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ABSTRACT: Colloidal ZnO nanocrystals capped with
dodecylamine and dissolved in toluene can be charged
photochemically to give stable solutions in which electrons
are present in the conduction bands of the nanocrystals.
These conduction-band electrons are readily monitored by
EPR spectroscopy, with g* values that correlate with the
nanocrystal sizes. Mixing a solution of charged small nano-
crystals (¢~ cp:ZnO—S) with a solution of uncharged large
nanocrystals (ZnO—L) caused changes in the EPR spec-
trum indicative of quantitative electron transfer from small
to large nanocrystals. EPR spectra of the reverse reaction,
e cg:ZnO—L + ZnO—S, showed that electrons do not
transfer from large to small nanocrystals. Stopped-flow
kinetics studies monitoring the change in the UV band-
edge absorption showed that reactions of 50 #M nanocryst-
als were complete within the 5 ms mixing time of the
instrument. Similar results were obtained for the reaction
of charged nanocrystals with methyl viologen (MV*").
These and related results indicate that the electron-transfer
reactions of these colloidal nanocrystals are quantitative and
very rapid, despite the presence of ~1.5 nm long dodecy-
lamine capping ligands. These soluble ZnO nanocrystals are
thus well-defined redox reagents suitable for studies of
electron transfer involving semiconductor nanostructures.

harge-transfer reactions are critical to many applications of
nanoscale materials, such as in dye-sensitized solar cells."
Interfacial charge transfer is also key to heterogeneous photocatalysis
and redox dissolution of minerals in the environment.> Although
there has been a great deal of study of electron transfer (ET)
involving nanocrystals,” many aspects remain poorly understood.
Zinc oxide (ZnO) has long attracted interest for its electronic, optical,
and photochemical properties.* It has also been used to develop a
fundamental understanding of interfacial ET in electrochemical
cells> Here, we describe ET reactions involving differently sized
colloidal ZnO nanocrystals (quantum dots) that have been photo-
chemically charged. Bimolecular ET between these nanocrystals is
quantitative and very rapid. The driving force for ET derives from the
greater quantum confinement of the electrons in the smaller
nanocrystals. The rapid ET is surprising in light of the ~1.5 nm
long dodecylamine capping ligands and the common observation of
low conductivity in thin films of capped nanocrystals.® These results
show that the mixing of nanocrystals in solution is a valuable
approach for probing interparticle redox chemistry.
The ZnO and Mn”"-doped ZnO nanocrystals investigated here
were prepared following reported methods’ ™~ and thereafter treated
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as molecular reagents. Their average sizes and size distributions were
determined spectroscopically from the energies and shapes of the
first excitonic absorption features.'” The concentrations of nano-
crystals were determined from their average size and the total zinc
concentration, which was measured using ICP—AES. As reported
previously, UV irradiation creates reduced nanocrystals, denoted as
¢ cp:ZnO." Charzgirl% can be monitored by the appearance of a
strong EPR signal'*~'* and bleaching of the absorption edge in the
UV spectrum. Because the reduced nanocrystals are rapidly oxidized
by air, all manipulations were performed in a nitrogen-filled glove-
box, and EPR spectra were taken in EPR tubes with PTFE valves.
Under rigorously anaerobic conditions, the nanocrystals remain
charged for weeks without measurable decay'” and can thus be used
as soluble reducing agents in toluene.

The studies reported here involved dodecylamine-capped
ZnO nanocrystals of two different diameters (3.7 = 0.2 and
6.0 2.0 nm), termed ZnO—S$ and ZnO—L for small and large,
respectively.” Brief irradiation yielded nanocrystal solutions that
exhibited EPR resonances with g = 1.967 for e cp:ZnO—S and
1.963 for e cp:ZnO—L [Figure 1a; the signals at g* = 2.0037 are
from the external calibration standard 2,2-diphenyl-1-picrylhy-
drazyl radical (DPPH)]. The observed size dependence of the g*
values is one of the indications that the added electron is
delocalized in the conduction band (CB) and not localized in a
trap site, as discussed previously.'>”'* For a given sample and
with short irradiation times, g* did not vary with charging time.
This result indicates that the nanocrystals have fewer than one
electron each on average ({n.) < 1).1

The size dependence of the e” cp:ZnO EPR signal provides a
direct way to monitor ET between nanocrystals. A 0.5 mL
solution of small nanocrystals (1 x 10 * M, where M denotes
moles of nanocrystals per liter) was irradiated to form e~ cg:ZnO—
S, and an EPR spectrum was taken. This solution was then mixed
with 0.5 mL of an equimolar solution of uncharged ZnO—L. The
EPR spectrum of the mixed solution showed a signal at g* = 1.963
characteristic of e cp:ZnO—L rather than the signal of the starting
small nanocrystals at g¢* = 1.967 (Figure 1b, dashed). This shift in g*
shows that the CB electrons were transferred from the small
nanocrystals to the larger ones (Scheme 1). Reaction in the reverse
direction, examined by mixing e cp:ZnO—L with ZnO—S, showed
no change in g* before and after mixing (Figure 1c). This result
shows that electrons are not transferred from large to small
nanocrystals.

