT Molecules
in the Utilization of the Structure with a Single Thiol as the Anchorage Handle and the Rib with an Expandable Dendritic Structure as a

Spacing-Tunable Cap for Tuning the Nanoparticle Sizes and Surface Reactivities

.

-precursor ;
P Reduction

and 3 in Scheme 1, two important attributes of the um-
brella-like DAT molecules can be exploited. One involves
the utilization of the umbrella-like structure with a single
thiol as the anchorage handle, and the other exploits the rib
with an expandable dendritic structure as a spacing-tunable
cap. Findings from the characterization of the as-synthe-
sized gold nanoparticles with controllable sizes below 10 nm
and their surface reactivities will be discussed, focusing on
understanding the viability of the DAT-based molecular
tuning of size and surface reactivity.

Experimental Section

Chemicals. Hydrogen tetracholoroaurate (HAuCly, 99%),
tetraoctylammonium bromide (TOA™Br™, 99%), 11-mercap-
toundecanoic acid (MUA, 97%), decanethiol (DT, 96%), and
sodium borohydride (NaBH4, 99%) were purchased from
Aldrich and used as received. fert-Butylbenzenethiol (CjoH 4S,
98%) was purchased from Sigma-Aldrich and purified by thin
layer chromatography before use. Other chemicals were pur-
chased from Aldrich and used as received. Water was purified
with a Millipore Milli-Q water system.

Synthesis of Dendritic Arenethiols (DAT). 3,5-di-#-Butylbene-
neboronic acid!! and 3,5-bis-(3,5-di-z-butylphenyl)beneneboro-
nic acid'? were synthesized as previously described. All other
materials were commercially available and were used as received,
unless otherwise noted. Solvents were purified by sparging with
argon and passing through columns of activated alumina, using
a MBraun Solvent Purification System. Synthesis was per-
formed using dried and degassed solvents under inert atmosphere,
using standard Schlenk techniques. NMR spectra were recorded
at room temperature on a Bruker spectrometer operating at

AuNP capped
C—> with-sR
Ligand-exchange
reaction with RSH

400 MHz ("H NMR) and 100 MHz (**C NMR and referenced
to tetramethylsilane (6 in parts per million and J in Hz)). Mass
spectrometry was performed by the Mass Spectrometry Labora-
tory at the University of Illinois at Urbana—Champaign.

Protected 3,5-Dibromobenzenethiol 4. In a modification of a
procedure reported by Itoh and Mase,!? 1,3,5-tribromobenzene
(2.00 g, 6.35 mmol), Pd,(dibenzylideneacetone); (93 mg, 0.106
mmol), and bis(2-diphenylphosphinophenyl)ether (DPEPhos,
114 mg, 0.212 mmol) were added to a flame-dried Schlenk flask.
The flask was evacuated and backfilled with argon three times.
Toluene (30 mL) and diisopropylethylamine (2.22 mL, 12.7
mmol) were added, followed by mercaptopropionic acid 2-ethyl-
hexyl ester (0.76 mL, 4.24 mmol). The solution was stirred at
100 °Cfor 16 h and then was allowed to cool to room temperature.
The mixture was filtered through a short plug of silica gel and
eluted with 100 mL of diethyl ether. The volatiles were removed,
and the residue was purified by flash chromatography onsilica gel
and eluted with 2% ethyl acetate in hexanes. The product was
isolated as a yellow liquid. Yield: 1.63 g, 85%. '"H NMR (CDCl;,
400 MHz): 7.50 (t, 1H, *Jyy = 1.8 Hz); 7.40 (d, 2H, *Jypy = 1.8
Hz); 4.05 (m, 2H); 3.20 (t, 2H, *Juyy = 7.2 Hz); 2.67 (t, 2H,
3Jun = 7.2 Hz); 1.58 (m, 1H); 1.24—1.40 (m, 8H); 0.92 (t, 6H,
3Jun = 7.5 Hz). *C NMR (CDCls, 100 MHz): 171.4, 140.0,
131.7, 130.0, 123.2, 67.4, 38.7, 34.0, 30.4, 28.9, 28.6, 23.8, 23.0,
14.1, 11.0. HRMS (EI+): caled for C;7H,40,Br,S, 449.9864;
found, 449.9862.

