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This paper describes the functionalization of the surfaces of gold nanoshells, which consist of silica
nanoparticles coated with a continuous thin layer of gold. Previous studies have shown that gold nanoshells
exhibit optical properties similar to those of metal colloids (e.g., strong optical absorptions and large
third-order nonlinear optical polarizabilities). In contrast to metal colloids, however, the plasmon resonance
of the nanoshells can be tuned to specific wavelengths across the visible and infrared range of the
electromagnetic spectrum by adjusting the relative size of the dielectric core and the thickness of the gold
overlayer. In efforts to develop new strategies for protecting and manipulating these nanoparticles, this
paper describes the functionalization of the surfaces of gold nanoshells with self-assembled monolayers
derived from the adsorption of a series of alkanethiols. The nanoshells are characterized by transmission
electron microscopy, UV —vis spectroscopy, FTIR spectroscopy, Raman spectroscopy, and X-ray photoelectron

spectroscopy and by examining their relative solubility in a variety of organic solvents.

Introduction

Much recent research has focused on the fabrication of
new types of nanoparticles, particularly those with optical
and electrical properties that can be controlled with
precision.’3 Nanoparticles derived from noble metals have
received particular attention because of their stability and
their ease of preparation.?# Recently, Halas and co-workers
reported a new hybrid nanoparticle system that consists
of adielectric core surrounded by a thin noble metal shell.*?
These nanoparticles, termed “nanoshells”, possess unique
optical properties, including a strong optical absorbance
and a large third-order nonlinear optical susceptibility.
Perhaps more importantly, the absorbance can be selec-
tively tuned to any wavelength across the visible and
infrared regions of the spectrum simply by adjusting the
ratio of the dielectric core to the thickness of the metal
overlayer. These features render nanoshells attractive for
use in technologies ranging from conducting polymer
devices to biosensing and drug delivery.>~7 Currently, there
exists a need for the development of new strategies for
protecting and manipulating these nanoparticles in order
to expand their realm of use.

Atpresent, the most versatile nanoshell system is based
on the coating of silica nanoparticles with a thin layer of
gold.2 Scheme 1 shows the typical strategy used to prepare
these gold nanoshells. A silica nanoparticle core is treated
with an amine-terminated surface silanizing agent (e.g.,
3-aminopropyltrimethoxysilane, APTMS). The resultant
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Scheme 1. Strategy Used To Grow a Gold Nanoshell
around a Silica Nanoparticle Core
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terminal amine groups®~1° act as attachment points for
small colloidal gold particles, which then serve as nucle-
ation sites for the coalescence of the thin gold overlayer.
We chose silica nanoparticles as the dielectric cores not
only because methods for the functionalization of the
surface of silica are well-known? but also because colloidal
silica particles can be prepared with reproducibly spherical
shapes and narrow size distributions.!!

The synthesis of gold colloid typically involves the
reduction of gold salts in the presence of surfactants or
other stabilizers.%'2~17 Of all possible strategies, the
reduction of chloroauric acid with tetrakis(hydroxymeth-
yl)phosphonium chloride (THPC) affords relatively small
gold particles (e.g., 2 nm) with a net negative interfacial
charge.® While these small colloidal particles can attach
to APTMS-functionalized silica cores by coordinating to
the lone pairs of the terminal amine groups, the attach-
ment can be enhanced perhaps severalfold by electrostatic
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effects, wherein the negatively charged THPC gold nano-
particles are attracted to the amine groups, which are
positively charged at the pH used for the attachment
process.’® This strategy leads to silica nanoparticles in
which ~25% of the surface is covered by colloidal gold
particles that can be used to nucleate the growth of the
gold overlayer.18-22

