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emiconductor nanocrystal quantum

dots (NQDs) are a unique class of tun-

able, dispersible fluorophores of great
interest for applications in a wide range
of opto-electronic devices. Semiconductor
NQDs exhibit large absorption cross sec-
tions and can be synthesized to luminesce
with high quantum yields from the UV to
the mid-IR spectral regions. The push for
ever increasing performance in NQD-based
devices has made it desirable to go beyond
simple control over effective band gap and
to introduce influence over more funda-
mental properties, such as fluorescence life-
times and absorption cross sections. As
an example, while NQDs are excellent
fluorophores in the IR, such NQD emission
lifetimes can be as long as several micro-
seconds.! Enhancement of the radiative rate
would allow infrared NQDs to be used in, for
example, communication applications. Sim-
ilarly, enhancement of band edge absorp-
tion cross sections of NQDs of indirect-gap
materials, such as silicon, can potentially
lead to improved light capture efficiencies,
potentially benefitting solar cells. The nu-
merous efforts in controlling NQD structure,
whether by changing the size or shape, or
by introducing heterostructuring, have not
shown any potential for significantly enhan-
cing cross-section or radiative rate. Conse-
quently, hybrid metal-NQD materials have
received increasing interest as a possible
means to tackling these problems.

The processes of light absorption and
emission, as well as Forster resonance en-
ergy transfer, in NQDs can be significantly
affected by proximal metal nanoparticles
(NPs) through coupling between NQD excitat-
ions and metal surface plasmons (SPs) of
metal structures> * The exploitation of such
effects has great potential in lasing,>® solid-state
lighting,” photovoltaics®® and sensors.'0~ '
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Hybrid superstructures allow a convenient route to the development of materials with multiple

functionalities (e.g., sensor, marker, conductor) out of monofunctional (e.g., excitonic, plasmonic)

building blocks. This work describes a general synthetic route to the preparation of metal|-

dielectric|quantum dot hybrid superstructures that have excitonic and plasmonic resonances

independently tunable from the ultraviolet to the mid-infrared spectral region. We demonstrate

that structural tuning can be used to control intercomponent coupling leading to the emergence of

unique optical properties. We illustrate this capability by demonstrating single- and multicolor

emission from coupled systems, and a significant enhancement of two-photon absorption cross

sections of quantum dots. Such properties in a robust yet dispersible particle can be useful in a

number of applications induding bioimaging and microscopy, and in optoelectronic devices, as well

as serve as a platform for fundamental studies of metal—semiconductor interactions.
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multifunctional materials - two-photon absorption

However, experimental advances in this direc-
tion have been to a great extent phenomen-
ological, as each hybrid material system
presents a different measure of control over
key parameters that determine the strength
of NQD-metal coupling."* " Ideally, a system
of truly general value, both for application and
for fundamental study, would allow systema-
tic control over a host of material properties,
including not only effective band gap and
metal—NQD stoichiometry, but also over
those parameters determining the strength
of exciton—SP interactions, including spectral

*E-mail:
pietryga@lanl.gov.

Received for review December 17, 2011
and accepted March 16, 2012.

Published online March 16, 2012
10.1021/nn204932m

©2012 American Chemical Society

KHANAL ET AL. VOL.6 = NO.5 = 3832-3840 = 2012 @%Q{?

A\
WWwWW.acsnano.org

3832



overlap of respective resonances and interparticle
separation distance.'® 2 Finally, while a number of
studies and applications make use of layered or other-
wise substrate-cast metal—NQD systems,>~2° a truly
versatile material system would retain the highly valu-
able dispersibility of the original NQDs without disrup-
tion of the properties that dictate the exciton—SP
coupling.