Protected First-Generation Thiol 5. According to Buchwald’s
optimized procedure for Suzuki couplings,'* protected thiol 4
(193 mg, 0.43 mmol), 3,5-di-z-butylbeneneboronic acid (300 mg,
1.28 mmol), Pd(OAc), (2.2 mg, 10 mmol), 2-dicyclohexylpho-
sphino-2',6'-dimethoxy-1,1’-biphenyl (SPhos, 8.2 mg, 20 mmol),
and K3PO,4 (365 mg, 1.72 mmol) were added to a flame-dried
Schlenk flask. The flask was evacuated and backfilled with
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Scheme 2. Schematic Illustration for the Synthesis of 2
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argon three times. Toluene (10 mL) was added, and the mixture
was stirred at 100 °C for 16 h. The mixture was then cooled to room
temperature, diluted with 50 mL diethyl ether, filtered through a
plug of silica gel, and eluted with an additional 50 mL of diethyl
ether. The volatiles were removed, and the residue was purified by
flash chromatography on silica gel and eluted with 1% ethyl ace-
tate in hexanes. Yield: 235mg, 81%. "H NMR (CDCls, 400 MHz):
7.63 (t, 1H, *Jyyr = 1.4 Hz); 7.57 (d, 2H, *Jyyu = 1.4 Hz); 7.52 (t, 2H,
*Jan = 1.7 Hz); 7.47 (d, 4H, *Jyy = 1.7 Hz); 4.05 (m, 2H); 3.32
(t,2H, *Jyy=7.2Hz); 2.76 (t, 2H, *Jy;=7.2 Hz); 1.58 (m, 1H); 1.24—
1.40 (m, 44H); 0.90 (t, 6H, *Jiyy = 7.5 Hz). *C NMR (CDCl5, 100
MHz): 171.9, 151.3, 143.9, 140.3, 135.9, 127.7, 125.6, 121.9, 121.9,
67.2, 38.7, 35.0, 34.7, 31.5, 30.4, 29.3, 28.9, 23.8, 23.0, 14.1, 11.0.
Note: The overlap of the aromatic carbons ortho and para to the
thiol substitution at 6 121.9 was confirmed by HMQC. HRMS
(EI4): caled for C45HgsO,S, 670.4784; found, 670.4786.
First-Generation Thiol 2 (Scheme 2). In a modification of
a procedure reported by Itoh and Mase,'® the protected thiol 5
(183 mg, 0.273 mmol) was added to a small vial, along with 5 mL of
absolute ethanol and NaO'Bu (450 mg, 4.9 mmol). The solution
was stirred and monitored for completion by thin-layer chroma-
tography (TLC). After 30 min, the reaction was complete and the
solution was transferred to a separatory funnel along with 20 mL of
aqueous ammonium chloride and 20 mL of dichloromethane. The
organic layer was collected, and the aqueous layer was extracted
with an additional 20 mL of dichloromethane. The organic frac-
tions were combined, dried over MgSOy, filtered, and concentrated.
The residue was purified by flash chromatography on silica gel and
eluted with 1% ethyl acetate in hexanes. Yield: 93 mg, 70%. 'H
NMR (CDCls, 400 MHz): 7.57 (t, 1H, *Jyy = 1.4 Hz); 7.49 (t, 2H,
*Jun = 1.8 Hz); 7.46 (d, 2H, *Jyn = 1.4 Hz); 7.44 (d, 4H, *Jyyyy =
1.8 Hz); 3.64 (s, 1H, SH), 1.40 (s, 36H). *C NMR (CDCls, 100
MHz): 151.3, 144.0, 140.1, 131.2, 127.0, 124.6, 121.9, 121.8, 35.0,
31.5. HRMS (EI+): caled for Cs34Hy68, 486.3320; found, 486.3322.
Protected Second-Generation Thiol 6. According to Buch-
wald’s optimized procedure for Suzuki couplings, protected thiol
4 (60 mg, 0.133 mmol), 3,5-bis-(3,5-di-#-butylphenyl)beneneboro-
nic acid (200 mg, 0.401 mmol), Pd(OAc), (2.0 mg, 9 mmol),
2-dicyclohexylphosphino-2',6'-dimethoxy-1,1’-biphenyl (SPhos,
7.2 mg, 18 mmol), and K;PO, (169 mg, 0.798 mmol) were added
to a flame-dried Schenk flask. The flask was evacuated and back-
filled with argon three times. Toluene (10 mL) was added, and the

B(OH),

PO,
Pd{OAc)

~= tolens, 100 °C
8%

mixture was stirred at 100 °C for 16 h. The mixture was then
cooled to room temperature, diluted with 50 mL of diethyl ether,
filtered through a plug of silica gel, and eluted with an additional
50 mL of diethyl ether. The volatiles were removed, and the resi-
due was purified by flash chromatography on silica gel and eluted
with 1% ethyl acetate in hexanes. Yield: 140 mg, 88%. "H NMR
(CDCls, 400 MHz): 7.82 (t, 1H, *Jyy = 1.6 Hz); 7.79 (t, 2H,
*Jau = 1.7Hz);7.77(d, 4H, *Jyy = 1.7Hz); 7.71 (d, 2H, *Jyyy =
1.6 Hz); 7.51 (s, 12H); 4.01 (m, 2H); 3.32 (t, 2H, *Jyyy = 7.2 Hz);
2.76 (t, 2H, *Jyy = 7.2 Hz); 1.58 (m, 1H); 1.24—1.40 (m, SOH);
0.90 (t, 6H, *Jyyy = 7.5 Hz). >*C NMR (CDCls, 100 MHz): 171.7,
151.3, 144.0, 143.1, 141.5, 140.8, 136.9, 127.5, 126.7, 125.6, 125.2,
122.0, 121.8, 67.3, 38.7, 35.0, 34.5, 31.6, 30.3, 28.93, 28.87, 23.7,
22.9, 14.0, 10.9. HRMS (ESI+): caled for CgsH;14NaO,S (M +
Na), 1221.8437; found, 1221.8431.

