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The size-dependence of surface plasmon resonances (SPRs) is
poorly understood in the small particle limit due to complex phy-
sical/chemical effects and uncertainties in experimental samples.
In this article, we report an approach for synthesizing an ideal class
of colloidal Ag nanoparticles with highly uniform morphologies
and narrow size distributions. Optical measurements and theore-
tical analyses for particle diameters in the d ~2-20 nm range
are presented. The SPR absorption band exhibits an exceptional
behavior: As size decreases from d ~ 20 nm it blue-shifts but then
turns over near d ~ 12 nm and strongly red-shifts. A multilayer Mie
theory model agrees well with the observations, indicating that
lowered electron conductivity in the outermost atomic layer, due
to chemical interactions, is the cause of the red-shift. We corrobo-
rate this picture by experimentally demonstrating precise chemical
control of the SPR peak positions via ligand exchange.
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he ability to control surface plasmon resonances (SPRs) in

metal nanostructures is critical for achieving advances in
many areas, including chemical and biological sensing, imaging,
optoelectronics, energy harvesting and conversion, and medicine
(1-12). Metal nanoparticles (NPs), particularly those of the noble
metals (e.g., Au and Ag) that exhibit strong SPRs, have been the
focus of much work (13-17). SPRs have intense and broad optical
absorption bands that arise from coherent oscillations of conduc-
tion electrons near the NP surfaces. In general, SPRs are influ-
enced by their size, morphology, composition, surface chemistry,
and surrounding environment (18, 19). However, the size-depen-
dence of SPRs that is important for the aforementioned applica-
tions (1-12) is poorly understood in the small particle limit due to
complex physical and chemical effects as well as uncertainties in
experimental samples. Here, we report an approach for synthe-
sizing an ideal class of colloidal Ag NPs with highly uniform
morphologies and narrow size distributions. The SPR absorption
band for particles with diameters, d, in the range of 2-20 nm is
found to exhibit an exceptional behavior: As size decreases from
d ~ 20 nm it blue-shifts but then turns over near d ~ 12 nm and
strongly red-shifts. We have developed a multilayer Mie theory
model and the corresponding calculation results agree well with
the observations, indicating that the lowered electron conductiv-
ity in the outermost atomic layer, due to chemical interactions, is
the cause of the red-shift. We corroborate this picture by experi-
mentally demonstrating precise chemical control of the SPR peak
positions via ligand exchange. Such chemical control of the NP
surface layer may provide a promising strategy for sensitively
probing species strongly adsorbed (or bonded) to the NPs.

For metal NPs with d or structural features larger than 20 nm,
often a purely continuum-level, classical electrodynamics picture
suffices for interpretation or prediction of their optical proper-
ties. In this approach the bulk dielectric constants for the various
materials in the system are employed to define the problem, and
Maxwell’s equations are solved subject to appropriate boundary
conditions to yield optical spectra and field patterns. Analytical
solutions are possible for simple geometries such as spheres (20),
while approximate or numerical approaches are adopted for
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more complicated cases (18, 21). There can be size-dependent
features in this “large particle” limit—for example, in general
as d decreases the SPR band blue-shifts (18, 19, 22).

Being between the limits of clusters and larger nanoparticles,
colloidal metal NPs with diameters in the 2-20 nm range are still
poorly understood in terms of optical properties. For these metal
NPs with d values much less than typical SPR wavelengths, a
single dipolar-like SPR dominates. Nonetheless, the size-depen-
dence of the SPR band in this limit can be complex (19, 22). As d
decreases, size- and surface-related effects become increasingly
more important: (i) The approximation of a single, local dielectric
constant in metallic regions that is the same as the bulk value
becomes questionable for a number of reasons (23), and (ii) che-
mical interactions with the surrounding medium or surfactant
molecules that are often ignored in larger systems become pro-
nounced. Observed SPR band positions have been reported
to blue-shift or red-shift depending on a variety of features
(18, 21, 24-26). Unfortunately, reliable theoretical predictions
based on quantum mechanics are very difficult (or even impos-
sible) to obtain at present, and approximate approaches also
lead to conflicting predictions (18, 21, 27, 28). Experimentally
deducing the correct SPR size-dependence of metal NPs in the
2-20 nm regime requires synthesis of NPs with: (i) very narrow
size distributions (<10%) to attenuate heterogeneous broaden-
ing, (i) high uniformity in morphology and surface environment,
and (iif) excellent dispersibility to eliminate the influence of ag-
gregation. Here we show how to meet these needs with the synth-
esis of high-quality colloidal Ag NPs with precisely controlled
sizes of 2-20 nm, uniform morphology and identical surface
chemistry.