Development of a single system meeting these
demands, particularly over a large range of energies,
remains elusive. Chemical synthesis methods are the
most promising methods for producing such complex
yet dispersible systems, and there have been a number
of recent developments in this area, including in
particular facile growth of semiconductor shells onto
metal NPs>?® and the opposite case of metal—
NP-decorated NQDs*”?® and semiconductor nanorods.>**°
While such materials often show enhanced absorption,
photoluminescence (PL) is quenched by charge transfer
processes due to the direct contact between semicon-
ductor and metal domains. Effective separation can be
achieved by attaching NQDs to metal NPs using organic
or bioderived linkers.'*3'3? Such systems have excellent
potential as sensors, as coupling-based effects on NQD
optical properties can be modulated in response to
changes in the rigidity and length of such linkers due to
changes in their environment. However, many other
applications will require a more robust association that
can maintain a fixed separation distance regardless of
physical or chemical conditions. A promising structure
comprises a larger plasmonic gold NP core and “shell” of
single, isolated CdSe NQDs coupled through an interven-
ing layer of silica.'”® While these structures are the first
dispersible hybrid system to demonstrate the desired
plasmonic influence on emissive excitonic properties,
they stop short of demonstrating the wide-ranging tun-
ability that truly drives interest in NQD-based systems.
This is likely because these structures were developed
before the recent explosion in published methods for
producing highly regular shape-controlled metal NPs
featuring strong UV-IR SPs, which effectively created a
reason to attach NQDs with band gaps significantly
distant from the 550 nm SP resonance of spherical gold
NPs. As a result, the coupling chemistry presented applies
to one combination of Au NP shape, NQD formulation
(relatively robust CdSe), and solvent, and is not widely
applicable to other combinations. In contrast, the meth-
ods reported in this work enable us to produce structures
of nearly any formulation, including most importantly the
attachment of NQDs of less chemically robust materials
such as lead chalcogenides or ternary compounds, en-
abling the synthesis of hybrids with resonances well into
the IR.

Here we describe a general method for the chemical
synthesis of dispersible metal[silica(SiO,)|NQD hybrid
superstructures with straightforward control over metal
NP shape size, NQD composition and loading, and the
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separation distance (Figure 1). Importantly, we demon-
strate the ability to leverage essentially any of the
established methods for preparation of NQDs of numer-
ous formulations that offer excellent control over shape,
size, and internal structure, and consequently fine control
over excitonic properties.® Likewise, we take advantage
of the incredible selection of shape-controlled metal NPs,
whose SP resonances, collectively, cover an energy range
that at least matches that of NQDs.>* To fully exploit this
inherent flexibility, NQDs and metal NPs must, as in the
previous example,'> be grown under their own respec-
tive ideal conditions. Then, shell-growth and coupling
must be performed in a manner that retains the desired
optical properties of each, regardless of respective for-
mulation. In the case of metal NPs, this means retention of
size and shape; however to retain the properties of the
NQD, particularly PL, it is also necessary to avoid dam-
aging the particle surfaces. For chemical reasons, this is
especially challenging. The highest quality NQDs are
usually grown in nonpolar organic solutions, and display
a wide range of surface sensitivies/reactivities depend-
ing both on formulation and the identity of the
ligands. Contrastingly, metal NPs are grown in a highly
polar aqueous solution, while finely controlled silica
deposition is best performed in water/alcohol solu-
tions at high pH (>10). As a result, solubilities and
residual reactivities must be considered at every step of
the way.

Our flexible approach enables the creation of
hybrid superstructures with enhanced optical proper-
ties, including record high two-photon absorption cross
sections and new functionality such as multicolor
(potentially “white-light”) emission, tunable from the
visible to the mid-IR. Such properties tunable over such
a broad energy range could potentially benefit several
optical and optoelectronic applications including NQD-
based sensing, microscopy and imaging, light emitting
diodes as well as photodiodes and photovoltaics. In
addition to the potential for modifying the emission
characteristics of the NQD chromophores, these hybrid
structures may offer unique properties through their
independently accessible plasmonic/excitonic bifunc-
tionality. Thus, for example, the same structure may be
utilized for PL imaging as well as for sensing local
molecular environments through surface-enhanced
Raman scattering.

RESULTS AND DISCUSSION

In a typical synthesis we construct a hybrid nano-
structure based on single-crystalline gold nanorods
(AuNRs) that demonstrate strong longitudinal SP fea-
tures ranging from the visible into the IR, depend-
ing on the aspect ratio. AuNRs with a longitudinal
SP near 800 nm are synthesized using a seed-mediated
growth method developed by Murphy, et al.,** and
later modified by El-Sayed, et al.3® After careful and
thorough removal of excess cetyltrimethylammonium
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Figure 1. A single, generalized reaction pathway can be used to fabricate hybrid superstructures with enhanced optical
properties over a large energy range. Shape-controlled Au NPs can exhibit SP resonances tunable from the UV to the mid-IR,
equivalent to the collective range of excitonic energies covered by NQDs of only a handful of formulations. A slow base-
catalyzed hydrolysis reaction is employed to overgrow a porous silica shell that is further activated with either amine or thiol
functions. Following this, NQDs may be decorated with the structure to form the metal—silica—NQD hybrid.
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Figure 2. (A) Extinction spectra of a AuNR sample before and after coating with 10 nm of SiO,. Spectra have been normalized
to the longitudinal SP. The dashed lines represent calculated spectra. Inset: self-assembly of the silica-coated nanorods on a
TEM grid. (B) TEM images showing progressive growth of the SiO, shell.