After growth of the gold overlayer, we wished to coat
the exposed metal surface with a self-assembled monolayer
(SAM), which can be spontaneously generated by treat-
ment with alkanethiols or alkyl disulfides.?32* We believed
that the functionalization of nanoshells with SAMs would
facilitate nanoshell purification and offer new strategies
for nanoshell manipulation in subsequent investigations
and/or applications. Furthermore, independent studies
have shown that the coating of noble metal surfaces with
SAMs reduces corrosion and promotes stability of the
metal interface.?>~2” Recent work involving the surface
functionalization of metal colloids has focused on the
adsorption of organic molecules onto the surfaces of gold,
silver, copper, and platinum nanoparticles.?*>~3% These
functionalized metal colloids have found uses in the
fabrication of materials for microelectronics,3* electrodes,3®
catalysis,?* and labeling and monitoring devices.?¢ SAM-
coated metal nanoparticles are insensitive to air and
moisture and are soluble in a wide range of organic
solvents.?*
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In this paper, we describe the preparation of gold
nanoshells and the subsequent functionalization of the
nanoshell surface with three separate alkanethiols of
increasing chain length: dodecanethiol, hexadecanethiol,
and octadecanethiol. We characterize the nanoshells by
using transmission electron microscopy (TEM), Fourier
transform infrared (FTIR) spectroscopy, Raman spec-
troscopy, X-ray photoelectron spectroscopy (XPS), and
ultraviolet—visible (UV—vis) spectroscopy and by exam-
ining their solubilities in a variety of common solvents.

Experimental Section

Materials. All reagents were purchased from the indicated
suppliers and used without further purification: tetraethyl
orthosilicate, tetrakis(hydroxymethyl)phosphonium chloride,
sodium borohydride, 3-aminopropyltrimethoxysilane, 1-dode-
canethiol, 1-hexadecanethiol, and 1l-octadecanethiol (all from
Aldrich); sodium hydroxide, ammonium hydroxide, and form-
aldehyde (all from EM Sciences); hydrogen tetrachloroaurate-
(111) hydrate (Strem); and potassium carbonate (J. T. Baker).
Similarly, all solvents were used as received from the indicated
suppliers: HPLC grade water, tetrahydrofuran, pentane, hexane,
benzene, and dicholoromethane (all from EM Sciences); carbon
tetrachloride (Aldrich); and absolute ethanol (McKormick Dis-
tilling Co.).

Characterization Methods. To collect the TEM images, we
used a JEOL JEM-2010 electron microscope operating at a bias
voltage of 200 kV. Sample preparation involved deposition of the
nanoparticles dispersed in CCl, onto a 200 mesh carbon-coated
copper grid, which was placed on top of Fisherbrand filter paper
to absorb excess solvent. The grid was then set aside to allow for
evaporation of any residual CCl, before analysis. To collect the
XPS data, we used a PHI 5700 X-ray photoelectron spectrometer
equipped with a monochromatic Al Ko X-ray source (hv = 1486.7
eV) incident at 90° relative to the axis of a hemispherical energy
analyzer. The spectrometer was operated at high resolution with
a pass energy of 23.5 eV, a photoelectron takeoff angle of 45°
from the surface, and an analyzer spot diameter of 1.1 mm. Each
of the samples was initially dispersed in CCl,, spotted onto a
gold-coated silicon wafer, and allowed to evaporate to dryness
before introduction into the ultrahigh vacuum (UHV) chamber.
The FTIR data were collected using a Nicolet MAGNA-IR 860
spectrometer using two separate procedures. In the first pro-
cedure, samples were dispersed in CCly, placed intoa ZnSe liquid
IR cell, and scanned 16 times at a spectral resolution of 1 cm~1.
In the second procedure, samples were deposited onto a polished
silicon wafer, and the CCl, was allowed to evaporate before
analysis. The Raman data were collected using a Nicolet Magna-
IR 560 E.S.P. spectrometer equipped with a Raman module.
Samples were dispersed in CCls and subjected to 100 scans at
a spectral resolution of 4 cm~1. UV—vis spectra were collected
using a Varian CARY 50 Scan UV—Visible spectrometer over
the range from 300 to 1100 nm. All samples were dispersed in
ethanol and loaded into a quartz cell for analysis.

