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ABSTRACT: Plasmonic doped semiconductor nanocrystals promise yu—
9nQ anQ q g e e Y -+23x%x100¢e -, cm™3
exciting opportunities for new technologies, but basic features of the i[ c8
relationships between their structures, compositions, electronic structures,
and optical properties remain poorly understood. Here, we report a
quantitative assessment of the impact of composition on the energies of
localized surface plasmon resonances (LSPRs) in colloidal tin-doped indium
oxide (Sn:In,O;, or ITO) nanocrystals. Using a combination of aliovalent -
doping and photodoping, the effects of added electrons and impurity ions on -
the energies of LSPRs in colloidal In,O; and ITO nanocrystals have been Inoreasing S content | 1.2 08
evaluated. Photodoping allows electron densities to be tuned post- Energy (eV)
synthetically in ITO nanocrystals, independent of their Sn content. Because
electrons added photochemically are easily titrated, photodoping also allows independent quantitative determination of the
dependence of the LSPR energy on nanocrystal composition and changes in electron density. The data show that ITO LSPR
energies are affected by both electron and Sn concentrations, with composition yielding a broader plasmon tuning range than
achievable by tuning carrier densities alone. Aspects of the photodoping energetics, as well as magneto-optical properties of these
ITO LSPRs, are also discussed.
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B INTRODUCTION observed that the LSPR energies of doped semiconductors are
strongly coupled to the one-electron intraband transition
energies, causing divergence from the classical Drude model
when in the quantum confinement size regime.*® A second
potentially important feature of doped nanocrystal electronic

semiconductor nanocrystals have been modulated by various structure -that ha% not received sufﬁaent attentlo'n in LSPR

techniques including remote doping 7-13 vacancy genera- analyses is the impact of the sizable electronic-structural

tion. "7 aliovalent doping 18-25 electr:)chemical doping 26-29 changes that frequently accompany the introduction of lattice
) ) )

and photodoping,8’21’28’30_40 each offering specific advantages. defects (e.g., impurities, vacancies) even in the absence of free
For example, aliovalently doped colloidal nanocrystals such as CArriers. .SuCh. eﬁfﬁg fgre widely discussed in the context of band
Sn-doped In,0, (ITO)'®1941-44 g Al-doped ZnO gap engineering but have not. beep thc.'roughl.y explored
(AZO)2** Contain conduction-band electrons that are stable for the purposes of plasmon engmeer;ng in semiconductor
. . .
in air, making them attractive for potential aerobic applications. na'nocrystals. F or example, 1sovalen.t Mg™ doping is known to
Alternatively, photodoped ZnO nanocrystals contain reactive shift the potentials of ex‘cra3 6conductlon—band electrons in n-type
conduction-band electrons that can be readily titrated against Zn;_,Mg,0O nanocrystals,™ and it would be reasonable to
mild oxidants,21’3l’33’38 making the carrier densities associated expect that it might also tune LSPR energies. Although LSPRs
with their LSPRs directly quantifiable.*® The reactivities of in Cu,_.E (E = S, Se, Te) nanocrystals are generallyl 4af2rsig)uted
these electrons also provide opportunities for fundamental to formation  of nons‘goichiometric compositions, ™ the
studies of interfacial electron-transfer reactions involving impact of the compositional changes alone on LSPR energies
semiconductor nanostructures. %363747 has not been addressed. Typically, these ancillary compositional
Characterization of the electronic structures of doped
semiconductor nanocrystals poses interesting challenges. For Received: November 13, 2014
example, using photodoped ZnO nanocrystals, we have recently Published: December 9, 2014

Localized surface plasmon resonances (LSPRs) in semi-
conductor nanocrystals have recently attracted broad atten-
tion," " in part because of their tunability in both energy and
intensity via tunable carrier densities. Charge-carrier densities in
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changes are difficult to disentangle from the effects of changing
free-carrier density, and to our knowledge, this issue has not
been previously addressed for any plasmonic semiconductor
nanocrystals.

