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phocyte proliferations observed in these patients.
LMO? targeting suggests either that there is a
“physical hotspot” of integration at this locus, or
more likely, that random, activating, LMO? inte-
grants are selected simply by the growth advan-
tage conferred on them. The chance of integration
of any active gene is assumed to be ~1 X 107> (a
rough estimate of a random hit within 10 kbp
among the estimated transcriptionally active 1 X
10” base pairs. It is likely that each patient re-
ceived at least 1 to 10 LMO2-targeted cells, be-
cause the patients received 1 X 10° or more
transduced T lymphocyte precursors (estimating
that at least 1% of the total number of injected
transduced cells—92 X 10° and 133 X 10° for
patients P4 and P5, respectively—could give rise
to T cells). It will be crucial to understand the site
distribution and mechanism of retroviral integra-
tion in human CD34 cells in order to more accu-
rately assess this risk. The availability of the hu-
man genome sequence makes this work feasible
(38, 39). It is tempting to speculate that SCID-X1—
related features may have contributed to the un-
expectedly high rate of leukemia-like syndrome.
Indeed, it is possible that, because of the differen-
tiation block, there are more T lymphocyte pre-
cursors among CD34 cells in SCID-X1 marrow
than in marrow of normal controls, thus augment-
ing the number of cells at risk for vector integra-
tion and further proliferation once the yc trans-
gene is expressed. The massive capacity of T cell
precursors to become amplified in an “empty
compartment” is another possible factor that fa-
vors the development of disease (40). Finally,
patients P4 and P5 were the youngest in our study.
Given the exceptional proliferative capacity of
neonatal hematopoiesis, young age per se could
also increase the number of precursor cells at risk

for insertional mutagenesis. These hypotheses can
now be tested by the design of predictive model(s)
that enable assessment of the safety of modified
gene therapy strategies that should be envisaged to
treat SCID-X1 patients, as justified by the efficacy
of gene therapy observed in this trial. Our obser-
vations demonstrate that the safety profile of
each gene transfer strategy needs to be ad-
dressed individually for each disease in relation
to its pathophysiology and the functions of the
transgene product.
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A Hybridization Model for the
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We present a simple and intuitive picture, an electromagnetic analog of mo-
lecular orbital theory, that describes the plasmon response of complex nano-
structures of arbitrary shape. Our model can be understood as the interaction
or “hybridization” of elementary plasmons supported by nanostructures of
elementary geometries. As an example, the approach is applied to the important
case of a four-layer concentric nanoshell, where the hybridization of the plas-
mons of the inner and outer nanoshells determines the resonant frequencies

of the multilayer nanostructure.

The fabrication of materials on a nanoscale
can be used to enhance and exploit proper-
ties that become stronger under conditions
of reduced dimensionality. In metallic sys-
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tems, the conduction electron charge den-
sity and its corresponding electromagnetic
field can undergo plasmon oscillations. Be-
cause of the nature of the optical constants
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for noble metals, the charge oscillations
can propagate along the surface (rather than
vanish evanescently) at optical frequencies.
These surface plasmons can be excited by
incident light in a process that depends on
the dielectric constant of the material at the
metal’s surface, an effect that is exploited
in surface plasmon resonance spectroscopy.
In particles of dimensions on the order
ofthe plasmon resonance wavelength, this
surface plasmon dominates the electromag-
netic response of the structure.

Recent advancements in the chemical
synthesis of metal nanostructures have led
to a proliferation of various shapes such as
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rods (I, 2), shells (3-5), cups (6, 7), rings
(8), disks (9, 10), and cubes. These devel-
opments, in addition to deep submicrome-
ter lithographic methods for fabricating
nanostructure grids and arrays, have pro-
vided the tools for realizing experimental
studies of plasmon properties of metal
nanostructures of arbitrary geometry. To
fully exploit these new fabrication capabili-
ties, accurate numerical methods (/7-13) for
calculating the electromagnetic properties of
nanoscale structures are essentially defining
the new field of “plasmonics,” providing an
understanding of how to manipulate light at
the nanometer scale with metal nanostruc-
tures as nano-optical components.