Preparation of SilicaNanoparticles.? Analiquot (3.0 mL)
of ammonia (30% NH3z as NH,OH assay) was added to 50.0 mL
of absolute ethanol. The mixture was stirred vigorously, and a
subsequent aliquot (1.5 mL, 6.7 mmol) of Si(OCzHp5)4 (tetraethyl
orthosilicate, TEOS) was added dropwise. Previous studies have
shown that there is usually a concentration-dependent induction
period required to form the SiO; nucleus from the TEOS
monomer.3” For the concentrations employed here, the induction
period was approximately 30 min as judged by the change of the
solution from clear to opaque white. On the basis of previous
work from our laboratories,® the concentration of the resultant
silica nanoparticles was ~7 x 102 particles/mL. Analysis by
TEM indicated that the silica nanoparticles were spherical in
shape with ~100 nm diameters (data not shown).

Functionalization of Silica Nanoparticle Surfaces with
APTMS. With the approximate concentration and surface area
of the silica nanoparticles known, the amount of APTMS needed
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for surface functionalization can be estimated.'838 Consequently,
we added an excess of APTMS (~50 L, 0.28 mmol) to a 100 mL
aliquot of the vigorously stirred silica hanoparticle solution and
allowed the mixture to react for 2 h. The functionalization reaction
could be monitored visually by ceasing stirring and observing
the separation of the solution into two layers: the APTMS-coated
silica nanoparticles precipitated to the bottom, leaving a clear
ethanolic solution at the top. To enhance covalent bonding of the
APTMS groups to the silica nanoparticle surface, 3839 the solution
was gently refluxed for 1 additional hour. The APTMS-coated
silica nanoparticles were purified by centrifuging and redis-
persing in ethanol. Analysis of the purified nanoparticles by TEM
showed no discernible difference between pre- and postfunc-
tionalization with APTMS (data not shown).

Preparation of Colloidal Gold Nanoparticles.'? To a 45
mL aliquot of HPLC grade water was added 0.5 mL of 1 M NaOH
and 1 mL of THPC solution (prepared by adding 12 uL (0.067
mmol) of 80% THPC in water to 1 mL of HPLC grade water). The
reaction mixture was stirred for 5 min with a strong vortex in
the reaction flask. After the allotted time, 2.0 mL (27 mmol) of
1% HAUCI, in water was added quickly to the stirred solution.
By variation of the volume of 1% HAuCl, added, the size of the
gold colloid particles could be varied. For example, achange from
2.0 mL to 1.5 mL led to a reduction in the diameter of the
nanoparticles from 2—3 nm to 1-2 nm (data not shown); the
latter particles were near the detection limit of our TEM. Dried
samples of the gold nanoparticles were dark brown in color,
similar to that of Auss clusters.!? In the work described below,
we utilized colloidal gold particles that were 2—3 nm in diameter,
which were routinely obtained using the procedure outlined
above.

Attachment of Colloidal Gold Nanoparticlesto APTMS—
Functionalized Silica Cores.’® An aliquot of APTMS-func-
tionalized silica nanoparticles dispersed in ethanol (0.5 mL, ~7
x 10%2 particles/mL) was placed in a centrifuge tube along with
an excess of gold nanoparticles (5 mL of gold colloid solution, ~7
x 10 particles/mL).!8 The centrifuge tube was shaken gently
for acouple of minutes and then allowed to sit for 2 h. The mixture
was then centrifuged at 2000 revolutions/min, and a red-colored
pellet was observed to settle to the bottom of the tube. The
supernatant was decanted, leaving a slightly red-colored pellet,
which was redispersed and sonicated in HPLC grade water. The
purified Au/APTMS/silica nanoparticles were then redispersed
in 5 mL of HPLC grade water and used as described in the
following subsection.