Here, we use a combination of aliovalent doping and
photodoping to separately evaluate the effects of added
electrons and impurity ions on the LSPR energies in In,0;-
based nanocrystals. We demonstrate controlled photodoping of
both In,0; and ITO nanocrystals using EtOH as a sacrificial
reductant. The added conduction-band electrons can be titrated
using mild oxidants, allowing them to be quantified without
reliance on modeling of absorption energies and bandshapes
based on the Drude approximation or Mie theory. The results
reveal that the LSPR energies are affected separately by both
electron and Sn concentrations, with compositional engineering
offering a greater range in LSPR energies than can be achieved
by tuning carrier densities alone. Surprisingly, the maximum
number of electrons that can be added photochemically is
independent of the number of electrons already present due to
Sn doping, providing general insight into the factors governing
nanocrystal photodoping. Finally, magnetic circular dichroism
(MCD) spectroscopy of the ITO LSPR reveals properties
similar to those of metal nanoparticles and heavily n-doped
ZnO nanocrystals. The large magneto-optical responses from
the IR LSPRs of doped semiconductor nanocrystals may have
interesting ramifications for applications such as IR chiral
imaging or sensing.

B RESULTS AND ANALYSIS

In,O; and ITO nanocrystals were synthesized as described
previously.* Absorption spectra of all samples are provided as
Supporting Information (Figure S1). In,O; and ITO nano-
crystals were photodoped in the same manner as detailed®>****
for ZnO nanocrystals (see Experimental Methods). Specifically,
exposure to UV illumination under rigorously anaerobic
conditions and in the presence of a sacrificial reductant
(EtOH) leads to the accumulation of conduction-band
electrons (Figure 1, top). Photodoping is evident from the
appearance and growth of a new IR absorption band in the case
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Figure 1. Top: Scheme depicting photodoping of In,O; and ITO
nanocrystals. Bottom: Absorption spectra before and following various
extents of photodoping of In,O; (right, ~0.4 €V) and 9.0% Sn-doped
In,0; (left, ~0.8 V) nanocrystals (~20 yM in 7:1 toluene/EtOH).
The arrows show the direction of increasing photodoping.
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of In,O5 nanocrystals and from an increase and blue shift of the
existing IR absorption band in the case of ITO nanocrystals
(Figure 1, bottom). Note that the new IR absorption resulting
from ITO photodoping has a similar energy and band shape as
the IR absorption of the as—pregared ITO nanocrystals. As
observed with ZnO nanocrystals,>>** a maximum photodoping
level is approached asymptotically under these conditions (see
Experimental Methods). Importantly, this photodoping is
completely reversible, with the In,O; and ITO nanocrystals
returning to their as-prepared state upon exposure to air or
other mild oxidants.

The reversibility of this photodoping allows the number of
photogenerated electrons to be counted via oxidative
titration.”"3"3¥373%4¢ Oxidants such as air or [FeCp*,]*
remove the electrons (eq 1) added photochemically but have
no effect on those arising from Sn doping, indicating greater
stability of the latter. Using stronger oxidants such as Ce*,
[NOJ*, or [N(C4H,Br-4);]**, roughly half of the remaining
ITO electrons could be removed (Figure S2), but this
chemistry leads to nanocrystal precipitation. Nevertheless, this
result confirms the greater chemical stability of electrons
generated via aliovalent doping than of those added photo-
chemically, despite their spectroscopic similarity (Figure 1).
Greater stability of electrons added via aliovalent doping over
photochemically added ones is also observed in ZnO
nanocrystals.”"

e cp:NC + [FeCp*,]" — NC + FeCp*, (1)

NC = In,O; or ITO nanocrystal

Figure 2a shows infrared absorption spectra of photodoped
5.9% Sn:In,O; nanocrystals as a function of added titrant.
Addition of [FeCp*,]" to the maximally photodoped nano-
crystals (top, solid blue) decreases the LSPR intensity (dotted
green) until the spectrum of the as-prepared ITO nanocrystals
is recovered (solid purple). The inset of Figure 2a plots the
integrated absorption intensity versus equivalents of [FeCp*,]*.
The solid line is a linear fit to the data. These intensities are
normalized such that the as-prepared nanocrystals have a
relative integrated absorbance of 1.0. The intersection of the
fitted line with 1.0 thus defines the average number of electrons
per nanocrystal added photochemically ({#,hoo)). Furthermore,
extrapolation of this line to zero absorption represents the
average total number of electrons present in the maximally
photodoped nanocrystals ({n)). The difference, (n) —
(Mphoto), describes the number of electrons initially present in
the as-prepared ITO nanocrystals ({71 preparea))- For the sample
of Figure 2a, this analysis yields (fyhew0) = 28, (M preparea) = 46,
and (n,) = 74. We note that this extrapolation may
underestimate (naS_Prepared) because the plasmon intensity is
only linear with (n) when integrating over the entire spectrum,
and the data in Figure 2a are limited by solvent absorption and
the spectrometer sensitivity window (see Experimental
Methods for details). Fortunately, the spectra of samples with
large (11, preparea) €an be mostly integrated (e.g., Figure 2a), and
the spectra that cannot be as completely measured come from
samples with smaller values of (#1,eparea) that require less
extrapolation.