bromide (CTAB) surfactant, the NRs can be coated with a
4—30 nm thick shell of silica via a slight modification of a
previously reported procedure®3® Specifically, a slow,
base-catalyzed hydrolysis (over 48 h) of tetraethylorthosi-
licate (TEOS) in methanol results in a uniform, continuous
silica coating without the formation of free silica spheres
and with no effect on Au NP shape or size discernible by
transmission electron microscopy (TEM). The thickness of
the silica layer can be controlled by increasing or decreas-
ing the amount of TEOS and NaOH, or through subse-
quent iteration of the entire process. As shown in Figure
2A, the longitudinal SP shifts toward longer wavelengths
(up to 20 nm for 10 nm of shell) due to the higher dielectric
constant of the silica shell. After measuring the silica
thickness of a number of rods by TEM, the rod and the
silica shell were modeled as ellipsoids in the electrostatic
approximation to extract the effective dielectric constant
of the silica shell, which is estimated to be ~2.09.3%40
Assuming that the shell dielectric varies linearly between
the dielectric constant of pure silica (2.13) and the solvent
(1.78 for water), the optical redshift of the longitudinal rod
SP suggests that the shell is dominantly solid silica, with ca.
10% of its volume taken up by water included during

KHANAL ET AL.

growth. Assuming a reasonable distribution of water
throughout the shell volume, this essentially precludes
the formation of any surface-accessible pores large en-
ough to accommodate organic-functionalized NQDs.
Thus, this impenetrable silica shell establishes a tunable,
yet fixed and consistent separation distance between the
metal NP and the NQDs in the final superstructure. In
addition to the redshift of the longitudinal SP resonance,
its extinction cross section is also increased by ~25%
relative to the transverse feature. The response of the
transverse feature to changes in the dielectric environ-
ment is smaller because of the larger contribution to its
overall intensity from interband absorption. These spectral
changes can be used to monitor the progress of reaction
for fine thickness control; when the desired thickness is
reached, the silica-coated NPs are removed from the
solution by centrifugation and redispersed in pure ethanol.
To create a superstructure that can be expected to
maintain its metal:NQD ratio in a variety of environ-
ments, it is desirable to attach NQDs by direct chemical
bonds of the type found between the NQD surfaces and
their passivating ligands, rather than relying simply on
electrostatically induced aggregation. Thus, in advance of
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introducing NQDs, the Aul|SiO, NRs in ethanol are func-
tionalized by addition of 3-aminoproplytriethoxysilane
(APTES) with stirring, and again purified by centrifigua-
tion/redispersion. The NQDs to be attached, for example,
colloidal PbS/CdS NQDs,*' are then introduced as a THF
solution to the NR solution dropwise with vigorous
stirring. To maximize attachment of NQDs to the functio-
nalized AulSiO, surface, excess ligands and weakly asso-
ciated organics were removed from the NQDs thoroughly
by repeated cycles of precipitation (by addition of a short
chain alcohol such as ethanol or propanol, etc) and
redispersion in toluene before finally dispersing in THF.
Partial substitution of NQD surfactants by a more labile
surfactant such as octadecylamine or trioctylamine, prior
to introduction to the silica-coated metal, was found to
lead to more efficient attachment in the case of Cd- and
Zn-based NQDs. The pendant amine functionalities pre-
sented by the "activated” silica surface displace surfac-
tants on the NQD surfaces, resulting in a robust linkage.
The hybrid AuNR|SIO,[NQD superstructures are then
purified from excess, unbound NQDs by centrifugation
and redispersion in THF. Use of an excess of NQDs results
in reproducible and uniform loading on the SiO, surface;
lower loading levels (i.e., number of NQDs per AuNR) can
be achieved without loss of uniformity by reducing the
relative amount of APTES used during functionalization.
As anticipated considering the essentially nonporous
silica layer, the NQDs are able to attach only to the outer
surface of the shell, meaning that all NQDs reside at a
well-defined distance from the central AuNR.

