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U
nderstanding the dynamics of
charge transfer from and to quan-
tum dots (QDs) is essential to their

potential application in solar cells.1�4 For
example, in QD solar cells based on QD-
sensitized TiO2 nanocrystalline thin films,
the device performance depends on the
efficiencies of the initial electron transfer
from the QDs to TiO2 and subsequent filling
of the holes in the QD by the redox media-
tors, in addition to many other processes.5

For this reason, exciton dissociation in CdX
and PbX (X = S, Se, and Te) QDs by ultrafast
electron transfer (ET) to molecular electron
acceptors or semiconductors has been
investigated.5�19 Examples of hole transfer
(HT) are relatively few, and the rate of hole
transfer is considerably slower for reasons
yet to be understood.20�24 Much of our
understanding of ET dynamics from QDs is
derived from ensemble-averaged measure-
ments, which show that these processes are
highly heterogeneous. Further insights into
the heterogeneity of ET dynamics have
been gained through studies of electron
transfer of single QD�electron acceptor
complexes.25�31 Interestingly, the ET activ-
ity in these complexes is intermittent,
modulated by the blinking dynamics of
single QDs.25�31 Because of the important
roles of these interfacial electron and hole
transfer activities in QD�solar cells, further
studies of their dependences on single QD
blinking dynamics are needed.
Under continuous excitation, single QDs

fluctuate between on-states (with high fluo-
rescence intensity and long lifetime) and
off-states (with low fluorescence intensity at
or near the background level and short
lifetimes).25,27,28,32�54 The off-states have
been attributed to photoinduced charging
of QDs by Auger ionization and/or electron
transfer to trap states inQDs or the surround-
ing matrix.32�34,36,45,48,53,54 The probability
densities of the on- and off-times obey a
power-law distribution with an exponent of
∼1.5,33,36,55,56 and this dependence can be

explained by models that assume diffusion-
controlled electron transfer (ET).33,48,52,53,56�58

These models suggest that the blinking dy-
namics can be suppressed by a number of
approaches, including filling of the electron
trap states (by surface ligands39,41,42 or
n-doped semiconductors28), increasing the
emission yield of the charged QD (by either
increasing the radiative decay rate36,44 or re-
ducing the Auger recombination rate38,40,59)
anddecreasing theprobabilityof accessing the
off-states.60,61 Despite these abilities to manip-
ulate the blinking behavior, the nature of the
trap states remains unclear and has yet to be
systematically controlled.
Studying single QD�electron (or hole)

acceptor complexes can provide important
insight into the single QDblinking dynamics.
In QD�electron (hole) acceptor complexes,
the exciton dissociates by electron (hole)
transfer to the acceptor, generating charge-
separated states with the hole (electron) left
in the QD. The effect of these charge-sepa-
rated states on the blinking dynamics can be
used to probe the nature of the off-states.
Furthermore, in QD�acceptor complexes,
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ABSTRACT Photoinduced hole transfer dynamics from single CdSe/CdS3ML/CdZnS2ML/ZnS2ML
core/multishell quantum dots (QDs) to phenothiazine (PTZ) molecules were studied by single QD

fluorescence spectroscopy to investigate the static and dynamic heterogeneities of the hole transfer

process as well as its effect on the blinking dynamics of QDs. Ensemble-averaged transient

absorption and fluorescence decay measurements show that excitons in QDs dissociate by

transferring the valence band hole to PTZ with a time constant of 50 ns for the 1:1 PTZ�QD

complex, and the subsequent charge recombination process (i.e., electron transfer from the

conduction band of the reduced QD to oxidized PTZ to regenerate the complex in the ground state)

occurs mainly on the 100 to 1000 ns time scale. Single QD�PTZ complexes show pronounced

correlated fluctuations of fluorescence intensity and lifetime with time. In addition to the dynamic

fluctuation, there are considerable heterogeneities of average hole transfer rate among different

QD�PTZ complexes. The hole transfer process has little effect on the statistics of the off-states,

which is often believed to be positively charged QDs with a valence band hole. Instead, it increases

the probability of weakly emissive or “gray” states.