To probe the role of Sn, samples of ITO nanocrystals with
Sn contents ranging from 0.0—9.0% were each photodoped to
the maximum extent, and then their electrons were titrated as
described above. To correct for volume effects,®® the resulting
data are presented as average electron densities, (N). Figure 2b
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Figure 2. (a) Absorption spectra of as-prepared (bottom, purple) and
maximally photodoped (top, blue) 5.9% Sn:In,O; nanocrystals (0.6
uM in 1:1 toluene/THF with 3 X 10° equiv EtOH). The intermediate
spectra (dotted, green) were measured after adding various amounts of
[FeCp*,][BArg] to the maximally photodoped nanocrystals. The
arrow indicates increasing [FeCp*,][BArg]. Inset: Relative integrated
IR absorption as a function of added [FeCp*,][BArg]. The solid line is
a linear fit to the data. The crossing of this line with 1.0 yields {#,hot0),
the intercept with 0.0 yields (), and the difference between (#,,0,)
and <ntot> Yidds <"as-prepared>' (b,C) Electron denSitieSJ <Nas—prepared>
(squares), (Npyo) (circles), and (Ny,) (diamonds) obtained from
titrations and Drude analysis, respectively, plotted versus nanocrystal
Sn content. The lines are guides to the eye, fitted such that (Ni,) =
(Ngpreparea) + (Nphoto) across the range of Sn content. The error bars
in the experimental data were determined from multiple titrations on
each sample and from error bars in the quantitative concentration
measurements.

plots the electron densities, (N prepared)s (Nphoto)s ad (Nio) as
a function of Sn concentration. (Ny epared) increases rougly
linearly from the origin as the Sn content increases, consistent
with the role of Sn as an n-type dopant. Figure 2b shows that
(Nt also increases linearly with increasing Sn content, but no
longer starts at zero for 0% Sn. Quite unexpectedly, (Nppo) is
almost completely insensitive to Sn concentration and is
therefore essentially independent of (N prepared): Averaging
over all samples yields ((Nppoo)) = 2.3 + 0.8 X 10 cm™. This
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value is slightly higher than that found for ZnO nanocrystals
photodoped under the same conditions (1.4 + 0.4 X 10%°
cm_3).3’8

These titrations determine carrier densities without relying
on a model-dependent analysis of LSPR energies, which
presents an opportunity for critical comparison with use of the
extended Drude model to analyze carrier concentrations in ITO
nanocrystals based on LSPR spectra.**"*> Spectra of the as-
prepared ITO and all the photodoped nanocrystals were fit
using a parametrized dielectric function that included a
frequency-dependent damping function, as typically found for
ITO.>*™> The extracted electron densities (N preparea) and
(N, trend monotonically and approximately linearly upward
with Sn content (Figure 2c). Notably, for photodoped In,O4
quantitative agreement is found between the titration-derived
(Nphoto) and the value determined by fitting. In addition,
(Nphoto) is found to have a constant value across Sn content,
consistent with the results of the titration. Hence, the trends in
carrier densities determined by the model-free titration
approach and analysis based on fitting to the extended Drude
model agree well.

The independence of (Nyu,) from Sn content in ITO
nanocrystals is revealing. This observation indicates that the
maximum photodoping level is not determined by competitive
Auger recombination dynamics. Instead, it appears to be
determined thermodynamically, i.e., by the chemical potentials
of the photogenerated carriers. A similar scenario was
considered for photodoped ZnO nanocrystals, but kinetic
limitations could not be ruled out.>® This new result can be
rationalized as follows: Prior to photodoping, each conduction-
band electron within an ITO nanocrystal is compensated by a
Sn** ion in the same nanocrystal. These Sn** ions stabilize the
extra electrons to such an extent that the nanocrystals are not
oxidized upon exposure to air. Subsequent photodoping
introduces electrons stabilized by charge-compensating protons
delivered from the EtOH oxidation reaction. As a consequence,
the chemical potentials (Vo) of these photogenerated
electrons are essentially the same in all of the nanocrystals,
independent of Sn content or initial electron density (Scheme
1).