We now describe a way in which the
plasmon response of metal-based nano-
structures can be understood as the interac-
tion or “hybridization” of plasmons sup-
ported by metallic nanostructures of more
elementary shapes. The plasmon hybridiza-
tion picture can be used to describe the
sensitive structural tunability of the plas-
mon resonance frequency of the nanoshell
geometry as the interaction between plas-
mons supported by a nanoscale sphere and
cavity (/4). This simple and intuitive pic-
ture can also be used to understand the
plasmon resonance behavior of composite
metallic nanostructures of greater geomet-
rical complexity. The plasmon hybridiza-
tion picture is important because it provides
the nanoscientist with a powerful and gen-
eral design principle that can be applied,
both qualitatively and quantitatively, to
guide the design of metallic nanostructures
and predict their resonant properties.

A hollow metallic nanosphere, or
nanoshell, supports plasmon resonances
with frequencies that are a sensitive func-
tion of the inner and outer radius of the
metallic shell (/5). Recent experimental
realization of this topology by a variety of
methods has demonstrated the sensitive de-
pendence of the plasmon resonance
frequency on nanostructure geometry and
embedding medium (3, 716-19). Although
this property can be calculated with electro-
magnetic theory, it has also recently been
shown that ab initio electronic structure
methods result in exact agreement with Mie
scattering theory (20) for nanoshells in the
dipole limit (27). This convergence between
electronic and electromagnetic theory for pre-
dicting the plasmon response of metal nano-
structures provides the rigorous foundation
for the plasmon hybridization picture.

For the specific case of nanoshells, the
highly geometry-dependent plasmon re-
sponse can be seen as an interaction between
the essentially fixed-frequency plasmon re-
sponse of a nanosphere and that of a nano-
cavity (Fig. 1). The sphere and cavity plas-
mons are electromagnetic excitations that in-
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Fig. 1. An energy-level diagram describing the
plasmon hybridization in metal nanoshells result-
ing from the interaction between the sphere and
cavity plasmons. The two nanoshell plasmons are
an antisymmetrically coupled (antibonding) o
plasmon mode and a symmetrically coupled
(bonding) w_ plasmon mode.

duce surface charges at the inner and outer
interfaces of the metal shell. Because of the
finite thickness of the shell layer, the sphere
and cavity plasmons interact with each other.
The strength of the interaction between the
sphere and cavity plasmons is controlled by
the thickness of the metal shell layer. This
interaction results in the splitting of the plas-
mon resonances into two new resonances: the
lower energy symmetric or “bonding” plas-
mon and the higher energy antisymmetric or
“antibonding” plasmon (Fig. 1). To describe
the geometry of a nanoshell, we adopt the
notation (a,b) to indicate the inner radius a
and the outer radius b of the shell.

The electron gas deformations can be
decomposed as spherical harmonics of or-
der /. We can show (supporting online text)
that the interaction of the plasmons on the
inner and outer surfaces of the shell gives
rise to two hybridized plasmon modes |0 )
and |w_) for each / > 0. The frequencies of

these modes are
2 2+
w3 a
oh= —[1+ 1+ 41(”1)(5) ]
(1)

2| T 20+1
The | ) mode corresponds to antisymmetric
coupling between the sphere and cavity
modes and the |w ) mode corresponds to
symmetric coupling between the two modes
(Fig. 1). The validity of this expression for
the nanoshell plasmon energies has been ex-
plicitly verified with fully quantum mechan-
ical calculations (20). The inclusion of a di-
electric core and/or embedding medium in
the formalism is straightforward. Although
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Fig. 2. Diagrams depicting (A) the concentric
nanoshell geometry described by the concen-
tric radii of the core (a,), inner shell (b,), spacer
layer (a,), and outer shell (b,). (B) An energy-
level diagram describing the interaction be-
tween the inner- and outer-nanoshell plasmon
resonances, resulting in the hybrid plasmon
resonance of a concentric nanoshell. Although
in principle, a coupling also exists between the
antisymmetric and the symmetric nanoshell
plasmons of the separate shells, it has only a
small influence because of the larger energy
separation between those two modes.