KEYWORDS: quantum dots . hole transfer . blinking dynamics . single particle
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the charge transfer rate can be controlled by the
number as well as the nature of the acceptors, offering
the possibility to test the relationship between the
blinking dynamics and charge transfer rate. In recent
studies of single QD�electron acceptor complexes, we
and others have shown that the electron transfer rate
and the blinking dynamics are correlated;the QDs
exhibit larger probability of off-states in complexes
with higher ET rate.25�31 This finding supports the
current model for the off-states because electron
transfer to acceptors left a hole in the QDs, which is
similar to the proposed off-state generated by Auger
ionization or electron transfer to trap states. It also
suggests that in QD�hole acceptor complexes, the
presence of a hole transfer pathway may shorten the
lifetime of off-states and therefore suppress the blink-
ing dynamics. However, direct observations of the hole
transfer process and correlations of the blinking dy-
namics with hole transfer rate on the single QD level
have not been reported.
In this paper, we report a study of hole transfer

dynamics in single QD�hole acceptor complexes.
Ensemble-averaged transient absorption (TA) and fluo-
rescence decay measurements confirm that in the
QD�phenothiazine (PTZ, see Figure 2) complexes,
excitons dissociate by hole transfer to PTZ, consistent
with a previous study of related complexes.20 At the
single QD�PTZ level, QDs show correlated fluctuations
of lifetime and intensity. The on-state fluorescence
lifetime deceases, consistent with hole transfer. Unlike
in an electron transfer process, the hole transfer

pathway does not suppress the blinking or significantly
alter the statistics of the on- and off-state distributions
of QDs. Instead, it increases the probability of gray states.
We propose amodel to account for the observed effects
of hole transfer on single QD blinking dynamics.

RESULTS AND DISCUSSION

Ensemble-Averaged Fluorescence Decays and Transient
Absorption. We first examined the hole transfer and
subsequent charge recombination processes by
ensemble-averaged fluorescence decay and transient
absorption measurements. CdSe/CdS3ML/CdZnS2ML/
ZnS2ML core/multishell QDs with a first exciton (1S)
peak at 605 nm were used for this study. The ultra-
violet�visible (UV�vis) absorption spectra of samples
A, B, and C are displayed in Figure 1a. These spectra
show the same QD absorption (from 400 to 605 nm)
and different PTZ absorption (∼320 nm), indicating a
constant QD concentration and increasing PTZ-to-QD
ratios from samples A (free QD without PTZ) to C. The
exact ratios of adsorbed PTZ-to-QD could not
be determined from the absorption spectra because
the extinction coefficient of the QD is unknown and
there is a partition of free and QD-bound PTZ mol-
ecules. As will be described below, these ratios can be
estimated from the fluorescence decay kinetics of
these samples. Both the exciton absorption and emis-
sion peak positions (see inset of Figure 1a) show
negligible changes with increased PTZ-to-QD ratios.

Ensemble-averaged fluorescence decays of these
samples are plotted in Figure 1b. These samples were

Figure 1. (a) UV�vis absorption spectra (dashed lines), (b) ensemble-averagedfluorescencedecays (open symbols), and (c) 1S
exciton bleach recovery kinetics of QD�PTZ complexes of samples A (red, free QDs), B (green), and C (blue). The fluorescence
spectra of the three samples are compared in the inset of panel a, alongwith an expanded viewof the absorption spectra near
the 1S exciton band. Solid lines in panel b are best fits according to the Poisson distributionmodel described in the text (eqs 1
and 2). (d) Energetic diagram of the QD�PTZ complex and possible charge transfer processes: hole transfer from the QD
valence band (VB) to PTZ HOMO followed by charge recombination (not shown), in which the electron is transferred from the
conduction band (CB) of the reduced QD to the oxidized PTZ.

A
RTIC

LE



SONG ET AL. VOL. 5 ’ NO. 11 ’ 8750–8759 ’ 2011

www.acsnano.org

8752

excited at 500 nm, and the resulting QD emission from
540 to 625 nm was collected by time-correlated single
photon counting. It is clear that exciton fluorescence
decay is faster in QD�PTZ complexes than free QDs
and the exciton quenching rate increases with the PTZ-
to-QD ratio. Possible pathways for the observed ex-
citon quenching in QD�PTZ complexes can be deter-
mined from the relative energy levels of QD and PTZ
shown in Figure 1d. From the first exciton peak position
of the QDs, the 1S electron and 1S hole levels can
be estimated to be �3.89 and �5.79 V (relative to
vacuum) according to themethod reported in previous
works.28,62,63 The lowest unoccupied and highest oc-
cupied molecular orbital (LUMO and HOMO) levels of
PTZ molecules were reported to be �1.6 and �5.5 V,
respectively.64 Exciton dissociation by ET from the QD
to the PTZ LUMO level is energetically forbidden in this
system. Energy transfer is not possible either due to the
lack of spectral overlap of the QD emission with PTZ
absorption. Hole transfer from the QD valence band to
theHOMOof PTZ is energetically allowed andhas been
reported in our previous work.20