Results and Discussion

The synthesis of Ag NPs is based on reduction of silver nitrate
(AgNOs) in oleylamine (OAm), which serves as both solvent
and reducing agent, at elevated temperatures. In a typical synth-
esis of d = 10.0(+0.5) nm Ag NPs, 170 mg AgNO; dissolved in
20 mL OAm was heated at 180 °C for 1 hr under nitrogen atmo-
sphere, resulting in a dark-brown organosol. Washing the organo-
sol with acetone followed by size-selection via centrifugation
produced 10.0 nm Ag NPs with a very narrow size distribution
of 5% (SI Text). The synthesized Ag NPs can be well dispersed
in varying organic solvents (e.g., hexane, toluene, and chloro-
form) with the addition of excess OAm (0.05 ml) for long-term
storage. The amine group of each OAm molecule coordinately
bonds to the surface Ag atoms of the NPs, resulting in a hydro-
phobic capping layer to enable excellent dispersibility in organic
media. Fourier transform infrared (FTIR) spectroscopy confirms
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the surfaces of the Ag NPs are coated with OAm (Fig. S1). The
detailed synthetic conditions of the Ag NPs of various sizes are
summarized in SI Text.

The Ag NPs synthesized in the above manner exhibit high uni-
formity in size, shape, and crystallinity. Panels A-I of Fig. 1 are
transmission electron microscopy (TEM) images of the Ag NPs of
various sizes from ~2 nm to ~18 nm, clearly showing their mono-
dispersity and narrow size variation (with standard deviation
<10%). The inhomogeneous contrast that is reflected by the ran-
domness of dark spots in individual NPs indicates the existence of
twinning defects. The dark spots are indeed the real reflection of
crystalline orientations of the NPs randomly sitting on the TEM
grids. Focusing the electron beam on the Ag NPs even for half an
hour did not induce variation in their morphology and contrast,
confirming that the nanoparticles are stable under the electron
beam. High resolution TEM (HRTEM) images of the spherical-
like NPs reveal that each NP adopts an icosahedral morphology
with multiple-twinned (MT) structure, having 20 {111} facets and
containing 20 tetrahedral subunits joining along the (111) twin
boundaries (29). One of the most distinguishing morphological
characteristics of the icosahedral MT NPs is the coexistence of
three types of rotational axes: twofold, threefold, and fivefold
ones, which can be used to differentiate from other frequently
observed MT NPs, such as decahedrons. Careful HRTEM studies
on Ag NPs with different sizes confirm that they are all crystal-

Fig. 1.
(B) 3.3+£04nm, (C) 3.94+04nm, (D) 53+£04nm, (E) 7.3+0.5nm,
(F) 10.0 £ 0.5 nm, (G) 12.5+ 0.6 nm, (H) 15.6 £ 0.9 nm, and (/) 17.8 + 1.6 nm
(note the numbers following the =+ sign are standard deviations). Represen-
tative HRTEM images of three 10-nm Ag NPs with their rotation axes oriented
along or close to the electron beam show: (J) twofold, (K) threefold, and
(L) fivefold symmetries. Scale bar in / represents 50 nm and applies for
A-I and scale bar in L represents 5 nm and applies for J-L. The interplanar
distance measured from adjacent lattice fringes in J-L is 0.236 nm, matching
well with the (111) planes of face centered cubic (fcc) Ag.

