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analysis of the redox-active traps themselves using techniques
that are incompatible with electrode surfaces. Electrochemistry
on the freestanding colloidal QDs poses several daunting
challenges, however, including the lack of a uniform potential
throughout the solution and diﬀusive reoxidation at the counter
electrode. Such challenges can be circumvented using a purely
chemical approach. Here we demonstrate large increases in the
PL quantum yields of colloidal Mn2+:ZnSe NCs through the
controlled addition of midgap electrons via molecular electron
shuttles. Mn2+:ZnSe NCs are described here for practical
reasons, because the large energy shift between absorption and
PL facilitates the measurements, but the underlying electrontrapping phenomenon is the same for undoped ZnSe NCs.25
Colloidal trioctylphosphine oxide (TOPO)-capped
Mn2+:ZnSe NCs were prepared as described previously [see
the Supporting Information (SI)]. To study traps, our ﬁrst
experiments were performed on NCs with deliberately small PL
quantum yields (ϕ = 0.4%). Initial attempts at reductive
passivation of the surface traps on these NCs involved the
addition of sodium−potassium alloy (NaK2) to stirred 1.3 ×
10−6 M NC suspensions in tetrahydrofuran (THF) under an
inert atmosphere. The addition of NaK2 indeed induced PL
brightening (Figure 1), but only after a long (∼1 h) induction
period. After a maximum of ∼25-fold brightening was reached,

ABSTRACT: Chemical reductants of sub-conductionband potentials are demonstrated to induce large photoluminescence enhancement in colloidal ZnSe-based nanocrystals. The photoluminescence quantum yield of
colloidal Mn 2+ -doped ZnSe nanocrystals has been
improved from 14% to 80% simply by addition of an
outer-sphere reductant. Up to 48-fold redox brightening is
observed for nanocrystals with lower starting quantum
yields. These increases are quickly reversed upon exposure
to air and are temporary even under anaerobic conditions.
This redox brightening process oﬀers a new and systematic
approach to understanding redox-active surface “trap
states” and their contributions to the physical properties
of colloidal semiconductor nanocrystals.

T

he redox chemistries of colloidal semiconductor nanocrystals (NCs, or quantum dots, QDs) remain relatively
unexplored. Many studies have focused on the challenges of
introducing and characterizing extra delocalized bandlike charge
carriers.1−4 Nanocrystal surfaces are also often redox-active, but
surface “traps” have proven diﬃcult to characterize despite their
ability to inﬂuence many physical properties of the target QDs.
For example, midgap surface traps can strongly suppress the
excitonic photoluminescence (PL) of colloidal QDs5−11 or
compromise the transport properties of QD solids. 12
Controlling such traps thus represents a long-standing
challenge in nanocrystal research. The most successful routes
to surface-trap passivation have involved shell growth to
provide spatial separation of the carriers from the surface6,11,13−15 without necessarily eliminating the traps themselves. In some cases, binding of electron-rich ligands appears
to have enhanced the ensemble PL and reduced single-particle
blinking.16−21 Electrochemical measurements on single CdSebased nanocrystals on electrode surfaces have demonstrated
reduced blinking under cathodic bias, attributed to electron trap
ﬁlling.22−24 We recently reported the reversible electrochemical
passivation of electron traps in wide-gap ZnSe and Mn2+-doped
ZnSe (Mn2+:ZnSe) NC ﬁlms, which yielded strongly enhanced
ensemble PL (“electrobrightening”).25 As in the blinking
studies, the microscopic origins of this brightening remain
unclear, and in particular, it is important to determine whether
this phenomenon is limited to NCs on electrode surfaces or if it
is truly a property of the freestanding colloidal NCs.
Redox passivation of the surface traps of colloidal QDs would
address this ambiguity and perhaps facilitate identiﬁcation of
the microscopic origins of this brightening by enabling chemical
© 2012 American Chemical Society

Figure 1. PL increase due to reductive passivation of surface traps in
0.6% Mn2+:ZnSe nanocrystals (1.3 × 10−6 M; d = 4.6 nm) under 405
nm excitation. PL intensities (I) are normalized to the original
intensity (I0). Inset: schematic of the redox process leading to PL
enhancement. R is a reductant. Arrows illustrate nonradiative electron
trapping (Trap) and energy transfer (ET) from the exciton to excite
Mn2+ into its 4T1 state, from which the PL occurs.
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Figure 2. Traces of the time evolution of the chemical brightening for
colloidal Mn2+:ZnSe nanocrystals (1.3 × 10−6 M; d = 4.6 nm) with
NaK2 (blue) or NaK2 plus 2,2′-bipyridine (red). The PL intensity (I)
is plotted in terms of multiples of the original intensity (I0). Exposure
to air rapidly reverses the PL brightening (dashed).