the resulting plasmon energies are the same
as what would be obtained from a Drude
dielectric function and classical Mie scatter-
ing in the dipole limit, the present treatment
clearly elucidates the nature of the nanoshell
plasmon resonances and, in particular, the
microscopic origin of their tunability.

The plasmon hybridization picture can
be used to understand the multifeatured
plasmon response of more complex metal-
lic nanostructures, such as dimers or other
nanoparticle aggregates. The structure that
we examine here is that of a concentric
nanoshell, a four-layer nanoparticle con-
sisting of a dielectric core, metal shell,
dielectric spacer layer, and a second metal-
lic shell. This “nano-matryushka” structure
is shown in Fig. 2A. The plasmon response
of this structure can be understood as an
interaction and hybridization of the plas-
mons of the two individual metal shells
(supporting online text). To illustrate this
concept, we consider two concentric
nanoshells with geometries (a,,b,) and
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Fig. 3. Scanning electron micrographs depicting the synthesis
of concentric nanoshells. (A) Silica nanoparticles were pre-
pared with the Stéber method. The silica-particle surfaces
were then derivatized with 3-aminopropyltriethoxysilane
(APTES). This presents an amine moiety—coated nanoparticle
surface for attaching small gold colloid (2- to 3-nm diame-
ter). The attached gold colloid acts as nucleation sites for the
reduction of gold ions from solution onto the particle. Once
prepared, the nanoshells were processed to remove excess
and dialysis.
nanoshells of 800 nm total diameter are shown. (B) The
silica-encapsulated nanoshell with a 235-nm-thick silica lay-
er. The growth of the silica layer onto the gold-silica
nanoshell was achieved with a method similar to that devel-
oped for the silica encapsulation of gold colloid (23). The gold
surface of the nanoshell was first derivatized with APTES.
This treatment prepared the particles for the subsequent
condensation of a thin (4 to 10 nm) silica layer onto their

reactants centrifugation

by

Gold-silica

surfaces from a dilute (0.54 weight %) sodium silicate solu-

tion. Upon formation of this thin silica layer, centrifugation was used
to remove excess silica from solution that may have nucleated into
silica nanoparticles. The thickness of this silica layer was then in-
creased by using the Stéber method (24). Growth of the outermost
gold shell layer onto the silica layer proceeded by derivatization of the
silica layer with APTES, attachment of small gold colloid, followed by

Fig. 4. Experimental (blue) and
theoretical (red) extinction spec-
tra for concentric nanoshells (3)
compared to the inner (1) and
outer (2) nanoshell plasmon res-
onances in different-strength
coupling regimes. Nanostruc-
tures were derivatized with 1-
dodecanethiol and either sus-
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pended in CS, in a 1-mm path
length sealed cell or dried and
mixed with KBr and pressed into B
a pellet to obtain the spectra.
The peak positions of the dipole
resonance modes are marked for
clarity. The theoretical extinction
spectra were generated with a
vector basis function solution of
Mie scattering theory for a coat-
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a, and b, layers. (A) Concentric
nanoshell with dimensions a,/b,/a,/
b, = 80/107/135/157 (nm); the in-
ner- and outer-nanoshell plasmons
interact strongly, resulting in strong-
ly hybridized plasmons. (B) Concen-
tric nanoshell with dimensions a./
bila b, = 77/102/141/145 (nm};
the mner- and outer-nanoshell plas-
mons interact weakly with a rela-
tively small change in the concen-
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tric nanoshell plasmon compared with the single nanoshell plasmons. (C) Concentric nanoshell with

dimensions a,/b,/a,/b,

= 396/418/654/693 (nm). Noninteracting inner- and outer-shell plasmons:

The concentric nanoshell response is identical to that of the outer-nanoshell plasmon.