Second-Generation Thiol 1 (Scheme 3). In a modification of
a procedure reported by Itoh and Mase, the protected thiol 4
(90 mg, 0.075 mmol) was added to a small vial, along with 2 mL
of absolute ethanol and NaO'Bu (112 mg, 1.1 mmol). The solu-
tion was stirred and monitored for completion by TLC. After 60
min, the reaction was complete and the solution was transferred
to a separatory funnel along with 10 mL of aqueous ammonium
chloride and 10 mL of dichloromethane. The organic layer was
collected, and the aqueous layer was extracted with an addi-
tional 10 mL of dichloromethane. The organic fractions were
combined, dried over MgSQOy, filtered, and concentrated. The
residue was purified by flash chromatography on silica gel and
eluted with 1% ethyl acetate in hexanes. The product retained a
small amount of hexane, even upon prolonged evaporation, and
asmall amount of hydrocarbon grease was visible by NMR after
purification. Yield: 56 mg, 73%. 'H NMR (CDCls, 400 MHz):
7.78 (t, 2H, *Jyn = 1.6 Hz): 7.77 (t, 1H, *Jyy = 1.5Hz); 7.75(d,
4H, *Jyn = 1.6 Hz); 7.64 (d, 2H, *Jyy = 1.5 Hz); 7.50 (t, 4H,
“Jun = 1.8 Hz); 7.48 (d, 8H, *Jyy;3 = 1.8 Hz); 3.66 (s, |H, SH),
1.40 (s, 72H). *C NMR (CDCls, 100 MHz): 151.3, 144.0, 143.2,
141.3,140.8,132.3,127.2,126.7, 125.4, 124.3, 122.0, 121.8, 35.0,
31.6. The molecular ion was not observed by ESI-MS or
MALDI-MS, under a variety of ionization conditions.

Synthesis of DAT-Capped Gold Nanoparticles. Two methods,
a two-phase method and a single-phase method, were used
to synthesize the dendritic arenethiol-modified gold nano-
particles.
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Scheme 3. Schematic Illustration for the Synthesis of 1

Two-Phase Method. The two-phase method employed stan-
dard literature procedures.>!® A typical synthesis is as follows:
30 mL of an aqueous solution of HAuCl,-3H,0 (0.1 mmol) was
stirred with a solution of tetraoctylammonium bromide (TOABr,
1 mmol) in 40 mL of toluene until all the Au** was transferred to
the organic layer and the water layer became colorless. Dendritic
arenethiol (0.1 mmol) was then added to the organic phase. After
stirring for several minutes, 10 mL of a freshly prepared NaBH,
(40 mg, 0.1 mmol) solution was added over 20 min, and the solu-
tion was stirred for the next 4 h. Excess thiol and TOABr impu-
rities were removed by washing with ethanol.

Single- Phase Method. The single-phase method was used to
synthesize the dendritic arenethiol-protected gold nanoparti-
cles, which is similar to the methods reported by others.®’
A typical synthesis is as follows: 20 mL of C,HsOH solution
of HAuCl,-3H,0 (0.1 mmol) was added into 20 mL of chloro-
form solution of dendritic arenethiol (0.1 mmol). Then, NaBH4
(1 mmol, solid state) was added directly. The solution turned
from bright orange to dark purple gradually with the addition
of NaBHy, indicating the formation of gold nanoparticles. After
addition, the mixture was stirred for 4 h. The organic layer was
evaporated in vacuo; excess dendritic arenethiol and NaBHy
impurities were removed by washing with ethanol and water. After
the residue was dispersed into water by sonicating, the water phase
was extracted with ethyl acetate until the water phase was colorless.
The extract was dried over MgSQ,, and filtered. The solvent was
evaporated in vacuo, and the residue was dissolved in toluene.

Instrumentation and Measurements. Transmission electron
microscopy (TEM) was performed on a Hitachi H-7000 electron
microscope (100 kV). TEM samples were taken from the
solutions of dendritic arenethiol-modified gold nanoparticles.
Typically, the TEM samples were prepared by taking a solution
sample and casting it onto a carbon-coated copper grid sample
holder followed by evaporation in air at room temperature.
UV—vis spectra were collected using an HP 8453 spectropho-
tometer. Spectra were collected over the range of 200—1100 nm,
and the baseline of each spectrum was corrected by subtracting a
spectrum of the corresponding solvent. All samples were placed
in a quartz cuvette having a 1.0 cm optical path length. Fourier
transform infrared (FTIR) spectra were acquired with a Nicolet
760 ESP FTIR spectrometer that was purged with boil-off from
liquid N,. Surface enhanced Raman spectroscopy (SERS)

spectra were recorded using the Advantage 200A Raman instrument
(DeltaNu). The instrument collects data over 200—3400 cm ™.
The Raman spectra of nanoparticles in the solid state
were collected by placing an aliquot of the solution on the gold
surface and allowing the solvent to evaporate prior to data
collection. All glassware used in the preparation and storage of
the Au nanoparticles (NPs) was treated with aqua regia and
rinsed with water.

Molecular modeling and theoretical Raman spectra for den-
dritic arenethiols were calculated using Gaussian 3.0. All the
semiempirical calculations were performed on an Opt+Freq
computational package implemented in Gaussian 3.0 software.
The computational procedure included geometry optimization
at the Restricted Hartree-Fock 3-21G level of theory.

Results and Discussion

Composition and Morphology. The gold nanoparticles
capped by DAT (AuNP—DAT) synthesized by the two-
phase and single-phase methods were examined. The
nanoparticles with different DAT capping molecules 1,
2, and 3 are represented by Au@1, Au@2, and Au@3,
respectively. Note that the numbers 1, 2, and 3 are simply
used for abbreviating the DAT molecules and are not
referring to generation bombers as used in describing the
increase of size in dendrimers or dendrons.