Growth of Gold Nanoshells. To grow the gold overlayer on
the Au/APTMS/silica nanoparticles, we first had to prepare a
suitable solution containing a reducible gold salt.?° In a reaction
flask, we dissolved 25 mg (0.18 mmol) of potassium carbonate
(K2CO03) in 100 mL of HPLC grade water. After 10 min of stirring,
1.5 mL (20 mmol) of a solution of 1% HAuUCI,4 in water was added.
The solution initially appeared transparent yellow and slowly
became colorless over the course of 30 min. Toavigorously stirred
4 mL aliquot of the colorless solution, we injected 200 uL of the
solution containing the Au/APTMS/silica nanoparticles. We then
added a 10 uL (0.36 mmol) aliquot of formaldehyde. Over the
course of 2—4 min, the solution changed from colorless to blue,
which is characteristic of nanoshell formation. The nanoshells
were centrifuged and redispersed in HPLC grade water until
use.

Adsorption of Normal Alkanethiols onto Gold Nano-
shells. In a typical procedure, the gold nanoshells were centri-
fuged and redispersed in ethanol five times prior to exposure to
solutions containing the selected alkanethiols. Solutions of three
separate alkanethiols in ethanol (2 mM) were prepared: dode-
canethiol, hexadecanethiol, and octadecanethiol (C,SH, n =12,
16, and 18, respectively). Aliquots (25 mL) of each of the thiol
solutions were placed in separate flasks and vigorously stirred.
To each of the thiol solutions was added 25 mL (3.5 x 101!
particles/mL) of bare gold nanoshells dispersed in ethanol. Each
flask was covered and allowed to stir overnight. The individual
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Figure 1. TEM image of a gold nanoshell having a silica core
diameter of ~100 nm and a gold shell thickness of ~30 nm.

samples of C,SH-functionalized nanoshells were then centrifuged
and redispersed five times in ethanol to remove any unreacted
reagents.

Results and Discussion

Imaging of Gold Nanoshells by TEM. As described
above, we attached small colloidal particles of gold to an
APTMS-functionalized silica nanoparticle core and then
used the attached gold particles to template the growth
of a gold overlayer. Figure 1 shows a typical TEM image
of a gold nanoshell produced using this strategy. The
imaged nanoshell consists of a silica nanoparticle core
having a diameter of ~100 nm encased by a gold layer
having a thickness of ~30 nm. The image shows that the
gold coating is continuous with topographical roughness
on the nanometer scale in which the maximum difference
in height between the peaks and the valleys is ~8 nm. To
coat the nanoshell surfaces with SAMs, samples of
nanoshells similar to the one shown here were dispersed
in ethanol and added to an ethanolic solution of alkanethiol
as described in the Experimental Section. While the
growth of the SAM coating was undetectable by TEM, we
were able to demonstrate the presence of the SAM coating
through the various studies described in the following
paragraphs.

Solubility of SAM-Coated Gold Nanoshells. The
solubility of metal nanoparticles in various solvents can
be used to probe the formation of SAMs on their surfaces.?*
On gold nanoparticles, the alkyl chains of alkanethiol-
based SAMs extend outward from the nanoparticles,
enhancing their solubility in nonpolar aprotic solvents
(e.g., hexane) but not in water; in contrast, bare gold
nanoparticles are soluble in water but insoluble in
nonpolar aprotic solvents. We prepared several samples
of alkanethiol-treated nanoshells, centrifuged them, de-
canted the solvent, and attempted to redisperse them in
the following solvents: pentane, hexane, benzene, CCl,,
CH,ClI,, THF, ethanol, and water. First, the alkanethiol-
treated nanoparticles could not be redispersed in water.
Second, while it was possible to redisperse them in CCl,
and in ethanol, the nanoshells began to precipitate from
these solvents over the course of a few hours. Third, when
the alkanethiol-treated nanoshells were redispersed in
pentane, hexane, benzene, CH,Cl,, and THF, they re-
mained dissolved in solution even after 48 h. Collectively,
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Figure 2. XPS scans of the S 2p3/; region of SAM-coated gold
nanoshells deposited on a gold-coated silicon wafer. The
variation in signal intensity arises predominantly from dif-
ferences in the number density of the nanoshells.

these observations are consistent with the formation of
alkanethiol SAMs on the surfaces of the gold nanoshells.