Three control experiments confirm this interpretation. In the
first, the as-prepared 9.0% ITO and In,O; nanocrystals were
mixed and the absorption spectra monitored for evidence of
electron transfer, which would imply an elevated chemical
potential in the ITO nanocrystals. Figure 3a shows the
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Figure 3. (a) Absorption spectra of as-prepared In,O; nanocrystals (dotted), 9.0% Sn:In,O; nanocrystals (solid), and an anaerobic mixture of the
two (circles, both 1 M in 1:1 toluene/THF). The resulting spectrum shows no indication of electron transfer from the ITO to In,O; nanocrystals.
(b) Absorption spectra of: (A) as-prepared In,O; nanocrystals (1 #M in 1:1 toluene/THF with ~3 X 10° equiv EtOH, anaerobic); (B) the same
nanocrystals after maximal photodoping; (C) as-prepared 9.0% Sn:In,O; nanocrystals;and (D) after adding 1 equiv of maximally photodoped In,O;
nanocrystals to a solution of as-prepared 9.0% Sn:In,O; nanocrystals. Spectrum E is a numerical summation of absorption spectra B and C. Spectrum
E does not match spectrum D, confirming interparticle electron transfer in mixture of spectrum D.

absorption spectra of as-prepared In,O; and 9.0% Sn:In,O,
nanocrystals prepared separately. The absorption spectrum
measured after adding the ITO nanocrystals to the In,O;
nanocrystals is a simple superposition of the two independent
absorption spectra. This result shows that electron transfer
from as-prepared ITO nanocrystals to as-prepared In,O;
nanocrystals does not occur, and hence that the Fermi level
of the ITO nanocrystals is not above the conduction-band edge
of the In,O; nanocrystals. In the second experiment, this
mixture of as-prepared nanocrystals was photodoped and
monitored spectroscopically, with the observation that
electrons are added to both types of nanocrystals concurrently
(Figure S3). In the third experiment, as-prepared ITO
nanocrystals were added to photodoped In,O; nanocrystals
(1 equiv) and the absorption spectrum monitored for evidence
of electron transfer. The spectrum of this mixture is shown in
Figure 3b. It is essentially identical to the spectrum of a mixture
of the same nanocrystals after concurrent photodoping, but at
roughly half the intensity (Figure S4). This result demonstrates
that electrons do indeed transfer between nanocrystals to
equilibrate chemical potentials.

Collectively, these results strongly support the alignment of
as-prepared nanocrystal chemical potentials (V) as depicted in
Scheme 1. The picture that emerges is thus that Sn doping does
not raise the nanocrystal Fermi level, but instead it stabilizes the
band edges relative to external redox couples (or vacuum), as
summarized in Scheme 1. Under air-free conditions, irreversible
photochemical oxidation of EtOH then raises the electron
chemical potential to Vo, (Scheme 1), as dictated by the
photoredox reaction and the stability of its products. The
striking result of Figure 2b is that this increase is independent
of the amount of Sn or the number of conduction-band
electrons initially within the as-prepared nanocrystals.

With the electron densities of these nanocrystals defined, it is
now possible to quantify the effect of Sn on ITO LSPR energies
independent of the effects of free carriers. Nanocrystals with
different Sn concentrations were photodoped to the same final
electron density and their IR LSPRs compared. Figure 4 plots
the NIR absorption spectra of three such ITO nanocrystal
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Figure 4. Absorption spectra of ITO nanocrystals with 2.6% (dashed
red), 4.7% (solid green), and 5.9% (dotted blue) Sn content, all having
the same carrier density of 3.65 X 10 cm™. Inset: Plot of the LSPR
energy versus Sn cation mole fraction (%) at this carrier density.

samples (d = 6.1, 6.8, 64 nm; [Sn] = 2.6, 4.7, 59%,
respectively), all photodoped to the same total electron density
of ~3.65 X 10*° cm™. For a fixed carrier density, increasing the
Sn content from 2.6 to 5.9% increases the LSPR energy by ~0.2
eV. The inset to Figure 4 plots these LSPR energies as a
function of the Sn content and reveals a linear relationship with
a slope of 0.06 eV/%Sn. Quantum confinement cannot be
responsible for this increase in LSPR energies*® because these
ITO nanocrystals are substantially larger than the electron in
In,0;. Moreover, the trend in Figure 4 (inset) does not track
the small differences in nanocrystal diameter within this series.
The change in the high-frequency dielectric constant (&) also
cannot account for the magnitude of this Sn dependence,
because the refractive indices of In,O; and SnO, are
experimentally indistinguishable (1.8—2.0). Instead, this blue
shift is attributed to the disruptive impact of Sn on the
electronic structure of In,O3, in the same way as composition
control allows semiconductor band gap engineering. Micro-
scopically, the misalignment of In and Sn empty valence

DOI: 10.1021/ja5116953
J. Am. Chem. Soc. 2015, 137, 518—524


http://dx.doi.org/10.1021/ja5116953

Journal of the American Chemical Society

orbitals in ITO causes minima in the In,O; conduction-band
wave function amplitudes at each Sn site.