TEM images of Ag NPs of various diameters. (4) 2.2+ 0.5 nm,
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lized in icosahedral shapes (Fig. 1 J-L and Fig. S2) (SI Text).
Time-dependent studies reveal that each icosahedral MT NP
grows from an icosahedral MT seed followed by enlargement into
different sizes determined by reaction conditions (see Fig. S3
and SI Text for detailed discussion). The consistent icosahedral
morphology of the differently sized Ag NPs eliminates the com-
plication of shape variation in the SPR properties when size-
dependency is studied.

Due to their narrow size distribution, uniform morphology,
and identical surface coatings, these Ag NPs represent an ideal
class of material for studying the precise dependence of SPR on
size. Quantitative absorption spectra of the Ag NPs with different
sizes in hexane (Fig. 2) are measured by dissolving 20 pg of NPs
(dried by evaporation) in 2.0 ml of hexane containing 10 pl of
OAm (for stabilization). The concentration of each NP solution
is determined using inductively coupled plasma optical emission
spectroscopy (ICP-OES) (SI Materials and Methods). As a result,
absolute absorption cross sections (Cy,s,nm?) of fixed-size NPs as
a function of wavelength can be inferred (Table S1, ST Text) (30).
As particle size decreases the SPR peak heights are seen to dra-
matically decrease, and the spectral widths gradually become
broader (Fig. 2 and Fig. S4). Integrated absorption cross sections
(/CapsAZ, nm?, Fig. 2 Inset) also decrease with particle size in a
manner very consistent with absolute values calculated according
to the theoretical model discussed below. Such absolute compar-
ison represents a very stringent test of the model.

It is worth noting that the dependence of the absorption
peak position (An.) on the particle size is quite interesting.
The absorption peak blue-shifts as particle size decreases from
d ~20nm to ~12 nm (Fig. 2 and Fig. 34). Such a blue-shift is
well known in the larger particle limit and arises from radiative
depolarization effects that occur when the particle size is not
negligible compared to the size of the wavelength (19). However,
as particle size is further decreased, a strong red-shift takes over.
The Ag NPs also exhibit such exceptional behavior when dis-
persed in toluene and chloroform (Fig. 34 and Fig. S5 4 and B),
while TEM studies show that the NPs remain the same size,
shape, and monodispersity (Fig. S5 C-J and K-R). Interest-
ingly, the turnover point becomes smaller when the refractive
index (n) of dispersant is higher. For example, the size-depen-
dent peak positions turn over at ~10 nm, 12.5 nm, and 15 nm
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Fig. 2. Size-dependent absorption cross section (Caps,nm?) per Ag NP of

various diameters (d, nm) dispersed in hexane at room temperature. For
clarity, each spectrum has been multiplied by an arbitrary factor listed in
the parentheses. The numbers out of the parentheses represent the dia-
meters of the Ag NPs. The inset plots the experimental (black squares)
and theoretically calculated (red line) absorption areas integrated from
320 to 600 nm (/C,psAZ,nm?3).
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Fig. 3. Comparison of experimental and theoretically calculated absorption
spectra. (A) Experimental (symbols) and theoretically predicted (lines) SPR
peak positions for Ag NPs of various sizes dispersed in hexane (black), chloro-
form (red), and toluene (blue). (B) Schematic illustration of the theoretical
model: d represents the diameter of a Ag NP, t is the thickness of the
outermost atomic Ag layer with lowered conductivity, and s is denoted as
the thickness of the surfactant layer. Blue dots represent N atoms bonded
to the surface of the NP.

for toluene (n = 1.497), chloroform (n = 1.446), and hexane
(n = 1.379), respectively (Fig. 34).

There are several earlier experimental studies on Ag NPs that
point out a turnover to a red-shifting SPR band as particle size
decreases (31-33). However, all these studies involved relatively
wide distributions of particle sizes and morphologies dispersed in
glass or various matrices, making it difficult to unambiguously
infer the true size-dependence. Although it was realized that
some undetermined matrix-NP interaction beyond interfacial
damping would be required to explain the results (34), neither
experimental verification of the interactions nor a specific model
was suggested. Here, we construct a simple model that is consis-
tent with our current results. In this model we take the icosahe-
dral Ag colloidal NPs to be spheres composed of a core that is
treated with the bulk dielectric constant, and a thin shell in which
the Ag dielectric response is modified compared to the bulk. In
particular the electron conductivity in the outer layer of Ag
atoms (of thickness, ¢) is assumed to be lowered compared to that
of the inner Ag atoms because of the partial participation of
these electrons in chemical bond interactions between surface
and the surfactant molecules. The optical properties are calcu-
lated using analytical, multilayer Mie theory (35).