The driving force for ET from small to large nanocrystals
comes from quantum confinement. The band gap is larger in the
smaller particles, as is evident from the optical spectra, and the
shifts in the individual valence and conduction bands (HOMO
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Figure 1. EPR spectra of ¢ ¢p:ZnO nanocrystals in toluene at 298 K.
(a) Spectra of e~ cp:ZnO—S (blue dashed line) and e ¢p:ZnO-L (red
solid line), with DPPH as an external standard, showing the dependence of
g* on nanocrystal size. (b) Spectra of e p:ZnO—S$ (dashed) and the
reaction mixture e cp:ZnO—S + ZnO—L (solid), showing the transfer of
electrons to ZnO—L. (c) Spectra of ¢ ¢p:ZnO—L (dashed) and mixed
e cp:ZnO—L + ZnO—S§ (solid), showing no transfer of electrons. (d)
Spectra of e cp:ZnO—L (blue dashed) and mixed e cp:ZnO—L +
ZnO—L (red solid), with a capillary of ‘BusArO" as a standard, showing
negligible loss of EPR intensity upon mixing. In (b—d), the intensities of the
spectra of the mixed solutions have been doubled to account for dilution.

Scheme 1
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and LUMO) can be estimated from the Brus equation.'>'® The
CB energy for ZnO—S was estimated to be 0.21 eV higher than
that for ZnO—L.” With the assumption that this energy differ-
ence equals the difference in redox potentials, an equilibrium
constant Kq = 10*° at room temperature is predicted, consistent
with the experimental observation of complete transfer from
small to large nanocrystals."”

Reduced nanocrystals were also mixed with uncharged nano-
crystals of the same size from the same synthetic batch. EPR
spectra of ¢ cp:ZnO—S$ before and after mixing with an equal
portion of uncharged ZnO—S showed no shift in g*. The same
behavior was observed for e cp:ZnO—L + ZnO—L. These
results confirmed that the shift in ¢* in Figure 1b was due only to
transfer of electrons from ZnO—S to ZnO—L, and not, for
example, to a decrease in (n," trap filling, or some sort of
aggregation behavior.

To quantitatively monitor the number of unpaired spins in a
reaction, the double-integrated ¢ cp:ZnO EPR intensities were
compared with that of an internal capillary standard of 2,4,6-tri-
tert-butylphenoxyl radical (‘Bu;ArO®).>*® A portion ofa ZnO—L
solution was irradiated, and the intensity of the e cp:ZnO EPR
resonance was determined versus the standard. An equal amount
of the same ZnO—L solution that had not been charged was
added to this EPR tube, and another spectrum was recorded
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Figure 2. (a) EPR spectra of e cp:ZnO—S$ (top, red), unchar%ed
Mn”>":ZnO—L (middle, blue), and mixed e cp:ZnO—S + Mn”':
ZnO—L (bottom, black). (b) EPR spectra of e ¢p:ZnO—L (top, red),
uncharged Mn”>":ZnO-S (middle, blue), and mixed uncharged Mn®":
ZnO-S + e cp:ZnO—L (bottom, black). The sharp signal for e  cp:
ZnO—L was unchanged.

(Figure 1d). As found above, the g* value did not shift. The
double-integrated intensity of the EPR signal after mixing was
found to be 48% of the original intensity, the decrease resulting
primarily from the 2-fold dilution of the sample. After dilution
was taken into account, only ~4% of the original EPR intensity
was lost upon mixing. (In Figure 1b—d, the intensities of the
product spectra have been doubled to account for dilution.) In a
similar experiment, e cg:ZnO—L in toluene was mixed with an
equal volume of a 5-fold more dilute solution of ZnO—L in
toluene, and again only a small (1%) decrease in intensity was
observed after correction for dilution. These small decreases in
EPR intensity likely resulted simply from losses associated with
handling the dilute and highly air-sensitive solutions. These
experiments show that ET occurs between 1S, CB states with
negligible loss to trap states. The role such electron traps might
play in ZnO nanocrystal CB filling has been debated in the recent
literature."

Another probe of ET is provided by Mn>"-doped ZnO
nanocrystals, which show a characteristic multiline EPR signal
(hyperfine constant A;;, & 74 X 10 "cm ™ Figure 2a,b, middle
spectra).® EPR spectra of reduced Mn**:ZnO nanocrystals do
not show a simple derivative signal like that in Figure 1; instead,
they show broadening of the Mn”>" multiline signal due to
e cg—Mn>" exchange coupling.n’20 A solution of uncharged
Mn>":ZnO—L (~0.7% Mn>") was mixed with a 10-fold excess
of e cp:ZnO—S. The EPR spectra of the reaction solution
showed loss of the sharp signal for the e ¢p:ZnO—S8 CB electron
and a broadening of the Mn>" fine structure (Figure 2a, bottom
spectrum).9 To see significant broadening, an excess of e cp:
ZnO—S was used, and these nanocrystals were more extensively
photochemically charged.” The inverse reaction, involving mix-
ingofe cp:ZnO—L with Mn>":ZnO—S§, gave an EPR spectrum
with a superposition of the unbroadened Mn>" multiplet and the
sharp e cp resonance (Figure 2b). These results support the
conclusion that electrons are readily transferred from small to
large nanocrystals but not in the reverse direction.