The results presented above thus demonstrate that the LSPR
energies of ITO nanocrystals are affected separately by both the
number of conduction-band electrons and the number of
impurity ions in the nanocrystal: Greater Sn incorporation leads
to higher LSPR energies even without introducing more
conduction-band electrons. More generally, these data highlight
the observation that the relationship between carrier density
and LSPR energy frequently invoked in recent literature' ~>'* is
not as straightforward as generally assumed. For example,
similar perturbations of the band structure and carrier dynamics
must also accompany vacancy formation in plasmonic semi-
conductors such as Cu, ,E (E = S, Se, Te). !# 195056
Quantitative analysis of the LSPR energies of those semi-
conductors without accounting for such effects will therefore
yield incorrect carrier densities. Even LSPRs generated by redox
doping may be affected by perturbations due to the presence of
counterions, although such perturbations are likely small
compared to those from aliovalent substitution or lattice
vacancy formation. This sensitivity of LSPR frequencies to
lattice defects, combined with the possibility of strong quantum
confinement effects,*® identifies doped semiconductor nano-
crystals as highly flexible platforms for tuning IR plasmons.

Finally, we address the magneto-optical properties of these
nanocrystals. Recently, MCD spectroscopy has been demon-
strated as a powerful probe of the LSPRs of both metal
nanoparticles®” and electronically doped semiconductor nano-
crystals.*® Large magneto-optical responses have been reported
in both classes of plasmonic materials. For high-carrier-density
ZnO nanocrystals, the LSPR magneto-optical spectra closely
resemble those of metal nanoparticles. To probe the analogous
magneto-optical properties of these ITO nanocrystals, low-
temperature spectroscopic measurements were performed on
9.0% Sn:In,O; nanocrystals embedded into poly(lauryl
methacrylate) (PLMA) matrices as “frozen solutions”. The
transfer from toluene to PLMA has little effect on the LSPR
band (Figure SS). The LSPR absorption spectrum is nearly
independent of temperature (Figure S6). Figure Sa plots the
absorption spectrum collected at 20 K, and Figure Sb plots
variable-field MCD spectra of the same film collected at 1.8 K.
As in metal nanoparticles and n-type ZnO nanocrystals, the
LSPR gives rise to an intense derivative-shaped MCD signal
with its crossing point red-shifted slightly from the absorption
maximum. The inset of Figure Sb plots relative integrated
MCD intensity as a function of magnetic field at 1.8 K
Importantly, this intensity is linear with field and shows no
evidence of saturation at high fields, indicating that it does not
derive from ground-state Curie paramagnetism. Additionally,
the MCD spectrum shows no temperature dependence (Figure
S7). The similarities between these data and those of other
plasmonic nanocrystals support the proposal*® that these
characteristics (linear field dependence and no temperature
dependence) are signatures of LSPRs in doped semiconductor
nanocrystals. More specifically, this behavior is reminiscent of
Pauli-type paramagnetism observed in metals®® and is
consistent with the classical notion of magnetoplasmonic free-
carrier excitations.®”

H CONCLUSION

In summary, photodoping allows the LSPRs of colloidal In,O;
and ITO nanocrystals to be tuned post-synthetically. Titration
of the photochemically added electrons against mild oxidants
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Figure 5. (a) 20 K absorption and (b) 1.8 K variable-field MCD
spectra of 9.0% Sn:In,O; nanocrystals in a PLMA matrix. The inset
plots the MCD intensity at 1.8 K as a function of applied magnetic
field. The solid line is a linear fit to the data.