XPS Analysis of SAM-Coated Gold Nanoshells.
X-ray photoelectron spectroscopy is a method well-suited
for the analysis of SAMs because it provides insight
regarding the atomic composition of the SAM and the
underlying substrate as well as information regarding
the nature of the S—Au interactions.82340 Survey spectra
showed only the presence of C, S, and Au (data not shown).
In particular, no silicon or oxygen was detected, which is
consistent with complete coverage of the silica core by the
overlying gold shell. Another focus of concern regarding
the functionalized nanoshells centered on evaluating the
presence of free thiols versus bound thiols on the gold
nanoshell surfaces.*° The S 2pg, signal corresponding to
either bound or free thiol appears as a doublet with a split
of 1.2 eV between the peaks. For all three alkanethiol-
functionalized gold nanoshells, the S 2p3;,; binding energies
were less than 164 eV (Figure 2), which is consistent with
sulfur bound to the surface of gold.?*4° For unbound thiols,
one would expect to see a doublet near 164 eV; in all three
alkanethiol samples, however, the binding energies ap-
peared at ~163 eV, which was slightly higher than
expected by ~0.5—1.0 eV. We attribute the higher-than-
expected binding energy to minute charging of the particles
during analysis (even when using the neutralizer). The
CigsSH-functionalized nanoshell exhibited the highest
binding energy of the three thiols examined, followed by
C16SH and then C,SH. While the correlation between
binding energy and chain length can perhaps be attributed
to the greater insulating effects of SAMs composed of
longer chain alkanethiols,** it is also possible that the
differences arise from an experimental artifact due to
differential charging of the individual samples. The
absence of any oxidized sulfur species, which are typically
observed at ~166 eV,* is consistent with the absence of
oxygen in the survey spectra described above. Overall,
the XPS data were comparable to those observed for
normal alkanethiol SAMs on flat gold surfaces.
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FTIR Analysis of Alkanethiol-Functionalized
Gold Nanoshells. Infrared spectroscopy offers a wealth
of information regarding the structure of SAMs on
flat surfaces*> %> and on the surfaces of nanoparti-
cles.17:2430354647 In particular, IR spectroscopy affords
insight into the order and packing of the alkyl chains
extending away from the surface. There are, for example,
characteristic band positions and intensities for the C—H
symmetric and antisymmetric stretches, which can offer
insight into the conformational order and orientation of
the alkyl chains of SAMs.4?2745 Polyethylene serves as a
useful liquid and/or crystalline model for the methylene
backbones of hydrocarbon SAMs.*® When dissolved in
solution, the antisymmetric v,(CH;) bands and the
symmetric vs(CH,) bands appear at 2928 and 2856 cm™1,
respectively. In crystalline form, however, the bands
appear at v,(CH) = 2920 cm~! and vs(CH,) = 2850 cm™.
We have found that the v,(CH;) band is a particularly
sensitive probe of conformational order.*®

FTIR spectra of bare and SAM-coated gold nanoshells
were collected using two different methodologies: (i) with
the nanoshells dispersed in CCl, and (ii) with the
nanoshells deposited onto a silicon wafer. For the purpose
of illustration, FTIR spectra of the former samples are
provided in Figure 3; the band positions are specified in
Table 1. The spectra in Figure 3 show readily observable
C—H stretching bands only for the SAM-coated nanoshells.
Furthermore, the datain Table 1 show that when dissolved
in CCly, the v,5(CH,) band of the SAM-coated nanoshells
appeared at relatively high wavenumbers (e.g., 2926 cm™1)
characteristic of liquidlike packing of the methylene chains
with many gauche defects.*#8 In contrast, the data in
Table 1 show that when the SAM-coated nanoshells were
deposited onto a silicon wafer and the solvent was allowed
to evaporate, the band positions moved to significantly
lower wavenumbers (e.g., vas(CH) = 2919 cm™) charac-
teristic of highly crystalline (or conformationally ordered)
alkyl chains.*>=#8 Also, the width of the bands in the spectra
decreased upon switching from solution to the solid state,
which is also consistent with an increase in crystallin-
ity.#>~48 These trends were observed for all three of the
alkanethiols studied.