Exciton quenching by hole transfer generates a
charge-separated state with a reduced QD and oxi-
dized PTZ radical. The 1S electron in the reduced QD
can eventually recombine with the hole at the HOMO
level of the oxidized PTZ radical to regenerate the
complex in the ground state. To probe this charge
recombination process and to provide further evi-
dence for the HT pathway, we have also carried out
transient absorption study of the QD�PTZ complexes.
As shown in Figure 1c and Figure S1 (Supporting
Information), in samples A, B, and C, excitation by
400 nm pulses generates excited QDs, in which the
filling of the 1S electron level leads to the bleach (or
decrease of absorption) of the 1S exciton band.20,65,66

The 1S exciton bleach recovery kinetics directly moni-
tors the removal rate of the 1S electron. In QD�PTZ
complexes, the QD 1S exciton bleach shows a slower
recovery (or longer lived 1S electron on the 10 ns to a
few microseconds scale) than the free QDs. It indicates
that in the QD�PTZ complexes, excitons dissociate by
HT from the QD to PTZ, which increases the lifetime of
the 1S electron by removing the 1S electron�1S hole
recombination pathway. Exciton quenching by both
electron and energy transfers would have shortened

the 1S electron lifetime. Furthermore, it was previously
shown that in CdSe QD�PTZ complexes, the decay of
the QD 1S exciton fluorescence leads to the formation
of PTZ radicals (at ∼520 nm), directly confirming the
interfacial HT process.20 In the current system, the
overlap of the strong exciton bleach signatures with
the much weaker PTZ radical absorption hinders a
direct measurement of the latter. The recovery of 1S
exciton bleach in the QD�PTZ complex on the 100 ns
to a few microseconds time scale is assigned to the
charge recombination process, transferring the 1S
electron to the PTZ radical to regenerate the complex
in the ground state.

HT Dynamics in Single QD�PTZ Complexes. To examine
the effect of hole transfer on the blinking dynamics of
single QDs, we examine three samples (1�3) of
QD�PTZ complexes by single QD fluorescence spec-
troscopy. The PTZ-to-QD ratios, controlled by the
amount of PTZ added, increase from sample 1 (free
QD) to sample 3. A raster scan fluorescence image of
single QD�PTZ complexes is shown in Figure 2, in-
dicating spatially well-separated single QD�PTZ com-
plexes. About 40�50 single QDs from each sample
were detected, and each QD was followed for about
5min. Two times associatedwith each detectedphoton,
the delay time (relative to excitation pulse) and the
arrival time (relative to the start of the experiment), were
recorded. For each QD, an intensity trace was con-
structed by counting the number of photons within
50 ms arrival time windows. The delay time histograms
of photons within 1 s arrival time windows were con-
structed and fitted to single-exponential decay func-
tions (by nonlinear least-squares fit) to obtain the
lifetime trajectory. Typical intensity and lifetime trajec-
tories of single QD and QD�PTZ complexes from these
samples are shown in panels b1�b3 of Figure 3. Typical
fluorescence decay curves at selected times along the
trajectories shown in panels b2 and b3 of Figure 3 are
shown in Figure S2 (Supporting Information). All trajec-
tories show single-step bleaching of fluorescence in-
tensity to the background level, consistent with the
behavior of single emitters, although the possibility of
a small number of aggregates of two or three emitters
cannot be excluded. Recent studies show that aggre-
gates of two or three nanorods show blinking statistics
that are indistinguishable from single QDs, but different
statistics are observed in aggregates with five or more
nanorods.67,68 The lifetime trajectory follows the inten-
sity trajectory for both free QDs and QD�PTZ com-
plexes, consistent with the reported positive correlation
between the fluorescence intensity and lifetime of
single QDs.25,27,28,33,45�54 Intensity and lifetime histo-
grams of these single QDs are plotted in Figure 3a,c,
respectively. We attribute all points with intensitywithin
six standard deviations of the background level to off-
states and all points with higher intensities to on-states.
The intensity threshold separating the “on” and “off”

Figure 2. Raster scan fluorescence image of single QD�PTZ
complexes on a glass coverslip and a schematic of the
QD�PTZ complex.
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states are indicated by blue dashed lines in Figure 3a.
For states with emission intensity at the background
level, the exciton lifetimes cannot be accurately ob-
tained because of limited photon numbers and are
estimated to be smaller than 0.5 ns. The occurrences
of these states are counted and plotted within the
lifetime histograms in Figure 3c.