(ay,b,). In this system, there are four lin-
early independent, incompressible charge
deformations (plasmons). Their interaction
results in four hybridized plasmon resonances,
as schematically depicted in Fig. 2B. The thick-
ness of the dielectric spacer layer la, — bl
controls the strength of the coupling between
the inner and the outer nanoshell. The resulting
plasmon energy shifts will depend on the cou-
pling strength and the energy between the plas-

www.sciencemag.org SCIENCE VOL 302

mons on the inner and outer shell. The plasmon
energies of the concentric nanoshell structure
can therefore be tuned both by changing the
dielectric spacer layer and by tuning the plas-
mon energies of the individual nanoshells.
Concentric nanoshells were synthesized
on the basis of the gold nanoshell fabrica-
tion chemistry previously reported (Fig. 3)
(3). Figure 4 shows the hybridized plasmon
response of concentric nanoshells for the

REPORTS

reduction of the final gold shell layer. (C) The silica-coated nanoshell seeded
with Au-colloid to initiate the growth of a second gold layer. The gold colloid
coverage is comparable to the coverage typical of metal shell growth.
Reduction of chloroauric acid onto this prepared nanoparticle yields the final
four-layer, concentric nanoshell. (D) The completed concentric nanoshell
with a total particle diameter of 1.4 um.

cases of strong coupling (Fig. 4A), weak
coupling (Fig. 4B), and uncoupled plas-
mons (Fig. 4C). In this figure, the spectra
denoted (1) show the experimental and the-
oretical extinction spectra for the isolated
inner-shell plasmon |0 g ). The spectra
denoted (2) are the theoretical extinction
spectra of the isolated outer-shell plasmon
|w s, calculated as though the inner-shell
structure were replaced wholly by a dielec-
tric (silica) core. The spectra denoted (3)
are the experimental and theoretical extinc-
tion for the concentric nanoshell. In these
spectra, the |w™ o) and |w~ g) plasmons
are clearly apparent.

In Fig. 4A, the strong coupling case, the
plasmon hybridization and splittings are
quite strong because of the small (28 nm)
interlayer spacing between inner— and out-
er—metal shell layers and because the inner
lo_ s, and outer |w_ ) nanoshell plas-
mons are nearly resonant with each other.
The hybridization of the plasmon appears
to be strongly asymmetric; we attribute this
asymmetry primarily to phase-retardation
effects (22). A second contributing factor
to the asymmetry is the small but finite
interaction with the higher energy |w NS, )
and o, \g) plasmon modes. Figure 4B
depicts a concentric nanoshell with a weak
plasmon coupling between the inner and
outer shell. In this case, the inner- and
outer-plasmon resonances are detuned from
each other in energy, and the spacing be-
tween inner and outer metal layers is slight-
ly increased (39 nm). Because the hybrid-
ization is weak, the concentric shell plas-
mon modes show only small shifts relative
to the isolated shell plasmons. In Fig. 4C, a
concentric nanoshell with a fully decoupled
plasmon response is shown. In this case,
the intershell spacing is 236 nm, effectively
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isolating the inner-shell and outer-shell lay-
ers. The concentric nanoshell response (3)
appears to be almost indistinguishable from
the calculated nanoshell response for the
outer shell. Because of the large intershell
spacing and the finite penetration depth of
the light, the inner-nanoshell plasmon is
not excited.