The overall model, shown in Fig. 3B, consists of (i) a central
spherical metal core of radius r. =d/2 —t¢, (if) a surrounding
shell from radius 7, to r. +¢ =d/2 corresponding to the layer
of reduced conductivity, (iii) a shell corresponding to the surfac-
tant layer from radii d/2 to d/2 + s, and finally (iv) the relevant
solvent surrounding the particle-surfactant complex for radii
greater than d/2 + s. For region i we employ the bulk Ag dielec-
tric constant (36). For region ii we break down the dielectric con-
stant into interband and intraband terms and describe the latter
with a Drude model, in which the conductivity is lowered from the
bulk value by a factor g2. Finally, standard values for the dielectric
constants of the surfactant layer and solvent are employed. This
model has three parameters, s, ¢, and g, but within our picture we
fix ¢ to be roughly the thickness of an atomic Ag layer, 0.25 nm,
and s is fixed to 2.0 nm for OAm surfactant. We have also
included a size-dependent interfacial damping correction (21, 37)
that is known to be important at these smaller length scales. The
complete details of the model and many of our other theoretical
results may be found in the SI 7ext.

Comparison between theoretical and experimental size-depen-
dent A, values for the Ag NPs dispersed in three different sol-
vents (Fig. 34) indicates that the level of agreement, given the
simplicity of the model, is remarkable (g = 0.795 was employed).
We have already noted the remarkable agreement (Fig. 2) in the
integrated absolute intensities. Regarding the interfacial damp-
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ing, calculations without the conductivity correction (i.e., g = 1)
but retaining the size-dependent damping do show a turnover,
but the maximum red-shift in the range considered is just 4 nm
compared to shifts of 40 nm or more when including the conduc-
tivity lowering effect (Fig. S6). A very similar integrated intensity
is also found whether or not damping is included (SI 7ext). How-
ever, the actual peak heights are significantly affected by the
size-dependent damping, and Fig. S44 shows how these are low-
ered and in better agreement with experiment when damping is
included.

Of course, even with the correction for damping, the calculated
absolute absorption spectra can show some deviations from the
experimental ones (Fig. S4 B-F). For example, in the case of the
larger NPs, the theoretical results can be somewhat sharper and
narrower (e.g., Fig. S4F). This may be due to the simplicity of the
damping correction or possible size variation of Ag NPs of each
sample. Nonetheless, the degree of both qualitative and quanti-
tative agreement achieved with the model strongly suggests that
the conductivity of the outer atomic layers of the NPs is a key,
heretofore unappreciated feature to consider in the small particle
limit of SPRs. We should note that the lowered conductivity is
also consistent with the general notion of electron “spill-out”
(19, 38) because both effects lead to a lowering of the density
of free electrons near the surface of the metal NPs. The idea
of electron spill-out across the metal interface is likely more ap-
propriate when electrons can diffuse into free space, a situation
significantly different from the real colloidal NPs of our samples.
Nonetheless, the spill-out model of ref. 38 in fact does also
predict a turnover. However, we were unsuccessful in using this
model to achieve the same quantitative level of agreement across
all the different surfactants and solvents studied here as seen
with our model.

It is worth noting that surface oxidation of the Ag NPs may
also lower the conductivity of the surface layer and lead to
red-shift of the SPR (see SI Text). It turns out that calculations
do show that a thin oxide layer, instead of a reduced conductivity
metallic layer, could also lead to a similar reversal in the size-
dependence of SPR peaks. However, our experimental results
exclude the existence of oxide layers on the surfaces of the Ag
nanoparticles. First, the syntheses were performed with a Schlenk
line setup purged under inert N, atmosphere. Second, the ab-
sorption spectra of the Ag NPs measured right after synthesis
and those measured after the NPs have been stored for nine
months under ambient environment did not show variation in
terms of both peak position and intensity, indicating the stability
of the synthesized Ag NPs. Third, heating the Ag NPs at elevated
temperatures when the dispersion was bubbled with air did not
shift the position of their absorption peaks. For example, absorp-
tion spectra of a toluene dispersion of 5.3-nm Ag nanoparticles
before and after heating at 70 °C for different times indicate no
shift of the peak position (Fig. S7), further confirming the resis-
tance of these Ag nanoparticles dispersed in organic solvents
toward oxidation.