Figure 3. Changes in Mn2+ 4T1 → 6A1 PL quantum yield in colloidal
Mn2+:ZnSe NCs (2.6 × 10−7 M; d = 4.6 nm) vs equivalents of
reductant or oxidant. Data for reduction of as-prepared NCs by
cobaltocene (blue ● [ϕ initial = 0.4%]) and anthracene radical (red ■
[ϕ initial = 0.4%] and yellow ■ [ϕ initial = 14%]) and for oxidation of
maximally brightened NCs by BAHA (green ▲) are shown. The data
for NCs with initial quantum yields of 0.4% have been multiplied by 5
for clarity.

the NCs slowly precipitated, and the PL was eventually lost
(Figure 2). To improve the reduction kinetics, 2,2′-bipyridine
(bpy) was introduced as a molecular electron shuttle. This
addition not only caused a 6-fold acceleration of the
brightening but also yielded a ∼2-fold increase in the maximum
PL relative to NaK2 alone. As with the NaK2 reaction, the PL of
these NCs was not stable, and slowly decreased again after
reaching maximum brightening, although the PL change
became diﬃcult to monitor because of absorption at the
same energies from accumulating bpy radical (data not shown).
Exposing the brightened solution to ambient atmosphere
resulted in rapid PL loss (Figure 2), conﬁrming the redox
nature of the transformation. These results demonstrate the
importance of reducible surface states in freestanding colloidal
NCs as well as the concept of targeted chemical delivery of
redox equivalents to the surfaces of such NCs.
Electrochemical studies of Mn2+:ZnSe NC ﬁlms showed
reduction starting as low as ∼1.2 V below the conduction-band
minimum and increasing gradually at more cathodic potentials,
suggesting broadly distributed surface-state potentials.25 To
probe the distribution of traps in the colloidal NCs, electrons
were titrated into stirring solutions of Mn2+:ZnSe NCs using
molecular reductants with diﬀerent redox potentials. Titration
of bis(cyclopentadienyl)cobalt(II) [cobaltocene, −1.3 V vs the
ferrocene (Fc)/ferrocenium (Fc+) couple26,27] led to escalating
PL before eventual saturation at ∼10-fold brightening (to ϕmax
= 4%) with ∼350 equiv. We hypothesized that the smaller
brightening here compared with Figure 2 is related to the fact
that the redox potential of cobaltocene is insuﬃcient to reduce
some surface traps. This hypothesis was conﬁrmed by switching
to anthracene radical as the reductant,28 which has a redox
potential of −2.5 V vs Fc/Fc+.26 For up to ∼225 equiv,
anthracene radical induced an almost identical 4-fold PL
brightening as cobaltocene (Figure 3). Beyond this amount,
however, anthracene radical addition accelerated the PL
brightening relative to cobaltocene, eventually maximizing at
a ∼33-fold increase (to ϕmax = 13%) with ∼400 equiv of
reductant. These results demonstrate that the potential of the
supplied electron dictates the magnitude of the PL enhancement, thereby implicating a broad distribution of reducible trap
potentials in these colloidal NCs. The absence of any detectable
changes in the absorption spectra during the course of these
experiments (Figure S1 in the SI) eliminated nanocrystal