The retention of PL for most NQD formulations proved
to be nontrivial, and required substantial experimentation
with synthesis conditions. There is some evidence that
residual reactivity from incomplete hydrolysis within the
silica shell has deleterious effects on the PL of attached
NQDs. Universally, the pretreatment of APTES-functiona-
lized Au|SiO; structures by a weak acid such as ascorbic
acid was found to improve PL quantum yields of the final
superstructures relative to the quantum yields observed in
the case of untreated structures, implying that the respon-
sible reactive sites are basic in nature. Finally, it is important
to mention that while the solubility of Au|SiO, nanostruc-
tures is higher in THF, the oxidizing environment pre-
sented by peroxides in unstabilized THF was also found
to be detrimental to the PL of a number of core-only NQDs
as well as NQDs with thin inorganic shells, both before and
after attachment. In fact, Au/Ag core/shell bimetallic NRs
were also prone to oxidation under these conditions.
Ascorbic acid, as an antioxidant, can help prolong NQD
stability in THF with low levels of peroxides, but not
indefinitely. For these reasons, it is often advisable to use
chloroform as the solvent.

The technique described above is extremely general
and may be reproducibly applied to a variety of metal
nanostructures and NQDs, with strikingly different
chemistries, to produce superstructures in which both
the SP and exciton resonances may be independently
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Figure 3. (A) Extinction spectra of various SiO,-coated metal
nanostructures. From lower to higher energy: pentahedrally
twinned AuNR (pAuNR); single-crystalline AuNR (sAuNR); Au
platelets (PT); etched AuNR (eAuNR); and silver-coated AuNR
(Au/AgNR). (B—E) TEM images of various superstructures: (B)
PAUNR|SiO,|CdSe/ZnS, (C) sAUNR|SiO,|PbS, (D) platelet|SiO,|-
CdSe/ZnS, (E) Au/Ag NR|SiO,|CdSe/ZnS).

tuned from the visible to the mid-IR region by varying
the shape of the metal NP (Figure 3) and the composi-
tion and size of the NQD.**~*° As-synthesized AuNRs
have an aspect ratio of 3:1, which produces a long-
itudinal SP resonance at 800 nm. This resonance may
be tuned into the visible region either by reducing the
aspect ratio, or by overcoating the AuNR with silver
(Ag).>* Reduction of the aspect ratio by selective
etching®® of the nanorod tips is accomplished by
treatment of the NRs with an Au>*/CTAB solution,
which preferentially oxidizes Au atoms at the highly
curved rod tips, where the CTAB coverage is less dense,
leading to the formation and dissolution of Au'"
ions.*” The reaction may be stopped once the desired
spectral position of the gold SP is reached by removal
of the AuNRs from the Au"-rich solution via centrifu-
gation. Alternatively, the tuning of the SP across the
visible spectrum may also be accomplished by over-
coating AuNRs with Ag using a variation of a published
method.* Either technique allows fine, reproducible
tuning of the longitudinal SP resonance at the ~10 nm
level, and results in particles fully amenable to subse-
quent inclusion in hybrid superstructures.
Superstructures may be prepared on Au NPs of
completely different structural motifs as well. Two rela-
tively new examples include pentahedrally twinned
AuNRs (pAuNRs, Figure 3B) and quasi-2D Au platelets
(Figure 3D). pAuNRs can exhibit very large aspect
ratios and corresponding longitudinal SP features extend-
ing into the mid-IR energies while platelets have a
surprisingly narrow feature in the nearlR that is
largely insensitive to the degree of faceting. These
shapes are synthesized simultaneously in a mixture
(~9:1 platelets:NRs) by a previously reported method,
and isolated via a highly selective procedure developed
recently by Zubarev and co-workers.*’*® Once isolated,
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Figure 4. Absorption (black) and PL (red) spectra for super-
structures over a wide range of energies. (A) pAuNR| PbSe/
CdSe. The structure extinction spectrum in the 2400—2800 nm
region (dashed line) is obscured by the solvent; (B) sAuNR|
SiO,|PbS/CdS; (C) eAuNR|SiO,|CIS/CdS; (D) dual emissive
superstructure with CdSe/ZnS NQDs of two different sizes
on a sAuNR. The dashed lines represent PL spectra of the
individual components. Variations in emission intensities
between individual superstructures, and between differ-
ent NQDs within the same superstructure (as in D), re-
flect relative loading levels (i.e., number of NQDs per
metal NP).

particles of either shape are further tunable by methods
similar to those described above for normal AuNRs.
Despite their significantly larger size, superstructures
based on either shape may be readily dispersed in
ethanol or THF provided the thickness of silica layer is
atleast ~12 nm, even in the case of pAuNRs that are up to
~300 x 20 nm in size.