Au@l, Au@?2, and Au@3 Synthesized by Two-Phase
Method. Figure 1 shows a representative set of the TEM
images of gold nanoparticles synthesized by the two-phase
method. The average particle sizes were found to be 4.2 nm
(Au@1), 3.9 nm (Au@2), and 2.8 nm (Au@3), respec-
tively, showing an order of decreasing particle size with
a decrease in the molecular size of DAT. The presence of
clustered or aggregated features is evident for these as-
synthesized nanoparticles. This finding is in contrast to
the synthesis of gold nanoparticles in the presence of only
TOABr, which was shown to produce particles sizes of
5 to 6 nm®, corresponding to TOABr-capped gold nano-
particles.

Figure 2 shows a representative set of UV —vis spectra
for the DAT-capped gold nanoparticles. The surface
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Figure 1. TEM micrographs for two-phase method synthesized gold nanoparticles (A) Au@]1 (4.2 = 0.7 nm); (B) Au@2 (3.9 £ 0.6 nm); (C) Au@ 3

(2.8 £0.5nm).

plasmon bands were found around 520 nm. The band
position is characteristic of the gold nanoparticles in this
size range.

Because of the use of TOABr as phase transfer agent
in the two-phase synthesis, it is difficult to completely
remove the excess TOABr from the as-synthesized DAT-
capped gold nanoparticles even by extensive washing.
The presence of traces of TOABr in the nanoparticle was
believed to be partially responsible for the highly clus-
tered or aggregated features observed in Figure 1. The
formation of such features involves van der Waals inter-
actions between alkyl chains of TOABr and DAT mole-
cules in the capping monolayer structures.

Au@l, Au@?2, and Au@3 Synthesized by Single-Phase
Method. In the case of the one-pot reduction of HAuCly
in a single-phase solution (EtOH/CHCI5), the only cap-
ping agents were DAT molecules because the reaction
was carried out in the absence of TOABr. CHCl;/CH;OH
was used as a single-phase solvent because this solvent can
be easily removed after the synthesis. Note that the single-
phase procedure was used to synthesize gold nanoparti-
cles previously®’ where DMSO or DMF was used as
solvent. Such solvent is difficult to be removed after the
synthesis. Unlike this previous method that used NaBH4
dissolved in aqueous solution as reducing agent, we added
the reducing agent NaBHj in solid state. This approach
was found to be effective in preventing the gold nano-
particles from the propensity of precipitation. In this case,
gold nanoparticles were produced slowly by reaction with
the reducing agent NaBH, in solid state, as shown by the
slow color change, in contrast to the fast color change in
the previous method.®

Figure 3 shows a set of TEM images of DAT-capped
gold nanoparticles synthesized by the single-phase meth-
od. In this single-phase synthesis solution, an identical
molar ratio of gold to ligand (1:1) was used for all three
DAT molecules. In comparison with the clustered fea-
tures for the two-phase synthesized nanoparticles, the
nanoparticles were found to be well separated. This was
partly attributed to a better encapsulation of DAT
molecules in the absence of TOABr in the synthesis solution.
Importantly, the size of the DAT-capped gold nanopar-
ticles was again found to exhibit the order of Au@1

1.2
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Figure 2. UV—vis spectra comparing the surface plasmon (SP) band char-
acteristics of Au@]1 (red), Au@2 (blue), and Au@3 (black) synthesized by
the two-phase method. The particles were washed with ethanol.

(58 £ 0.8 nm) > Au@?2 (4.9 + 0.6 nm) > Au@3 (29 +
0.3 nm). This trend, in agreement with the trend observed for
the two-phase synthesis, demonstrates clearly that the par-
ticle size is controlled by the molecular size of DAT.

The surface plasmon band of Au@l, Au@2, and
Au@3 were observed at 525, 520, and 515 nm, respec-
tively (Figure 4). The intensity and position of the surface
plasmon bands are consistent with the observed trend for
the particle size determined from TEM data and the color
of Au@1, Au@2, Au@3 nanoparticles.

It is evident that both two-phase and single-phase
methods produced gold nanoparticles with sizes being
dependent on the molecular size of the capping DAT.
Although gold nanoparticles could be formed by NaBH,
reduction of HAuCl, in CHCl;/CH;0H without DAT
molecules, the resultant gold nanoparticles were unstable
and easily precipitated as aggregates. In contrast, the gold
nanoparticles Au@1, Au@?2, and Au@3 were found to be
very stable, as evidenced by lack of any changes in surface
plasmon band and TEM size over weeks. This observation
serves as an important piece of evidence supporting the
effective capping of gold nanoparticles by dendritic are-
nethiol molecules. Additional experimental results (see
Supporting Information, Figure S1) have also demon-
strated that repetitive solvent washing or aging of the
DAT-capped Au nanoparticles did not lead to any signifi-
cant change in particle sizes or surface plasmon resonance
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Figure 3. TEM images of Au@1 (A), Au@?2 (B), and Au@3 (C) (synthesized by single-phase method) with histograms of particle size (inset: Au@1
(5.8 £ 0.8 nm); Au@2 (4.9 £ 0.6 nm); Au@3 (2.9 + 0.3 nm)). The initial molar ratio of ligand and Au®" is 1:1 for all cases.
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Figure 4. UV—vis spectra of Au@]1 (red), Au@2 (blue), and Au@3
(black) (synthesized by single-phase method) in toluene after washing the
as-synthesized particles with water.

band of the nanoparticles, demonstrating the stability of
the particles as a result of the surface encapsulation by the
dendritic arenethiol molecules.