To further confirm the validation of the model (Fig. 3B), we
carried out ligand exchange experiments to replace the native
OAm on the Ag NPs with hexadecanethiol (HDT). The thiol
(—SH) surfactant layer is more strongly chemically bound than
the amine (—NH,) surfactant layer to the Ag surface (39, 40),
and thus there should be a larger conductivity reduction in the
thiol case compared to the amine one. Consequently we expect
a stronger turnover effect (greater red-shifting in the small size
limit). For example, the absorption peak of the 3.9-nm Ag NPs
dispersed in chloroform exhibits very noticeably shift to the red as
HDT was added stepwise in small quantities (Fig. 44) (SI Text).
The ligand exchange process also leads to simultaneous broaden-
ing and damping of the peak. However, the integrated peak area
remains essentially constant regardless of the concentration of
HDT (Fig. 44 Inset), indicating that the SPR damping is not
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Fig. 4. Ligand exchange and SPR red-shift. (A) Variation of the absorption
spectra of the 3.9-nm Ag NPs dispersed in chloroform upon titration with
hexadecanethiol (HDT). The arrows indicate how the spectra change with
increasing the concentration of HDT. The inset plots integrated absorption
peak area (/C,psAZ) as a function of the concentrations of HDT. For easy
comparison, the (fC,psAZ4) is normalized against the initial integrated
peak area, ([CapsAl)o, before the titration with HDT. The flat dependence
indicates that dissolution of Ag NPs and formation of Ag,S did not occur
during the titration process. (B) Peak shift (A4na, Nm) of Ag NPs of various
diameters (d) as a function of the concentration of HDT ([HDT], pM). The ap-
pearance of plateaus in the titration curves indicates that the OAm molecules
of the Ag NPs are completely replaced with HDT molecules. The inset com-
pares the dependence of absorption peak positions of the Ag NPs coated
with HDT shells in chloroform on their diameters. The measurements (black
squares) agree well with the calculated results (red line).

due to surface chemical reactions and the gradual deposition of
Ag,S over the surface (41). Titration of other sized NPs with
HDT also shifts their absorption peaks to the red with different
levels depending on their sizes (Fig. 4B and Fig. S8). TEM char-
acterization of the Ag nanoparticles before and after they have
undergone ligand exchange shows no observable structural and
dimensional change (Fig. S9). When [HDT] is high enough
(i.e., 30 pM), the shift of the absorption peaks stops due to a thor-
ough replacement of the OAm with HDT molecules. It clearly
shows that for small NPs the shift of the peak position is larger
compared with that of the larger NPs. The difference in peak shift
arises because the surface atomic layers account for a larger
volume fraction in the smaller NPs and consequently the lowering
of the surface conductivity plays a more pronounced role. The
measured peak positions of the HDT-coated Ag NPs (Fig. 4B
Inset) are in excellent accord with the result of our model calcu-
lations (g = 0.74, and s = 1.8 nm for HDT). The value of g used,
considering that conductivity is proportional to g2 (SI Text), cor-
responds to a 13% lower conductivity than for the OAm case and
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is consistent with somewhat stronger chemical interactions occur-
ring in the HDT system.