To match the variety shown by the metal NPs, the
NQD excitonic position may be fine-tuned by varying
size, or more coarsely tuned by varying the NQD
material. To date, we have successfully used cores
and core—shell structures based on CdS, CdSe, CulnS,
(CIS), PbS and PbSe.*" This enables the preparation of
superstructures where the excitonic component, like
the plasmonic, may have an energy ranging from
the UV (CdS) to the mid-IR (PbS, PbSe) region of the
spectrum. In each case, the absorption spectrum is
dominated by the metal structure due to its larger cross
section, while PL arises from the NQDs. The wide
tunability as well as the diversity of these hybrid
superstructures is shown in Figure 4. By attaching
NQDs of different compositions (PbSe/CdSe Figure 4A,
PbS/CdS Figure 4B, and CIS/CdS Figure 4C) to Au
nanostructures of appropriate shapes and aspect
ratios, a wide spectral range relevant for a variety of
applications may be effectively covered. Interestingly
this technique also provides a simple route toward
achieving multicolor emitting nanostructures. As an
example, we synthesize two-color emitting structures
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Figure 5. (A) The absorption spectra of PbSe/CdSe NQDs (red),
Au NPs with 20 nm SiO; shells (blue) and the product super-
structure after attachment (black), arbitrarily scaled for clarity.
Inset: PL of the NQDs before (red) and after (black) attachment.
The red shift is likely a sign of NQD—NQD energy transfer due to
the extremely dense loading. (B) TEM image of the superstruc-
tures; inset, high-magnification showing NQD lattice fringes.

by attaching two different sizes of CdSe/ZnS NQDs
onto the same AuNR simultaneously. The relative
amplitudes of the two PL emission bands may be
controlled by varying relative concentrations of the
two NQDs in solution. For two different compositions
of NQDs, a more accurate control over the superstruc-
ture emission may be realized by initially attaching one
class of NQD, followed by purification and subsequent
attachment of the other NQD.

The structures shown in this initial synthetic study have
relatively thick SiO, shells, and so generally fall within the
regime of weak NP-NQD coupling. Although synthesis of
thinner-shell systems with strong coupling is easily ac-
complished via the same methods, the complexity of NP-
NQD interactions in these cases creates a large parameter
space that we will explore in further studies, each of
which will focus on a more limited range of materials.
However, because of the sensitivity of PL quantum yields
to modification of NQD surface environments, it is im-
portant to establish to what extent emission efficiency is
diminished in the final superstructures. This is highly
complicated by the relatively high absorption cross sec-
tions of the metal particles compared to the NQDs, and by
the possibility of SP-based enhancement or quenching.
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Figure 6. (A) The two-photon absorption cross sections of a
CdS/CdSe/CdS/ZnS NQD are significantly enhanced upon
inclusion in a AuNR-based superstructure, depending on its
SP peak (which reflects aspect ratio). The bare NQD absorp-
tion (black line) and two-photon cross section at 800 nm
(gray rectangle) are compared to the cross sections for
various AuNR|SiO,|NQD structures, plotted against the SP
peak position (red circles). (B) The enhancement of the two-
photon cross section increases with the square of the SP-
excitation overlap, which in this case is the amplitude of the
peak-intensity-normalized longitudinal SP feature at 800
nm. The dashed line is a square fit. Inset: the two-photon PL
for a single sample depends quadratically (dashed line) on
the 800 nm excitation power (red).

To minimize these effects, we studied a structure which
combined a 20 nm spherical Au NP (SP peak at 530 nm), a
25 nm-thick SiO; shell, and a heavy loading of 4 nm PbSe/
CdS core/shell NQDs (PL peak at 1350 nm). This extreme
spacing and spectral separation reduces the chance for
coupling effects on PL efficiency to essentially nil. Careful
measurement of PL before and after attachment, while
accounting for the still quite substantial Au absorption tail
into the IR, demonstrates that we can consistently retain
at least 30% of the original quantum yield (Figure 5A
inset). Batch-to-batch variation and studies using struc-
tures based on other NQDs suggest that refinement of
the attachment process (e.g., finer control over ligand
exchange and APTES functionalization, better solvent
quality, etc.) can improve this further, likely to the point
where substantially more than half of the quantum yield
can be preserved.

KHANAL ET AL.