The total lifetime histograms constructed from 40,
50, and 50 QDs from samples 1, 2, and 3, respectively,
are shown in Figure 4a. With increasing PTZ-to-QD
ratios, the distribution of the on-state lifetimes shifts to
the shorter lifetime region. This behavior is similar to
what was observed in single QD�molecular electron
acceptor complexes, in which the increase in exciton
decay rate (due to electron transfer process) caused a
decrease of the average on-state lifetime.29,31 Similarly,
in QD�PTZ complexes, hole transfer from the valence
band of QDs to the HOMO of PTZ molecules results in
the reduction of exciton lifetime, as shown by the
ensemble-averaged measurement. On the single
QD�PTZ level, this leads the observed shift of the
on-state lifetime distribution to the shorter lifetime.
For each QD and QD�PTZ complexes, an average
exciton decay rate, defined as the inverse of the
average on-state lifetime of each particle along its
trajectory, was computed, from which histograms of
average decay rates were constructed for each sample.
As can be seen in Figure S3, the free QDs show
relatively small variation of average decay rates be-
tween different QDs. The variation becomes bigger in
QD�PTZ complexes. Because of the relatively narrow
distribution of average intrinsic decay rate (k0) of free
QDs, the average HT rates for each QD�PTZ complex
can be calculated by subtracting k0 from the total

decay rate k. As shown in Figure 4b, compared to

sample 2, the distribution of average HT rates shifts to

higher values in sample 3, consistent with the higher

PTZ-to-QD ratio in this sample.
The distributions of the average HT rates are broad

and asymmetric, showing a long tail in the high HT rate
side. Similar asymmetric distributions of average ET rates
were observed previously in QD�C60 complexes.31 We
have shown previously that in QD�molecular acceptor
complexes prepared by self-assembly, the Poisson dis-
tribution of the number of adsorbates on theQD leads to
Poisson distributions of average ET rates and fluctuations
in single QD�adsobrate complexes and non-single-
exponential ensemble-averaged fluoreseence decay

Figure 3. Typical fluorescence intensity (black line) and lifetime (red circles) trajectories (bi) and histograms of fluorescence
intensity (with a 0.2 kHz bin) (ai) and lifetime (ci) of a representative single QDor QD�PTZ complex from each sample (i = 1�3
for samples 1�3, respectively). Blue dashed lines in (ai) indicate the threshold separating the on- and off-states. The gray lines
in (bi) are thebackgroundemission level in thismeasurement. Black bars in (ci) indicate the occurrenceof stateswith emission
intensity at the background level, whose lifetime is estimated to be smaller than 0.5 ns.

Figure 4. Histograms of total fluorescence lifetime distri-
butions (ai) and average hole transfer rates (bi) for samples i
(=1, 2, 3). Histograms of total lifetime distributions were
constructed by summing up the lifetime distributions of all
QDs in each sample. Black bars indicate the occurrence of
low fluorescence intensity points along the trajectories, for
which the lifetimes have been assumed to be 0.5 ns. The
solid dots (connected by lines) in panels b2 and b3 are fits
according to eq 1 with fitting parameters listed in Table 1.
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kinetics.29,31 For the same reason, thenumberof adsorbed
PTZs should also obey the Poisson distribution in the
QD�PTZ complexes studied here.20 Following thismodel,
we assume that the number (n) of adsorbed PTZmolecule
per QD obeys a Poisson distribution.20,69,70 In n:1 PTZ�QD
complexes, theaverage, kn, and standarddeviation, SDn, of
HT rates aregivenby kn=nk1 andSDn=nSD1, respectively,
where k1 and SD1 denote the average and standard
deviation of HT rates in the 1:1 PTZ�QD complexes. It
canbe shown that in a samplewith an average PTZ-to-QD
ratio ofm, thedistribution of the averageHT rates of single
PTZ�QD complexes is given by29,31

p(m; kn) ¼ m(kn=k1)e�m

kn
k1

� �
!

(1)

The total distributionofHT ratesmeasured in anensemble
of single QD�PTZ complexes is

p(kHT) ¼ ∑
¥

n¼ 1

mne�m

n!