This increase in crystallinity can arise from either
interdigitation of the tail groups of alkyl chains attached
to neighboring nanoshells or the loss of solvent molecules
from the interchain matrixes of individual nanoshells.?
Given the relative size of the nanoshells vs that of the
molecules in the SAM coating, interdigitation can plau-
sibly occur only for a fraction of the surface, even if the
nanoshells were densely packed in the solid state.
Furthermore, previous studies of SAM-coated colloidal
gold particles also showed no evidence for interdigitation
in solid-state samples.?* These considerations lead us to
conclude that the increase in crystallinity arises from the
loss of solvent molecules from the SAM itself, although
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Figure 3. FTIR spectra of the C—H stretching region for gold
nanoshells dispersed in CCl,. The vertical line at 2920 cm™! is
included for reference. The variation in signal intensity for the
SAM-coated samples arises from differences in the concentra-
tion of the nanoshells.

Table 1. Band Position (cm™1) of the Methylene C—H
Stretches of SAM-Coated Gold Nanoshells Either
Dissolved in CCl4 or Deposited on a Si Wafer

SAM medium vs(CHy2) vas(CH3)
C12SH CCly 2854.7 2926.4
C16SH 2854.7 2926.8
C18SH 2854.7 2926.6
C12SH Si wafer 2850.2 2918.7
C16SH 2848.7 2919.1
C18SH 2849.0 2918.3

previous studies have suggested the absence of residual
solvent in normal alkanethiol SAMs on flat gold surfaces.*®

Raman Analysis of Alkanethiol-Functionalized
Gold Nanoshells. As described in the previous section,
analysis of the v(CH,) bands by FTIR spectroscopy provides
insight regarding the conformational order of the alkyl
chains of SAMs. Since, however, the »(C—C) bands are
weak or almost undetectable by FTIR, little information
can be gleaned by IR analysis of the C—C region.*®° In
contrast, Raman spectroscopy can readily detect sym-
metrical bonds, such as for those found in the C—C
backbones of SAMs. Furthermore, for alkanethiol SAMs,
analysis of the C—S and S—H bands by Raman spectros-
copy provides structural and chemical insight into the
interaction between the adsorbate and the underlying
metal substrate.?8:29.50

Upon chemisorption to gold, the S—H bond of al-
kanethiols is cleaved.®® Thus, by examining the relative
intensity of the »(S—H) band in free thiol and thiol/
nanoshell samples, the adsorption step can be monitored.
Figure 4 shows the v(S—H) region of the Raman spectrum
of free dodecanethiol as well as that of the corresponding
dodecanethiol-functionalized nanoshells. The free thiol

(49) Ulman, A.; Eilers, J. E.; Tillman, N. Langmuir 1989, 5, 1147.
(50) Bryant, M. A.; Pemberton, J. E. J. Am. Chem. Soc. 1991, 113,
8284.
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Figure4. Raman spectraof the v(S—H) region for abulk sample
of dodecanethiol (solid line) and a gold nanoshell coated with
dodecanethiol (dotted line).
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Figure 5. Raman spectra of the v(C—S)s and »(C—S)r regions
for a bulk sample of dodecanethiol (solid line) and a gold
nanoshell coated with dodecanethiol (dotted line).

exhibits a characteristic band at 2575 cm~%; in contrast,
the nanoshell sample exhibits no detectable bands in this
region of the spectrum. We observed the same behavior
for samples utilizing hexadecanethiol and octadecanethiol
(data not shown). These observations are consistent with
the chemisorption of the thiols to the surface of the gold
nanoshells.5°

Analysis of the »(C—S) region can be used to probe
further the attachment process and the resultant structure
of the alkyl chains near the surface of gold.>*>! Figure 5
shows that upon going from free dodecanethiol to bound
dodecanethiol, the v(C—S)s band at 655 cm~! disappears,
which suggests a loss of gauche defects upon adsorption.