The encapsulation of the gold nanoparticles by DAT
molecules was further supported by spectroscopic char-
acterizations. Figure 5 shows a representative set of
Raman spectra for DAT-capped Au nanoparticles
deposited on gold thin film substrates which is known
to produce a SERS effect.'® The dendritic arenethiols are
m-conjugated structures which consist of a single C—C
bond connected to a benzene ring. Such structures in solid
state showed the stretch vibration of the benzene ring at
about 1600 cm ™', In comparison, a peak was detected at
similar position for the dendritic arenethiol-capped gold
nanoparticles. The observation of this diagnostic stretching
vibration of the benzene ring at about 1600 cm ™! indicates
that the dendritic arenethiols are present in the capping
structure of the as-synthesized gold nanoparticles. The
Raman spectra of dendritic arenethiols in the solid state
were compared with the theoretically predicted Raman
spectra (see Supporting Information). The predicted spectra
(calculated using Gaussian 3.0) and the experimental spec-
tra are in general agreement in terms of the peak features,
except the wavenumbers of some peaks in the experimental
spectra are lower than theoretically predicted ones, which is

(15) Yan, H.; Lim, S. I.; Zhang, Y.; Chen, Q.; Mott, D.; Wu, W.; An,
D. L.; Zhong, C. J. Chem. Commun. 2010, 2218.
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Figure 5. Raman spectra for DAT-capped Au nanoparticles of Au@1
(red), Au@?2 (blue), and Au@3 (black) (synthesized by single-phase
method) deposited on gold thin film substrates. Inset: Raman spectra
for powder samples of DAT molecules: 1 (red), 2 (blue), and 3 (blank).

due to the fact that the partially coplanar nature of the
benzene rings in DAT is not considered in Gaussian 3.0.

To assess the surface packing density of DAT capping
molecules on the nanoparticles, the molecular geometry
and size were considered based on molecular modeling.
Table 1 shows the detailed molecular shape and structure
for the DAT molecules. The dendritic arenethiols 1 and 2
consist of benzene rings connected through single C—C
bonds. Due to the slight twist between the connected ben-
zene rings, the angle between two adjacent benzene rings
is found to be about 28.7 degrees (from Gaussian 3.0 cal-
culation). The structures are also consistent with models
based on crystal structures of metal complexes with
dendritic side groups which showed a ~30 degree angle
between the adjacent rings.

On the basis of the 3D molecular modeling and TEM-
determined size of Au@l, Au@?2, and Au@3, the
approximate number of dendritic arenethiols (1, 2, and 3)
in a densely packed monolayer assembly on the surface of
the nanoparticle was estimated. Table 2 shows the predicted
number of capping molecules on gold particle surfaces in
two types of dense packing. (One involves a densely packed
monolayer assembly, assuming a 3D molecular shape with
a L x W x H dimensions, on the surface of the nanoparticle
(Ap), and the other involves a densely packed monolayer
assembly, assuming a spherical molecule with the long-
dimension length as a diameter (d), on the surface of the
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Table 1. Structural Comparison of Dendritic Arenethiols, 1, 2, and 3, Based on 3D Molecular Modeling
. . . . Size (nm)
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Table 2. Estimated Number of Ligands Per Particle and the Ligand-to-AuNP Ratios for DAT-Capped Gold Nanoparticles”
AuNP molecular geometry (L x W x H) # of ligands L/AuNP L/AuNP
ligand size (nm) type* for Ag or diameter (d) for Ap per NP ratio theor. ratio wxptl.
Ag 20x 1.5x 1.3 38
1 6.0 Ao 25 29 34:1 670:1
Ag 1.5x 0.8 x0.9 65
2 5.0 Ao 1.7 35 50:1 380:1
Ag 0.4 x0.4x0.8 176
3 3.0 Ao 0.6 113 145:1 82:1

“Note: Calculations were based on a densely packed monolayer assembly of the molecules on gold nanoparticle surface. Ag represents a densely-
packed monolayer assembly, assuming a 3D molecular shape with a L x W x H dimensions, on the surface of the nanoparticle; A presents a densely-
packed monolayer assembly, assuming a spherical molecule with the long-dimension length as a diameter (), on the surface of the nanoparticle.

nanoparticle (Ap).) The theoretical molar ratio between
ligands and gold atoms is according to 3D molecular
modeling and gold nanoparticle size. The experimental
molar ratios between ligands and gold atoms were all 1:1
in the synthesis. In comparison with the theoretical values in
terms of the number of ligands per NP, there is an excess
amount of capping molecules. Note that for 3, the experi-
mental ratio of L/AuNP was somewhat less than the theo-
retical ratio. Additional experiments with increased ratios
for L/AuNP for the case of 3, e.g., L/AuNP = 400:1, the
as-synthesized particles, did not show any significant
changes in size and optical properties.

Surface Reactivity in the DAT Capping Monolayer of
AuNP—DAT. Displacement of DAT in the Capping
Monolayer by Free Thiols in Solution via Place- Exchange
Reaction. To understand the viability of exploiting the
umbrella-like structure with a single thiol handle and a
spacing-tunable rib for tuning surface reactivity, the
surface place exchange reaction of the DAT on the
particle surface with alkanethiols in solution was investi-
gated. The place-exchange reaction was pioneered by the

(16) (a)Hostetler, M. J.; Green, S.J.; Stokes, J.J.; Murray, R. W. J. Am.
Chem. Soc. 1996, 118,4212. (b) Wang, G.; Guo, R.; Kalyuzhny, G.;
Choi, J.; Murray, R. W. J. Phys. Chem. B 2006, 110, 20282. (c)
Song, Y.; Harper, A. S.; Murray, R. W. Langmuir 2005, 21, 5492.