The ET kinetics were examined by optical spectroscopy using
a stopped-flow apparatus.” In initial experiments, methyl violo-
gen (MV >t dichloride was used as the oxidant because its one-
electron-reduced form, the radical cation MV"", has a distinct
absorbance at A, = 609 nm*' that is well-separated from the
absorbances of ZnO and MV>". Toluene solutions of e ¢p:ZnO—S$
(5 x 107° M) were rapidly mixed with equimolar solutions of
MV** in 4:1 toluene/ethanol. The first optical spectrum was
obtained within 5 ms of mixing and already showed the strong
characteristic 609 nm absorbance of MV** (Figure 3a). Subsequent
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Figure 3. (a) Selected optical spectra for the reaction between 5 x 10~°
M MV*" and e ¢p:ZnO. The top spectrum was obtained within 5 ms
after mixing, and the subsequent spectra were recorded at intervals of
150 ms. (b) Experimental spectrum of e ¢p:ZnO—S + ZnO—L in
toluene S ms after mixing (solid black line) compared with the sum of
the separate spectra for e cg:ZnO—S and ZnO—L (corrected for
dilution, dashed black line). The difference spectrum (exptl — calcd;
red line) shows the band-edge bleaching. Inset: Experimental absor-
bance at 375 nm vs time and a linear fit (solid line); the dashed line
indicates A3 calculated for a hypothetical unreacted mixture of e cp:
ZnO—S + ZnO—L.

spectra were almost identical, showing only slow decay of the MV" "
intensity over seconds, likely due to the presence of adventitious
oxygen.”” This result demonstrates rapid ET from reduced ZnO to
MV forming MV* *.

With the same stopped-flow apparatus, 5 X 10~ M solutions
of e cp:ZnO—S were rapidly mixed with an equivalent amount
of ZnO—L. Again, the optical spectra were essentially constant
from the first spectrum ~$ ms after mixing. The resulting spec-
trum is shown as the solid black line in Figure 3b. The dashed
black line shows the spectrum anticipated for the e cp:ZnO—S$
+ ZnO—L mixture had no reaction occurred, as obtained by
mathematically adding the separately measured spectra of these
two solutions. The absorbance change upon mixing was small,
but the difference spectrum (red, bottom) clearly showed
bleaching at the band edge (~375 nm) that is consistent with
ET from small to large nanocrystals.

In the reactions of e cp:ZnO—S with MV>" and ¢ c5:ZnO—$
with ZnO—L, the optical spectra showed complete reaction of the
50 uM solutions within 5 ms. With the assumption of second-order
kinetics, this implies bimolecular rate constants of >10" M 's .
These are remarkably large rate constants, within 3 orders of
magnitude of the diffusion limit.” The very rapid ET between the
nanocrystals is surprising because each particle was capped by
~1.5 nm long dodecylamine ligands. If the capping groups form a
~3 nm dielectric tunneling barrier for interlparticle ET, the largest
possible rate constant wouldbe ~10 M 's ' (when AG® = —4 and
taking k” = 10"*s~ " and 8 = 1 A™").> This kind of barrier has been
invoked to explain the low conductivities of thin films of capped
semiconducting nanoparticles.’ Closer approach of the ZnO nano-
crystals may be possible because of incomplete capping or inter-
penetration of the dodecylamine chains from different particles.

Indeed, ligand interdigitation has been proposed to explain rapid
interparticle ET in films of thiolate-capped gold clusters.”* A rate
constant of 10" M 's~ ' could be consistent with a 1.5 nm particle
separation, but just barely.

In conclusion, EPR and optical spectra demonstrate rapid ET
between colloidal dodecylamine-capped ZnO nanocrystals in
toluene. Electrons in the conduction bands of 3.7 £ 0.2 nm
diameter nanocrystals were readily transferred to the conduction
bands of 6.0 & 2.0 nm diameter nanocrystals, but no ET occurred
in the opposite direction. The quantitative ET from small to large
nanocrystals is consistent with the band-edge energies antici-
pated from the Brus equation." Integration of the EPR spectra
showed that the ET is quantitative and that there are no
significant EPR-silent trap states. Stopped-flow optical experi-
ments indicated that the ET occurs very rapidly, with apparent
bimolecular rate constants of >10” M ' s~ . This simple and
direct method of mixing charged nanocrystals in solution has
thus provided new insights into nanoscale ET processes. Experi-
ments using this approach to probe the roles of capping ligands,
counterions, solvent, and the number of electrons per nanocrys-
tal in interparticle ET reactions are underway.
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