etching, growth, or conduction-band ﬁlling as possible origins
of the redox brightening. In contrast with the NCs subjected to
a continuous source of reductant (Figure 2), NCs reduced by
titration remained stable against precipitation, indicating that
the eﬀectively unlimited reducing capacity of the vast excess of
NaK2 used for Figure 2 caused the NC precipitation.
Interestingly, the saturation of the redox brightening in
Figure 3 occurred at reductant:NC ratios of at least 300:1 (i.e.,
a large excess of reductant). The contrast between the extent of
reductant required here and that estimated for QD electrobrightening [I/I0(max) at greater than ∼10 electrons/NC]25
may reﬂect either the importance of increased surface area and
ligand mobility in colloidal suspensions or the diﬀerence
between stoichiometric and steady-state reducing conditions.
Moreover, brightening occurred only following what resembled
an induction stage, where initial reductant aliquots produced
less PL increase than later aliquots. These results could indicate
that impurities (e.g., trace O2, water, or excess NC ligand)
intercepted some of the reducing equivalents. Alternatively,
they could reﬂect a large surface capacitance and a nonlinear PL
response to progressive trap passivation. To test the possibility
that this induction period was somehow related to the small
initial PL quantum yields of these NCs, experiments were next
performed using NCs with larger initial quantum yields (d = 3.8
nm, 1% Mn2+; ϕ = 14%). Redox-brightening data collected
using anthracene radical as the reductant are included in Figure
3. Not only was less reductant needed to achieve maximum
brightening (ϕmax = 80% at ∼300 electrons/NC, I/I0 = 5.7),
but the data also no longer showed a similar induction stage
before the PL increased. The two experiments were performed
under essentially identical conditions, arguing against attribution of the induction stage in the low-quantum-yield NCs to
spurious oxidants. Instead, the data suggest that reduction of
the deepest traps occurs without signiﬁcant PL improvement.
The nonlinear PL response to added reducing equivalents is
thus consistent with the conclusion that the largest PL increase
per added electron comes when the number of remaining traps
is smallest (Figure S2).
As an independent test, the outer-sphere one-electron
oxidant tris(4-bromophenyl)aminium hexachloroantimonate
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(BAHA) was titrated against a reductively brightened colloidal
suspension of the low-quantum-yield Mn2+:ZnSe NCs used in
Figure 2. The NC PL approached its initial value upon removal
of ∼100 electrons/NC (Figure 3, right), ∼4 times fewer
electrons than had been added but comparable to the number
of electrons needed to span the same range of PL intensities in
the other direction. These data are consistent with the
conclusion that the low-quantum-yield reductive brightening
shown in Figure 3 involves at least 100 reduction events per
NC. Although this number appears to be large, it is comparable
to the number of unpassivated surface sites estimated for these
NCs, or the number of coordinating ligands. For a d = 4.6 nm
NC, approximately one-quarter of the ZnSe is at the surface,
which would correspond to ∼250 ZnSe units. Typical packing
densities of TOPO may provide ∼30% surface coverage,17
meaning ∼75 surfactant ligands and ∼175 unpassivated surface
binding sites would be present [i.e., suﬃcient capacity to
accommodate the electrons provided by the chemical
reductants plus cations (e.g., Na+ or K+) to compensate for
the additional charge]. Regardless of the precise numbers, well
beyond stoichiometric quantities of reductant are required for
maximum redox brightening of both the low- and highquantum-yield NCs.
In all of the samples, the PL decreased slowly after reductive
brightening (Figure S2), possibly because of the slow
introduction of adventitious oxygen or interactions of the
reduced NCs with other molecules in solution. This PL
decrease was greatly accelerated by air (Figure 2), demonstrating that reductive trap passivation under these conditions is
easily reversed by exposure to oxidants. Whereas surface-trap
reduction can form high-quantum-yield ZnSe-based NCs,
stabilization of these high quantum yields must be accomplished by independent means. Such experiments are presently
underway.
The results presented here demonstrate redox brightening of
freestanding colloidal Mn2+:ZnSe NCs via the addition of
noncoordinating molecular reductants. The potential of the
reductant determines the extent of redox brightening. Titration
showed that the brightening is associated with multiple
reducing equivalents per NC, which can be rationalized by
consideration of the large surface-to-volume ratios and
imperfect surface passivation of these NCs. These results
highlight the importance of surface electron traps in the PL of
colloidal ZnSe-based NCs. Understanding the microscopic
origins of redox brightening in this model system will be
generally informative because of the paucity of molecular-level
information about surface traps and may enable extension to
other related NCs where redox-active surfaces inhibit performance. Future experiments will therefore focus on characterizing
the microscopic identities of the redox-active traps and on the
development of chemical methods for making this brightening
robust against reversal by air.
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