Conclusions

In summary, colloidal Ag NPs with highly uniform icosahedral
shapes have been synthesized with sizes finely tuned in the range
of 2-20 nm and with very narrow size distribution. We were able
to unambiguously infer that the SPR band position of the NPs
exhibits an exceptional size-dependence: a gradual blue-shift fol-
lowed by a strong red-shift with decreasing size. A theoretical
model based on a lowered conductivity in the outer metallic layer
due to chemical interactions was found to describe the observa-
tions very well. The importance of this chemical effect has been
further tested through gradual replacement of the original amine
surfactant on the synthesized Ag NPs with a thiol surfactant.
Chemically tuning the conductivity of the outer metallic layer
in metal NPs, as demonstrated here, is a way of controlling
SPR properties that might lead to useful applications. As one
example, the high sensitivity of the absorption peak shift caused
by addition of the thiol molecules (Fig. 4B), is comparable to what
can be achieved with colorimetric organic dyes (42). The general
concept of introducing a thin layer of differing conductivity from
the core could also be useful in other areas such as surface-
enhanced Raman spectroscopy (SERS), fluorescence, energy
harvesting, and even catalysis. Furthermore, it is not necessary
for the thin layer to always have lower conductivity than the core
in order to achieve the strong tunability discussed here. For ex-
ample, the optical conductivity of Pt in the ultraviolet range is
actually higher than that of Ag, so multilayer Mie theory calcula-
tions show that small Ag NPs with a thin Pt layer will not show the
strong red-shift with decreasing size discussed above; instead a
strong blue-shift is found that contrasts with the weaker peak var-
iation found for naked Ag NPs. This suggests that we can use such
particles in studies of UV photocatalysis and fluorescence.

Materials and Methods

Synthesis of Ag NPs. In a typical synthesis of ~10.0 nm Ag NPs, T mmol AgNO;
(Aldrich) was mixed with 20 ml OAm (Aldrich) at room temperature followed
by heating up to 60°C, which was maintained until the granular AQNO;
crystals were completely dissolved. The solution was then quickly heated
up (=10°C/ min) to 180 °C and the temperature was maintained for 1 hr be-
fore the reaction system was cooled down to room temperature. Nitrogen
atmosphere and magnetic stirring (~700 rpm) were maintained throughout
the entire synthesis. The resulting dark-brown organosol was washed with
acetone (Aldrich) and redispersed in hexane (VWR). Size-selective processes
were used to narrow their size distribution. NPs with different sizes were
synthesized by controlling the reaction conditions, (see S/ Materials and
Methods for further details).

Quantitative Measurements of Optical Absorption Spectra. Ag NPs in hexane
were dried under N,, weighed, and redispersed in hexane with a concentra-
tion of 2.0 mg/ml. 10 pl of the NP dispersion was added to 2.0 ml of appro-
priate solvent [e.g. hexane, chloroform (Aldrich), and toluene (Aldrich)]
together with 10 pl of excess OAm as stabilizer. Absorption spectra were
immediately measured to avoid concentration variation caused by solvent
evaporation.

Surface Ligand Exchange. Diluted HDT solutions with varying concentrations
(0.1 pl/ml, 1.0 pl/ml, and 10.0 pl/ml in CHCl3) were prepared right before
experiment. Absorption spectra of a dispersion of 40 pg NPs in 2.0 ml
CHCl; and 10 pl OAm were measured before and after the HDT solutions
were added stepwise to the dispersion.

Theoretical Calculations. Optical properties of Ag nanoparticles were calcu-
lated using analytical, multilayer Mie theory (21, 35) and the model structure
depicted in Fig. 3B. We fix t to be roughly the thickness of an atomic Ag layer,
t = 0.25 nm. The surfactant thickness layer was taken to be s =2 nm for
OAm and s = 1.8 nm for HDT. Optimal values of g, based on comparison with
the experimental results, were 0.795 and 0.74 for the OAm and HDT surfac-
tants, respectively. Further details can be found in S/ Materials and Methods.

PNAS | August 17,2010 | vol. 107 | no.33 | 14533

APPLIED PHYSICAL

SCIENCES


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007524107/-/DCSupplemental/pnas.1007524107_SI.pdf?targetid=SF8
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007524107/-/DCSupplemental/pnas.1007524107_SI.pdf?targetid=SF9
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007524107/-/DCSupplemental/pnas.1007524107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007524107/-/DCSupplemental/pnas.1007524107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007524107/-/DCSupplemental/pnas.1007524107_SI.pdf?targetid=STXT
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1007524107/-/DCSupplemental/pnas.1007524107_SI.pdf?targetid=STXT

!
e,

ACKNOWLEDGMENTS. We thank Drs. C.-H. Lei and J.-G. Wen for help in the
HRTEM studies; Dr. X.-M. Lin for help in the FTIR studies; Drs. M. Pelton,
G. P. Wiederrecht, J. P. Greeley and Prof. P. Guyot-Sionnest for helpful discus-
sions. Use of the Center for Nanoscale Materials and the Electron Microscopy
Center for Materials Research at Argonne National Laboratory was sup-
ported by the U.S. Department of Energy, Office of Science, Office of Basic

w

20.
21.