Interestingly, even in the weak-coupling limit in
which linear properties are largely unperturbed, it is
possible to still observe large changes in nonlinear
optical properties.** Dispersible NQDs have been pre-
viously noted to exhibit two-photon absorption cross
sections orders of magnitude larger than even the most
efficient organic dyes currently in use,”® and thus are of
great interest for bioimaging applications such as two-
photon excitation microscopy,”’ and for three-dimen-
sional display technologies.>® We synthesized superstruc-
tures in which highly luminescent CdS/CdSe/CdS/ZnS**
NQDs (chosen for their tunability as well as excellent
chemical and photochemical stability) with emission at
~530 nm were coupled to AuNRs of a range of aspect
ratios with a 15 nm SiO, spacer layer. It is expected that
the field enhancement due to the AuNR SP resonance
can enhance the effective two-photon cross sections of
the NQDs located around the AuNR. Two-photon absorp-
tion cross sections were measured by exciting the sam-
ples using 250 fs pulsed 800 nm laser. The sample PL was
collected at different power levels for 800 nm light, and
compared to the PL emission obtained from linear
400 nm photo excitation. Figure 6A demonstrates that
coupling of the NQDs to the AuNR has a very significant
effect on the two-photon cross sections with the values
measured at 800 nm being greatly enhanced relative to
the already large value of the original bare NQDs. In
testament to the importance of fine-tuning, this enhance-
ment increases from 5- to 30-fold as the AUNR SP is tuned
over the excitation wavelength, reaching as high as 4 x
10° GM, surpassing the highest previously reported value,
achieved in CdS NRs.>® Even higher enhancement factors
should be achievable through optimization of the silica-
layer thickness, which is a key parameter in the strength
of the NQD—metal interaction. Figure 6B illustrates the
role of the metal SP in the attainment of this result.
Assuming the scattering cross sections at the longitudinal
SP for all the metal NRs to be similar, the field enhance-
ment of 800 nm light in the vicinity of the metal NR is a
linear function of the spectral overlap between the NR SP
and the laser excitation. We observe that the enhance-
ment in two-photon cross sections is related to the
square of the spectral overlap as is expected from a
purely field enhancement point of view.

CONCLUSIONS

The structural motif presented in this study repre-
sents a powerful and flexible system for probing the fine
details of, and exploiting the interactions between,
coupled plasmonic NPs and excitonic NQDs. The ability
to combine, at controllable ratio and distance, NQDs and
metal NPs of arbitrary formulation, size, and shape allows
one to leverage decades of advancement in synthetic
control over such properties to arrive at superstructures
in which the coupling can be modified on a previously
unavailable level of fineness, over an unmatched total
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range of energies. Single-crystal AuNRs, pentahedrally
twinned AuNRs, Au Platelets and the Au/Ag core/shell
rods, when matched with the diverse NQD compositions
included in this study, afford a continuously variable
system that spans an energy space from the UV all the
way into the mid-IR. While only scratching the surface of
this potential, this study has already demonstrated several
novel properties of large general interest, including the
addition of a PL signal to a strongly absorbing metal-NP
system; multicolor, potentially white-light emission from
single dispersible entities; and record-high two-photon

METHODS

General Synthesis Details. Hydrogen tetrachloroaurate trihy-
drate (HAuCl, - 3H,0) (99%), cetyltrimethlyammonium bromide
(CTAB) (99+ %), and sodium borohydride (NaBH,) (98%) were
purchased from Acros Organics. Ascorbic acid (99.7%), sodium
hydroxide, anhydrous ethanol, and tetrahydrofuran (THF)
(99.9%) were purchased from Fisher Scientific. Silver nitrate
(99.99%), tetraethylorhtosilicate (TEOS) (99.95%), and 3-aminopropyl
triethoxysilane (APTES) (99%) were purchased from Sigma-Aldrich.
DI water was used throughout the experiment. All chemicals were
used without further purification. Metal particles were synthesized
using modifications of known synthetic techniques.

Seed-Mediated Synthesis of Single-Crystalline AuNRs. Seed Solution.
In a 40 mL glass vial, HAuCl4 - 3H,0 (1.97 mg) and CTAB (364 mg)
are dissolved in 500 mL of water in 10 mL of water at 25 °C. Ice-
cold NaBH, solution (0.01M, 0.6 mL) is added with vigorous
stirring, resulting in the formation of 3—4 nm spherical Au seed
particles.

Growth. Ina 1000 mL flask, CTAB (18.2 g) and HAuCl,-3H,0
(98.5 mq) are dissolved in 500 mL of water at 25 °C. Aqueous
AgNO; (4 x 107> M, 12.5 mL) is introduced and the flask is
stoppered and shaken by hand. Next, aqueous ascorbic acid
(0.0788 M, 3.5 mlL) is added with additional shaking. The
reduction of Au>" to Au'" results in the disappearance of dark
yellow color. Quickly, 0.8 mL of seed solution is added to the
colorless growth solution and shaken. Within 10—20 min the
solution becomes reddish brown, indicating the formation of
AuNRs. The flask is left undisturbed for 2 h, after which the
product NRs are precipitated by centrifugation. For further
experiments, the supernatant containing unreacted Au ions is
discarded and the AuNRs are redispersed in the desired solvent.