allows direct quantification of the carrier densities without
relying on models, which may be inaccurate especially at very
low carrier densities, under quantum confinement, or for
alloyed compositions. Surprisingly, the maximum number of
extra electrons that can be added photochemically is largely
unaffected by the starting number of electrons introduced via
aliovalent doping with Sn*, suggesting that the maximum
number of electrons added photochemically is not limited by
competing fast multicarrier Auger recombination processes but
is instead determined thermodynamically. By chemical titration
of the charge carriers in these nanocrystals, we have been able
to separately evaluate the effects of added electrons and added
impurity ions on the energies of the LSPRs. The results reveal
that the perturbation of the nanocrystal electronic structure by
the added impurity is considerable and that the final plasmon
energies across a series of ITO compositions are significantly
affected by this perturbation. Compositional plasmon engineer-
ing can thus be used to tune the energies of LSPRs in doped
semiconductor nanocrystals beyond the ranges normally
accessible via tunable carrier densities. These findings have
broad implications for the analysis of LSPRs in doped
semiconductor nanocrystals in general, where until now such
effects have not been explicitly separated experimentally.
Finally, the observation of strong IR magneto-optical responses
arising from these nanocrystal LSPRs bolsters prior analysis of
doped ZnO nanocrystal plasmonic magneto-optics and may
have interesting ramifications for low-energy plasmonic sensing
or imaging technologies.

B EXPERIMENTAL METHODS

Chemicals. [FeCp*,][BArg] ([FeCp*,]* = decamethylferroce-
nium, [BArg]™ = tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) was
synthesized following literature procedures.”® The precursors sodium
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate, bis-
(pentamethylcyclopentadienyl)iron(II), and iron(III) chloride
(99.9%) were purchased from Sigma-Aldrich and used without further
purification. Ammonium cerium nitrate (98%) was purchased from
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Sigma-Aldrich and dried under vacuum at 110 °C for ~15 h before
use. All oxidants were stored in a N, glovebox.

Nanocrystal Synthesis and General Characterization. In,0,
and Sn:In,O; nanocrystals were synthesized as reported previously.*
Nanocrystals were dried, pumped into a N, glovebox, and dispersed in
toluene for storage. Tri-n-octylphosphine oxide (99%) was added to
the nanocrystal solutions to aid in colloidal stability during
photodoping and titrations. Nanocrystal and dopant concentrations
were determined via inductively coupled plasma optical emission
spectroscopy using a PerkinElmer Optima 8300. UV—vis near-IR
spectra (4.1—0.4 eV) were measured using a Cary 500 spectrometer.
IR spectra (1.0—0.1 eV) were measured using a Bruker Vector 33
spectrometer. Nanocrystal diameters were determined via statistical
analysis of transmission electron microscope images taken on a JEOL
2100 microscope. All nanocrystals had average diameters of 5.5—6.8
nm.
Photodoping. Dispersions of In,O; or ITO nanocrystals in 1:1
toluene/THF with ~3 X 10° equivalents EtOH were prepared
anaerobically and loaded into an air-free cuvette with a 2 mm path
length. The nanocrystals were photodoped by illumination with a 100
W Hg/Xe Oriel photolysis lamp (~2 W/cm? ~1.5 cm illumination
diameter) using aqueous CuSO, to filter out IR photons. Absorption
spectra were monitored until the LSPR absorption stopped increasing
on the minute time scale, at which point the nanocrystals were
considered to be maximally photodoped. The data in Figure 1 were
collected using a Bruker Vector 33 IR spectrometer. The nanocrystal
solution was loaded into an air-free IR cell with a SO y#m Teflon spacer
between two CaF, windows.

Determination of Electron Densities. To the photodoped
nanocrystals, aliquots of [FeCp*,][BArg] in THF were added
anaerobically and the absorption spectra monitored after each
addition. As titrations required larger volume and adequate diffusion,
these experiments were conducted in a 2 mm air-free quartz cuvette
and measured on a Cary 500 spectrophotometer.

Low-Temperature Absorption and MCD Spectroscopy. A 10
uL aliquot of ~2 uM 9.0% Sn-doped In,O; nanocrystals was added to
50 uL of ~2% PLMA in toluene. The ITO-PLMA solution was
evaporated to ~5 uL, sandwiched between two quartz discs, and
heated for 2 h at 75 °C. The resulting film had a slightly red-shifted
LSPR from that of the colloidal nanocrystals (see Figure SS). For low-
temperature absorption measurements, the sample was mounted in a
closed-cycle helium refrigerator, and spectra were collected with a
Cary 500 spectrometer. For MCD measurements, the film was
mounted in a high-field superconducting magneto-optical cryostat
(Cryo-Industries SMC-1659 OVT) with a variable-temperature
sample compartment oriented in the Faraday configuration. Spectra
were measured using an Aviv 40DS spectropolarimeter with an
InGaAs detector (Teledyne-Judson).
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Additional experimental results from ITO oxidation experi-
ments, electron-transfer experiments, and temperature-depend-
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