22.

14534 |

. Nagpal P, Lindquist NC, Oh S-H, Norris DJ (2009) Ultrasmooth patterned metals for

plasmonics and metamaterials. Science 325:594-597.

. Banholzer MJ, Millstone JE, Qin L, Mirkin CA (2008) Rationally designed nanostruc-

tures for surface-enhanced Raman spectroscopy. Chem Soc Rev 37:885-897.

. Lal'S, Link S, Halas NJ (2007) Nano-optics from sensing to waveguiding. Nat Photonics

1:641-648.

. Jain PK, Lee KS, El-Sayed IH, El-Sayed MA (2006) Calculated absorption and scattering

properties of gold nanoparticles of different size, shape, and composition: Applica-
tions in biological imaging and biomedicine. J Phys Chem B 110:7238-7248.

. Fang N, Lee H, Sun C, Zhang X (2005) Sub-diffraction-limited optical imaging with a

silver superlens. Science 308:534-537.

. Atwater H (2007) The promise of plasmonics. Sci Am 296:56-63.
. Ozbay E (2006) Plasmonics: Merging photonics and electronics at nanoscale

dimensions. Science 311:189-193.

. Yan R, Pausauskie P, Huang J, Yang P (2009) Direct photonic-plasmonic coupling and

routing in single nanowires. Proc Nat/ Acad Sci USA 106:21045-21050.

. Tian Y, Tatsuma T (2005) Mechanisms and applications of plasmon-induced charge se-

paration at TiO, films loaded with gold nanoparticles. / Am Chem Soc 127:7632-7637.

. Standridge SD, Schatz GC, Hupp JT (2009) Distance dependence of plasmon-enhanced

photocurrent in dye-sensitized solar cells. / Am Chem Soc 131:8407-8409.

. Yavuz MS, et al. (2009) Gold nanocages covered by smart polymers for controlled

release with near-infrared light. Nat Mater 8:935-939.

. Lal S, Clare SE, Halas NJ (2008) Nanoshell-enabled photothermal cancer therapy:

Impending clinical impact. Acc Chem Res 41:1842-1851.

. Daniel MC, Astruc D (2004) Gold nanoparticles: Assembly, supramolecular chemistry,

quantum-size-related properties, and applications toward biology, catalysis, and
nanotechnology. Chem Rev 104:293-346.

. Tao AR, Sinsermsuksakul P, Yang P (2007) Tunable plasmonic lattices of silver nanocrys-

tals. Nat Nanotechnol 2:435-440.

. Murphy CJ, et al. (2005) Anisotropic metal nanoparticles: Synthesis, assembly, and

optical applications. J Phys Chem B 109:13857-13870.

. Xia Y, Halas NJ (2005) Shape-controlled synthesis and surface plasmonic properties of

metallic nanostructures. MRS Bull 30:338-344.

. Sohn K, et al. (2009) Construction of evolutionary tree for morphological engineering

of nanoparticles. ACS Nano 3:2191-2198.

. Kreibig U, Vollmer M (1995) Optical Properties of Metal Clusters (Springer-Verlag,

New York).

. Kelly KL, Coronado E, Zhao LL, Schatz GC (2003) The optical properties of metal

nanoparticles: The influence of size, shape and dielectric environment. J Phys Chem
B 107:668-677.

Mie G (1908) Contributions to the optics of turbid media, particularly colloidal metal
solutions. Ann Phys-Leipzig 25:377-445 (Translated from German).

Kreibig U, Genzel L (1985) Optical absorption of small metallic particles. Surf Sci
156:678-700.