Murray group, which involves the replacement of one
type of thiols (original capping molecules) on the gold
nanoparticle surface by another type of thiols (free thiols
from the solution).'® In this reaction, the product com-
positions were determined by 'H NMR spectros-
copy. Generally, a low feed ratio of the free-thiol vs the
capping-thiol yields a low ratio of the two components on
the nanoparticle surface, which can be explained by the
exchange equilibrium. There are constraints on the amount
of w-substituted alkanethiol exchanged onto the capping
monolayer of the nanoparticle surfaces presumably due to
steric crowding in the monolayer’s skin.'®

In our work, the basic concept involves replacement of
the DAT molecules by another type of alkanethiols (e.g.,
DT, MUA) which have a stronger binding ability to gold
surface than DAT because of a stronger chain—chain
cohesive energy in the capping monolayer. The exchange—
replacement could be as high as 100%, as illustrated in eq 1,
or partial, as illustrated in eq 2:

AuNP/DAT + DT = AuNP/DT +DAT (1)

AuNP(DAT), +g DT = AuNP(DAT), _,(DT), ,
+m DAT+h DT ()
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Figure 6. TEM micrographs and size distributions for DAT-capped Au nanoparticles (synthesized by two-phase method) after ligand exchange with
decanethiols. (A) Au@1, 4.7 + 0.5 nm; (B) Au@2, 3.7 = 0.4 nm; (C) Au@3, 3.1 £ 0.3 nm.
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Figure 7. TEM micrographs of (A) Au@]1, 5.3 &+ 0.8 nm; (B) Au@2, 4.6 + 0.4 nm; (C) Au@3, 2.4 + 0.9 nm (synthesized by single-phase method) after
ligand exchange with decanethiols. The measured interparticle edge-to-edge distance: Au@]1 (1.8 £ 0.4 nm); Au@2 (1.9 + 0.3 nm).

Figure 6 shows a typical set of TEM images for the
nanoparticles after the exchange reaction of the two-
phase synthesized Au@DAT particles (7.7 x 10" parti-
clesymL) in a solution containing DT (71 mM). It is
evident the particles are all individually isolated and form
ordered domains, in sharp contrast to the highly clustered
or aggregated features for the particles before the
exchange reaction. The particle size remained basically
unchanged. For example, the two-phase synthesized gold
nanoparticles showed 4.2 + 0.7 nm for Au@l, 3.9 £
0.6 nm for Au@2, and 2.8 + 0.5 nm for Au@3. After
exchange reaction with DT, the obtained sizes were 4.7 &
0.5 nm for Au@]1, 3.7 £+ 0.4 nm for Au@2, and 3.1 £ 0.3
nm for Au@3. This finding demonstrates a very effective
replacement of the DATs on particles by DTs from the
solution, forming DT-capped Au nanoparticles.

A similar effectiveness of ligand exchange was also
observed for the single-phase synthesized AuUNP—DAT
(Figure 7). After exchange reaction for Au@1 (A) and
Au@?2 (B), the particles are better individually isolated
and form better-ordered domains in comparison with
those before the exchange reaction. For Au@3, there does
not appear to be a significant change after the exchange
reaction. The measured interparticle edge-to-edge dis-
tance, 1.8 and 1.9 nm, for DT-exchanged Au@]1 (A) and
Au@?2 (B) seems to be quite close to the distance expected
based interdigitation of DT molecules capped on the
nanoparticles. Insignificant changes in particle sizes were
observed after the exchange reaction (e.g., 5.8 £ 0.8 nm

(Au@1),4.9 +£0.6 nm (Au@2), and 2.9 + 0.3 nm (Au@3)
for particles before exchange reaction; and 5.3 + 0.8 nm
(Au@1),4.6 +£ 0.4 nm (Au@?2), and 2.4 + 0.9 nm (Au@?3)
for particles after exchange reaction).

The replacement of DAT by DT was further examined
by FTIR characterization of the samples. Figure 8 shows
a representative set of FTIR spectra for the single-phase
synthesized AuNP—DAT before and after exchange re-
action with DT. The FTIR spectra for the DAT molecule
and the as-synthesized DT-capped gold nanoparticles
(2 nm) are also included for comparison. Before exchang-
ing with DT, the FTIR spectra in the high frequency
(C—H stretching) and low frequency regions for Au@1
and Au@?2 are similar to those for the DAT molecules.
After exchanging reaction with DT, the FTIR spectra in
the high and low frequency regions for DT-exchanged
Au@1 and Au@?2 are similar to those for the as-synthe-
sized DT-capped gold nanoparticles. The disappearance
of the benzene ring breathing bands at ~1600 cm™ ' and
the disappearance of the C(¢)-H stretching band at ~3100
cm~ ! after the exchanging reaction with DT are clear
evidence for the replacement of DAT by DT molecules.
The changes in these diagnostic regions provided, thus,
support for the encapsulation of the as-synthesized Au@1
and Au@?2 particles by DAT molecules and the replace-
ment of DATs on the particles by DTs upon the exchange
reaction.