We have shown that the plasmon response
of metal-based nanostructures can be viewed
as the collection of plasmons arising from
simpler geometries to form an interacting
system. The plasmonics of the metallic nano-
structure is determined by the electromagnet-
ic interaction between these “free” plasmons,
which leads to mixing (hybridization), split-
tings, and shifts of the plasmon energies.
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Solvent-Free Electrolytes with
Aqueous Solution—Like

Conductivities
Wu Xu and C. Austen Angell*

Aqueous solutions are generally assumed to be superior electrolytic conductors
because of the unique dielectric and fluid properties of water. We show that
their conductivities can be matched by liquid electrolytes that contain no
solvent. These are proton transfer salts that are liquid at ambient temperature.
The high conductivities are due to the high fluidity and ionicity rather than some
sort of Grotthus mechanism, although in certain cases a mobile proton pop-
ulation may make a non-negligible contribution. The highest conductivities
have been obtained when both cations and anions contain protons. At 25°C,
values of >150 millisiemens per centimeter (mS cm ') appear possible; at
100°C, 470 mS cm™ ' has been measured. Because of the combination of high
ionicity and proton exchange kinetics with low vapor pressure, the systems we
describe also make excellent fuel cell electrolytes.

The study of electrical conductance in ionic
solutions goes back to the earliest chapters
of physical chemistry. It has been over-
whelmingly the study of aqueous solutions.
The concepts of ionic dissociation, and the
battles fought to establish the reality of
ions, were based on observations made on
aqueous solutions (/). The more recent
surge of interest in nonaqueous electrolyte
systems (2, 3) has been driven, in part, by
the quest for a rechargeable lithium battery.
In this respect, the much lower conductiv-
ities characteristic of nonaqueous electro-
lytes have been a serious hurdle (3).
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The ability of solutions to carry current,
measured in S cm™!, increases with in-
creasing ion concentration from the low
and often immeasurable values of the pure
solvent. However, it always peaks at con-
centrations on the order of 1 M (versus ~5
M for aqueous solutions) (2) because the
electrostatic interaction between the ions of
opposite charge, moderated by the dielec-
tric constant of the solvent, causes a coun-
terbalancing decrease in the individual ion-
ic mobilities. For this reason, it is generally
not expected that pure salts can be excellent
conductors unless the temperature is raised
to high values. We show that this expecta-
tion is not valid, and we identify conditions
under which the conductivity of solvent-
free ionic liquids (ILs) can be raised to
aqueous solution levels.
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ILs may be either protic or aprotic in
nature. Protic ILs are formed by proton trans-
fer between molecules that are, respectively,
Bronsted acids and bases. Aprotic ILs are
formed by transfer of an alkyl group (or a
group of comparable complexity) to the same
site occupied by a proton in a protic IL. The
study of the aprotic ILs has become a major
field focused on “green” chemistry (4, 5) but
not limited to it (6—11).

We find that the fluidities and attendant
conductivities of protic ILs tend to be much
higher than those of aprotic ILs, for reasons
that are not completely clear. Residual hydro-
gen bonding would suggest the opposite ef-
fect. The answer may lie in the reduction of
the Madelung energy (the free energy reduc-
tion due to uniform distribution of negative
around positive charge centers) that is re-
sponsible for the low vapor pressure of ILs
and molten salts (/2—14). Whatever the ex-
planation, the higher fluidities lend protic ILs
an important advantage in any application
where protonation of more basic sites in the
system is not a problem.

The possibility that fluidities of protic ILs
could be exceptional became apparent to us
during a study of glass transition tempera-
tures (7},) of ILs (/2). T, is where the liquid
state begins: It is the temperature above
which fluidity becomes measurable and is, of
course, relevant to fluidity at room tempera-
ture. For ILs of comparable fragility [i.c.,
those in which the fluidity above 7|, changes
at the same rate with change of temperature
(13)], the IL with the lower 7, will be the one
that is more fluid at ambient temperature. The
T, values of simple mono- and disubstituted
ammonium salts, obtained either directly or
by short extrapolations of data on their mix-
tures, are found to be anomalously low. In
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