Tip-Selective Oxidative Etching. In a typical experiment,
10 mL of aqueous solution containing 4 mg of HAuCl,-3H,0
and 364 mg of CTAB is introduced into 200 mL of as-synthesized
AuNRs solution with vigorous stirring. The evolution of the
aspect ratio is monitored by UV—vis spectroscopy, and the
reaction is stopped at the desired SP position by centrifugation
and removal of unreacted Au*/CTAB complex.

Seed-Mediated Synthesis of p-AuNRs and Platelets. Seed Solution.
In a 40 mL glass vial, 1.97 mg of HAuCl,-3H,0 and 1.47 mg of
sodium citrate are dissolved in 20 mL of water. NaBH, solution
(0.1 M, 0.6 mL) is added, and the mixture is stirred vigorously.
The formation of 3—4 nm spherical gold seed particles is
accompanied by a change in the color of the solution from
light yellow to brown.

Growth. For clarity, three flasks are labeled A, B, and C. In
each flask, 4.72 mg of HAuCl, - 3H,0 and 1.82 g of cetyltrimethy-
lammonium bromide (CTAB) are dissolved in 50 mL of water at
25 °C. Aqueous ascorbic acid (0.1 M, 0.5 mL) is added into each
flask and hand shaken, whereupon the solutions become color-
less. Then, 5 mL of the seed solution is added to flask A with
stirring. Within 10 s, 5 mL of solution from flask A is transferred
into flask B and hand-shaken for 10 s. Next, 5 mL of solution from
flask B is transferred into flask C with stirring. This method
produces a mixture of three major shapes- pAuNRs, platelets,
and spherical particles. For the separation of pAuNRs from
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absorption cross sections (which can be used to excite
single- or multicolor emission in suitably constructed
superstructures). Importantly, once synthesized, these
robust hybrid structures can retain their desired cou-
pling properties under diverse conditions, from solu-
tion-phase to cast-film, and potentially even while
embedded in a variety of matrices, according to the
needs of a given study or application. Thus, this single
system is potentially relevant to applications from LEDs
and displays, to tissue-transparent biomarkers, to solar
cells and IR detectors.

mixtures of shapes, flask C was left undisturbed for 24 h. Most
of the pAuNRs and platelets precipitate to the bottom of flask.
The supernatant containing mainly spherical NPs is discarded,
and the precipitate is redispersed in 10 mL of 0.1 M CTAB
solution. The separation of pAuNRs from platelets was carried
out by partial oxidation with HAuCl,-3H,0. Partial oxidative
etching transforms platelets into circular disks that have rela-
tively higher solubility due to a larger surface area than the
pAuNRs, which will selectively precipitate from the undisturbed
solution over 24 h. After removal, the disks remaining in the
supernatant can be converted back to platelets by regrowing
with Au' " solution. The pAuNRs and platelets thus isolated were
dissolved in 15 mL of water and used for further experiments.

Synthesis of Au/Ag Bimetallic NRs. The synthesis of Au/Ag NRs is
carried out by the chemical reduction of Ag'" ions on pre-
synthesized AuNRs. In a typical experiment, the AuNRs precipi-
tated from a 100 mL portion of the as-synthesized solution
prepared above are redispersed in 0.1 M aqueous CTAB solution
at 25 °C. To this solution 4.25 mg of AgNOs is added. Next,
aqueous sodium ascorbate (0.1 M, 0.5 mL) and NaOH (0.1M,
0.5 mL) are added simultaneously. The reaction produces an
immediate color change from brown to green; the progress of
Ag deposition can be monitored by UV—vis spectroscopy, and
the reaction can be stopped by centrifugation and redispersion
into CTAB/H,0 solution.

Silica Coating of Metal NPs. Silica coating on the surface of
AuNRs, pAuNRs, Au nanoplatelets, or Au/Ag bimetallic NRs is
carried out by a modified sol—gel method. To 30 mL of NP
solution (containing roughly 10~"" moles of NPs), 50 uL of 0.1 M
NaOH solution are added dropwise with stirring. After 5 min,
50 uL of 20% TEOS in MeOH (by volume) is also added dropwise
with stirring. This process is repeated every 8—12 h for up to four
total additions, and after the final addition, the solution is stirred
for an additional 12 h. These amounts typically result in a
12—15 nm coating of silica, but the amount of TEOS and NaOH
used can be varied to modify the thickness of silica layer. The
silica-coated NPs are isolated by centrifugation and redispersed
in 30 mL of EtOH.