It is remarkable that the exchange of DATSs on the
nanoparticle with the free DTs appeared to be ~100%
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Figure 8. FTIR spectra for DAT (a), DAT-capped gold nanoparticles (b), DAT-capped gold nanoparticle after exchanging with DT (c), and as-
synthesized DT-capped gold nanoparticles (synthesized by single-phase method) (d). (A) Au@1; (B) Au@?2.

under a 1:0.1 feed ratio of [free thiol ligands]/[capping
DATSs] according to the FTIR data. In this case, the
amount of capping molecules per AuNP was 35 and 50
(average number from Table 2) for 1 and 2, respectively. In
comparison, the degree of exchange was usually 50—70%
under a similar feed ratio of [free thiol ligands]/[capping
thiol ligands] as demonstrated in previous work'® (see
Supporting Information, Table S1). The high degree of
exchange of DATs on nanoparticles with the free MUASs
was further proved by FTIR, which showed disappearance
of benzene ring breathing bands (1600 and ~3100 cm™ )
and methyl stretching bands (2955 and 2872 cm ™ ") and the
appearance of the —COOH bands at 1700 cm ™' (see Sup-
porting Information, Figure S3).

Assembly of AuNP—DAT by Molecular Linkers via
Exchanging-Cross-Linking Reaction. To further explore
the surface reactivity, molecularly mediated assembly of
the AuNP—DAT particles via exchanging-cross-linking
reaction'” in solutions were investigated. One example
involved the use of 1,9-nonanedithiol (NDT) as a molecular
mediator,'® and the assembly was monitored by the change
in the SP band. Figure 9A shows a representative set of
UV—vis spectra for the assembly of AuNP—DAT derived
from both two-phase and single-phase methods. Upon
addition of a solution of NDT (3.3 mM) into the solution
of 1- or 2-capped gold nanoparticles, a spectral evolution
showing the decrease of the 520—525 nm SP band and the
increase of absorbance in the longer-wavelength region
(650—750 nm) was observed (Figure 9A), demonstrating
the interparticle exchanging-cross-linking reactivity. There
was no indication of any significant change for the
3-capped gold nanoparticles upon addition of NDT into
the solution under same experimental condition, indicat-
ing a lack of the interparticle exchanging-cross-linking
reactivity.

The interparticle exchanging-cross-linking reactivity
was further assessed in terms of the kinetics of the change

(17) (a) Hostetler, M. J.; Templeton, A. C.; Murray, R. W. Langmuir
1999, 75, 3782. (b) Kassam, A.; Bremner, G.; Clark, B.; Ulibarri,
G.; Lennox, R. B. J. Am. Chem. Soc. 2006, 128, 3476. (c) Montalti,
M_.; Prodi, L.; Zaccheroni, N.; Baxter, R.; Teobaldi, G.; Zerbetto,
F. Langmuir 2003, 19, 5172.

(18) Wang, L.; Shi, X.; Kariuki, N. N.; Schadt, M.; Wang, G. R.; Deng,
R.; Choi, J.; Luo, J.; Lu, S.; Zhong, C. J. J. Am. Chem. Soc. 2007,
129,2161.
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Figure 9. (A) Spectral evolution of SP band in toluene solution contain-
ing two-phase synthesized Au@1 (a) and single-phase synthesized Au@1
(b), Au@2 (c),and Au@3 (d) upon addition of NDT ((NDT]/[AuNPs] =
11—-26). The reactions were followed for 1 h. (Only the first (red) and the
last (black) spectra were shown.) (B) Kinetics for the absorbance at 700
nm for the NDT mediated assemblies of the two-phase synthesized Au@1
(a,k = 7.7 x 107 s~ ") and single-phase synthesized Au@1 (b, k = 3.7 x
10737, Au@2 (c,k = 2.6 x 10 s~ "), and Au@3 (d). (Lines: first order
kinetic fits.)

of the SP band absorbance at 700 nm (Figure 9B). Under
the same concentrations, the rate constant for the NDT-
mediated assembly of Au@1 (k = 7.7 x 1072 s~ ') was
found to be larger than the assembly of Au@2 (k = 4.5 x
107 s71) for two-phase synthesized particles. However,
the NDT-mediated assembly of Au@1 (k = 3.7 x 10~°
s~ 1) was found to be larger than the assembly of Au@?2
(k = 2.6 x 1073 s7") for single-phase synthesized parti-
cles. The apparent lack of reactivity for the assembly
of Au@3 can be explained by the stronger binding of
affinity of 3 (rert-butylbenzenethiol) to gold particles
than 1 and 2. Moreover, the surface reactivity of larger-
sized nanoparticles is stronger than smaller sized parti-
cles, which is consistent with previous reports of similar
systems.13

The interparticle exchanging-cross-linking reactivity
was also evidenced by the observation of small aggregates
of nanoparticles in the assembly solutions. Figure 10
shows two examples for samples taken from the assembly
solution of Au@]1 synthesized by two-phase and single-
phase methods. Spherical assemblies that are intercon-
nected (A) were observed for the two-phase synthesized
Au@1 mediated by NDT. For single-phase synthesized
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Figure 10. TEM images for samples taken from the solutions of NDT-mediated assemblies of the two-phase (A) and single-phase (B) synthesized Au@1.
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Figure 11. FTIR spectra for DAT-capped gold nanoparticles (synthesized by single-phase method) before (a) and after exchange reaction with NDT (b).
(A) Au@]1; (B) Au@?2. Reaction condition: stirring the mixture of DAT-capped gold nanoparticles and NDTs in a toluene solution at room temperature for
24 h, removing the solvent by centrifugation, washing the precipitate copiously with ethanol and hexane, and collecting the product which was dried in the

oven for 3 days.

particles Au@1, the NDT-mediated assemblies were
found to form large clusters of nanoparticles (B). The
measured interparticle edge-to-edge distance (1.4 nm) for
Au@1 mediated by NDT was found to be close to the
length of NDT molecular size.