Link S, El-Sayed MA (2000) Shape and size dependence of radiative, non-radiative and
photothermal properties of gold nanocrystals. Int Rev Phys Chem 19:409-453.

www.pnas.org/cgi/doi/10.1073/pnas.1007524107

Energy Sciences, under Contract DE-AC02-06CH11357. TEM characterization
was also partly carried out by using the Center for Microanalysis of Materials
Facilities in Frederick Seitz Materials Research Laboratory, University of Illi-
nois, which is partially supported by the U.S. Department of Energy under
Grant DEFG02-91-ER45439. J.M.M. and G.C.S. were supported by the Materi-
als Research Center of Northwestern University (NSF DMR-0520513).

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

McMahon JM, Gray SK, Schatz GC (2009) Nonlocal optical response of metal nanos-
tructures with arbitrary shape. Phys Rev Lett 103:097403.

Wilcoxon JP, Martin JE, Provencio P (2001) Optical properties of gold and silver
nanoclusters investigated by liquid chromatography. J Chem Phys 115:998-1008.

Lin XZ, Teng X, Yang H (2003) Direct synthesis of narrowly dispersed silver nanopar-
ticles using a single-source precursor. Langmuir 19:10081-10085.

Wang X, Zhuang J, Peng Q, Li Y (2005) A general stategy for nanocrystal synthesis.
Nature 437:121-124.

Cottancin E, et al. (2006) Optical properties of noble metal clusters as a function of the
size: comparison between experiments and a semi-quantal theory. Theor Chem Acc
116:514-523.

Jensen LL, Jensen L (2009) Atomistic electrodynamics model for optical properties of
silver nanoclusters. J Phys Chem C 113:15182-15190.

Buffat P-A, Flaeli M, Spycher R, Stadelmann P, Borel J-P (1991) Crystallographic struc-
ture of small gold particles studied by high-resolution electron microscopy. Faraday
Discuss 92:173-187.

Leatherdale CA, Woo W-K, Mikulec FV, Bawendi MG (2002) On the absorption cross
section of CdSe nanocrystal quantum dots. J Phys Chem B 106:7619-7622.

Smithard MA (1973) Size effect on the optical and paramagnetic absorption of silver
particles in a glass matrix. Solid State Commun 13:153-156.

Charlé KP, Frank F, Schulze W (1984) The optical-properties of silver microcrystallites in
dependence on size and the influence of the matrix environment. Ber Bunsen Phys
Chem 88:350-354.

Fedrigo S, Harbich W, Buttet J (1993) Collective dipole oscillations in small silver
clusters embedded in rare-gas matrices. Phys Rev B 47:10706-10715.

Ganiére JD, Rechsteiner R, Smithard M-A (1975) On the size dependence of the optical
absorption due to small metal particles. Solid State Commun 16:113-115.

Pefa O, Pal U (2009) Scattering of electromagnetic radiation by a multilayered sphere.
Comput Phys Commun 180:2348-2354.

Johnson PB, Christy RW (1972) Optical constants of the noble metals. Phys Rev B
6:4370-4379.

Coronado EA, Schatz GC (2003) Surface plasmon broadening for arbitrary shape
nanoparticles: A geometrical probability approach. J Chem Phys 119:3926-3934.
Ruppin R (1976) Optical properties of a metal sphere with a diffuse surface. J Opt Soc
Am 66:449-453.

Hiramatsu H, Osterloh FE (2004) A simple large-scale synthesis of nearly monodisperse
gold and silver nanoparticles with adjustable sizes and with exchangeable surfactants.
Chem Mater 16:2509-2511.

Linnert T, Mulvaney P, Henglein A (1993) Surface chemistry of colloidal silver: Surface
plasmon damping by chemisorbed |-, SH=, and CgHsS~. J Phys Chem 97:679-682.
McMahon MD, Lopez R, Meyer HM, lll, Feldman LC, Haglund RF, Jr (2005) Rapid
tarnishing of silver nanoparticles in ambient laboratory air. App/ Phys B-Lasers O
80:915-921.

Huo F-J, et al. (2009) Colorimetric detection of thiols using a chromene molecule. Org
Lett 11:4918-4921.

Peng et al.