Coupling of NQDs to Silica-Coated Metal NPs. Activation of silica
surfaces is accomplished by the addition of 3-aminopropyl
triethoxysilane (APTES). In a typical experiment, 100 uL of APTES
are added dropwise to the above-prepared 30 mL of an EtOH
solution of Au/SiO, NPs with stirring. After stirring for an
additional 12 h, the activated NPs are isolated by centrifugation
and redispersed in 30 mL of tetrahydrofuran (THF). In a typical
attachment reaction, 10~'? moles of coated Au NPs were mixed
with 1072 moles of NQDs in 5 mL of solvent, where concentration
is estimated by measuring the optical absorption. The addition of
NQDs was performed dropwise with vigorous stirring.

The efficiency of attachment is a strong function of the NQD
composition, details of surface coverage and cleaning, the
solvent used, and the ligand chemistry. For instance, attach-
ment can be nearly quantitative for amine-capped NQDs in THF,
whereas it can be much lower for NQDs featuring other capping
ligands. The efficiency of attachment of NQDs may be improved
by exchanging the native NQD ligands with more labile ligands
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such as trioctylamine or octadecylamine. This step is performed by
gently warming the NQDs in a concentrated solution of the chosen
amine in toluene to ~40 °C for 5 min. The NQDs are then
precipitated and redissolved in toluene at least twice and then finally
redispersed in THF. After stirring for an additional 12 h, the compo-
nents are separated by centrifugation. The supernatant, which
mainly contains unattached NQDs, was removed, and the precipitate
was redispersed in THF, occasionally assisted by gentle sonication.

To aid in the neutralization of any remaining basic sites from
incomplete hydrolysis during silica-shell growth, the THF used in
these steps is saturated in a weak acid, such as ascorbic acid, by
stirring over an excess of the acid overnight at room temperature.
When NQDs that are particularly susceptible to oxidation are used,
such as CIS and lead chalcogenide NQDs, THF can be replaced by
chloroform in all of the above steps. In chloroform, the attachment
efficiency is generally lower than in THF, and so it is particularly
important to perform octadecylamine-substitution of the native
ligands to increase the attachment efficiency.

Two-Photon Cross Sections. The two-photon absorption cross
section was determined by comparing PL intensity from NQD
and AuNR/NQD samples in THF under 800 nm (2-photon)
excitation and 400 nm excitation. Under the assumption of
insignificant pump attenuation, 3 = P(xa/l,) where 3 is the two
photon cross section in cm?s photon’1 (10°° GM), « iis the ratio
of PL counts obtained under 800 and 400 nm excitation, I, is the
intensity of the 800 nm light in photons cm 25", aLis the linear
absorption cross section at 400 nm and P is the ratio of
excitation power at 400 nm to the excitation power at
800 nm. The 800 nm excitation was performed using 250 fs
pulses with a repetition rate of 250 kHz. Measurements were
performed at varying 800 nm fluences, and the error bars
represent the standard deviation across various measurements.
Background emission observed during 800 nm excitation was
subtracted. Sample degradation was avoided by stirring.

The two-photon cross section of the bare NQDs (1.3 + 0.2 x
10* GM) was obtained by using a linear absorption cross section of
3 x 107" cm? at 400 nm. The linear cross section is obtained by
fitting the early time transient saturation behavior of the band-
edge (15) excitonic feature to a Poisson distribution function.

Structural Characterization. TEM images were obtained by
using JEOL 2010 transmission electron microscope operating
at 200 kV. TEM samples were prepared by casting 3 uL of dilute
sample solution on carbon-coated copper TEM grids.

Spectroscopic Characterization. Optical absorption spectra were
collected on a Cary 5000 UV/vis/NIR spectrophotometer from
solutions in 1 cm path length quartz cuvettes. Static PL spectra
were collected on a Jobin-Yvon (Horiba) Fluorolog from dilute
solutions (OD < 0.1 at the excitation wavelength) in 1T cm path
length quartz cuvettes. NP and NQD concentrations were
determined from static absorption spectra, using optical ab-
sorption cross sections estimated by considering AuNRs as
ellipsoids, according to published methods**#° as described
in the text. NQD cross sections were determined from published
literature®>>*~%¢ or estimated from band edge saturation data
in transient absorption experiments.
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