For the NDT-mediated assemblies, the exchanged
product was insoluble in the solution. The replacement
of DATs on the nanoparticles by the free NDT molecules
was also examined by FTIR characterization. Figure 11
shows a representative set of FTIR spectra for DAT-
capped gold nanoparticles before and after the exchange
reaction with free NDTs in the solution. The diagnostic
features of the spectrum for the DAT-capped gold nano-
particles before the exchange reaction (curve a) include
methyl and methylene stretching bands, v,  (CH3) (2955
and 2872 cm ™ ') and v, s (CH,) (2920 and 2850 cm™ "), in
the 2800—3000 cm ™' region. After the exchange reaction,
the absence of the methyl stretching bands (curve b)
demonstrates an effective removal of the capping DAT
molecules. In comparison with the spectral characteristics
for the DAT-capped nanoparticles in the high and low
frequency regions, the disappearance of the benzene ring
breathing band at ~1600 cm ™' and the C(¢)-H stretching
band at ~3100 cm ™" are evident for the Au@1 and Au@?2
after the exchange reaction with NDTs. In addition, there
was no indication of S—H stretching band in the ~2500
cm” ! region, indicative of the conversion of thiol groups
to thiolate groups. The changes in these diagnostic

regions, thus, support the replacement of DAT by NDT and
the cross-linking of nanoparticles by NDT, which is
responsible for the formation of the molecularly mediated
assemblies observed from the TEM data. The exchange
of the capping DATs with the free NDTs is shown to
be ~100% according to the FTIR data. In comparison,
under a similar feed ratio ([free thiol ligand]/[capping thiol
ligand] (1: 1)), a much smaller value of the exchange degree
(15—20%) was reported to be alkanethiol-capped gold
nanoparticles'® (see Supporting Information, Table S1).
In the above FTIR spectra (Figures 8 and 11), it is
remarkable that the symmetric and asymmetric C—H
stretching bands of methyl groups and the benzene ring
breathing bands have completely disappeared for the
DAT-capped Au nanoparticles after the exchange reac-
tion, suggesting a high exchange efficiency (nearly 100%)
of the DAT molecules on the nanoparticles by NDT
molecules, as illustrated in eq 1. In our earlier studies
of the place-exchange reaction of different alkanethio-
late-capped gold nanoparticles'® and the exchanging
and cross-linking reaction of decanethiolate-capped gold
nanoparticles by different molecular linkers (e.g., NDT,

(19) (a) Leibowitz, F. L.; Zheng, W. X.; Maye, M. M.; Zhong, C. J.
Anal. Chem. 1999, 71, 5076. (b) Maye, M. M.; Zheng, W. X_;
Leibowitz, F. L.; Ly, N. K.; Zhong, C. J. Langmuir 2000, 16, 490.
(c) Zheng, W. X.; Maye, M. M.; Leibowitz, F. L.; Zhong, C. J.
Anal. Chem. 2000, 72, 2190. (d) Kariuki, N. N.; Han, L.; Ly, N. K.;
Peterson, M. J.; Maye, M. M.; Liu, G.; Zhong, C.J. Langmuir 2002,
18, 8255.
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11-mercaptoundecanoic acids, etc.),” the exchange effi-
ciencies were reported to be much less than 100%, as
illustrated in eq 2. Note, however, that these comparisons
are only qualitative at this time because the ligand-to-
nanoparticle ratios were not exactly identical. While
further quantitative comparison is needed, these findings
demonstrate the viability of exploiting the umbrella-like
structure with a single thiol handle and a spacing-tunable
rib for effectively tuning surface reactivity. The easy
replacement of the DAT molecules by a ligand having a
stronger binding ability to the gold surface than DAT is
facilitated by the weak cohesive energy in the capping
monolayer of DATs.

Conclusions

The combined weight of these results has demonstrated
the feasibility of exploiting the molecular sizes of dendritic
arenethiols (DAT) as capping agent for the control of the
size and surface reactivity of Au nanoparticles. This type of
controllability was achieved by the unique umbrella-like

(20) (a)Han, L.; Maye, M. M.; Leibowitz, F. L.; Ly, N. K.; Zhong, C.J.
J. Mater. Chem. 2001, 11, 1258. (b) Han, L.; Luo, J.; Kariuki, N.;
Maye, M. M.; Jones, V. W.; Zhong, C. J. Chem. Mater.2003, 15,29.
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structure of DATSs with a single thiol as the anchorage
handle and the rib having an expandable dendritic structure
as a spacing-tunable cap. This structure was shown to
effectively tune the surface reactivity, as evidenced by the
easy replacement of the DAT molecules by a ligand having
a stronger binding ability to the gold surface than DAT.
One important aspect of this structural character for the
size control is the dependence of the binding strength of
DATSs to gold particles on the “umbrella rib” size, which
leads to the capability of controlling the particle sizes.
Another important aspect is the combination of the inter-
particle weak interactions and voids that facilitate the sur-
face reactivity and interparticle assembly by molecular
linkers. A detailed delineation of these two aspects with
the surface reactivity is part of our further work in fabricat-
ing functional assemblies of the nanoparticles for sensing
applications.
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