(51) Sandroff, C. J.; Garoff, S.; Leung, K. P. Chem. Phys. Lett. 1983,
96, 547.
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Figure 6. UV—vis spectra of bare, C;,SH-, C16SH-, and Cys-
SH-coated gold nanoshells (3.5 x 10! particles/mL) dispersed
in ethanol.

These observations are consistent with ordered packing
of the alkyl chain near the sulfur headgroup when the
thiol attaches to the surface of the nanoshell. A prominent
v(C—S)rband at ~715cm!arising from the predominant
trans conformation of the alkyl chains is detectable both
in solution and in the adsorbed films.

Additional structural insight is afforded by analysis of
the »(C—C) bands (data not shown). For the sample of
liquid dodecanethiol, the »(C—C)y band appeared at 1120
cm~. In the three functionalized nanoshell samples,
however, the v(C—C)tband shifted to higher wavenumber
at ~1130 cm*. The gauche band, »(C—C)g, shifted from
1075 cm~* as free thiol to 1065 cm™~! as bound thiol. These
observations are consistent with an enhanced trans
content of the alkyl chains upon formation of a well-packed
monolayer film.2450

UV-vis Spectra of Alkanethiol-Functionalized
Gold Nanoshells. Theoretical calculations have shown
that the plasmon resonance of noble metal nanoshells can
vary over hundreds of nanometers.! The position of the
resonance is dictated by both the shell thickness and the
size of the dielectric core. As a rule of thumb, thick shells
around small cores give rise to resonances in the visible
region, while thin shells around large cores give rise to

Pham et al.

resonances in the infrared region. Given that the plasmon
resonance of noble metals is further sensitive to the
medium in contact with the surface of the metal,® we
wished to examine the influence of SAM adsorption upon
the plasmon resonance of gold nanoshells. To this end, we
employed UV—vis spectroscopy at wavelengths ranging
from 300 to 1100 nm to analyze the optical absorbances
of bare and SAM-coated nanoshells derived from a common
batch. Figure 6 shows that for approximately equal
concentrations in ethanol, all samples exhibited similar
absorbance features with values of 1. at 728 nm, which
is shifted by ~200 nm toward the infrared when compared
to simple gold nanoparticles.! Given the invariance of the
spectra from sample to sample, we conclude that the
adsorption of normal alkanethiols onto the nanoshell
surfaces exerts no strong influence upon the plasmon
resonance.

Conclusions

The exposure of gold nanoshells to a series of normal
alkanethiols afforded SAM-coated gold nanoshells. The
SAM coating rendered the nanoshells soluble in a wide
range of organic solvents, including nonpolar aprotic
solvents such as pentane, hexane, and benzene. The SAM-
coated nanoshells exhibited FTIR spectraand XPS binding
energies comparable to those of related SAM-coated
colloidal gold particles. The XPS analyses also confirmed
the integrity of the gold overlayer and showed no surface
contaminants or oxidized species. Analysis by Raman
spectroscopy provided strong evidence of the chemisorption
of the sulfur atom to the surface of gold. Furthermore, the
Raman spectra suggested an enhanced ordering of the
methylene groups of the alkanethiols upon adsorption to
the nanoshell surface. Analysis of the SAM-coated
nanoshells by XPS, FTIR, Raman, and UV—vis spec-
troscopies showed no major differences for nanoshells
coated with alkanethiols having three different chain
lengths (i.e., C1,SH, C46SH, and C13SH). Furthermore,
analysis by UV—vis spectroscopy showed that the plasmon
resonance of gold nanoshells is unaffected by the SAM
coating. Current efforts in our laboratories are targeting
the use of SAMs to enhance the durability of nanoshells
and to facilitate the incorporation of nanoshells into
polymer matrixes.
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