� 1ffiffiffiffiffiffi
2π

p
(nSD1)

e�(kHT � nk1)2=2(nSD1)2 þ e�mδ(kHT)

(2)

Here the last term represents the contribution of free QDs
(without adsorbates) in the PTZ�QD sample. In the
ensemble-averaged fluorescence measurement, the dis-
tributions of HT rates from the individual PTZ�QD com-
plexes are not explicitly measured and only the average
fluorescencedecayof allQDs ismonitored. This ensemble-
averagedfluorescencedecaycanbeexpressedasa sumof
all single QD decays:29,31

[S(t)] ¼ [S(0)][
Z ¥

0
p(kHT)e

�kHTtdkHT]fFree(t) (3)

Here [S(t)] and [S(0)] are the population of excited QDs at
time t and 0, respectively; fFree(t) is the fluorescence decay
of free QDs, which is independently measured and fitted.

The data shown in Figures 4b and 1c are fitted
simultaneously by eqs 1 and 3, respectively. The same
k1 and SD1 values are used for all samples, but the m

values are allowed to change to reflect different average
ratios in these samples. The histograms in Figure 4bwere

binned to reflect the value of k1. This model leads to
satisfactory fit to the data, as shown in Figures 4b and 1c,
and the fitting parameters, m, k1, and SD1, are listed in
Table 1. The HT rate in the 1:1 complexes is 2� 10�7 s�1

(corresponding to a HT time of 50 ns). Our previous study
showed that the hole transfer time in the 1:1 CdSe/PTZ
complex is around 2.5 ns.20 In the current system, the
observed hole transfer rate is 20 times slower and it can
be attributed to the retardation of HT rate by themultiple
layers of insulating ZnS shells on the CdSe core.71 From
the average intrinsic decay rate of 5 � 10�7 s�1, a hole
transfer quantumyield of 29% in 1:1 PTZ�QD complexes
can be estimated. This yield increases in complexes with
more adsorbed PTZ molecules.

To examine the effect of the hole transfer process
on the statistics of the single QD blinking dynamics, we
have calculated the probability densities P(t) of a QD in
the on- or off-states for a duration timeof t according to
eq 4.33,48,52,53,56�58

Pi(t) ¼ Ni(t)
Ni, total

� 1
Δtavg

(i ¼ on or off) (4)

Here, N(t) is the number of on- or off-events with
duration time of t, Ntotal is the total number of on- or
off-events, and Δtavg is the average of the time inter-
vals to the preceding and subsequent events. Recent
studies have shown that the on- and off-time statistics
can depend on the choice of threshold that separates
the on- and off-states.67,72�75 We have constructed on-
and off-probability distributions using a thresholds of
0.6, 0.9, and 1.2 kHz, corresponding to the count rates
at the background level plus 3, 6, and 9 standard
deviations, respectively. As shown in Figure S4, within
this range of threshold values, the on- and off-probability

TABLE 1. Fitting Parameters for the Distributions of the

Average HT Rates in Single PTZ�QD Complexes

(Figure 4b) and the Ensemble-Averaged Fluorescence

Decay of PTZ�QD Complexes (Figure 1c) According to

Equations 1�3,a

single QD�C60 fluorescence decay ensemble-averaged fluorescence decay

k1 (ns
�1) SD1 (ns

�1) sample # m sample # m

0.02 0.03 2 1.4 B 2.8
3 2.5 C 3.4

a Values of k1 and SD1 are the average and standard deviation, respectively, of the
HT rate in 1:1 PTZ�QD complexes; m is the average PTZ-to-QD ratio of the sample.

Figure 5. Probability density distributions of (a) on-states
(Pon) and (b) off-states (Poff) as a function of on (off) time
intervals, constructed from 40 free QDs from sample 1 (red
circle), 50 complexes from sample 2 (green triangle), and 50
complexes from sample 3 (blue square). The solid lines are
the best fits according to eq 5.
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distributions have negligible dependence on the choice
of thresholds. We have chosen a threshold level of
0.9 kHz.

As shown in Figure 5, both Pon(t) and Poff(t) for single
QDs from samples 1, 2, and 3 show power-law distribu-
tions at short time but deviate from this behavior at
longer time, similar to results reported for free QDs and
QD�electron acceptor complexes. These P(t) distribu-
tions can be fit by a truncated power law:33,48,52,53,56�58

Pi(t) ¼ Bit
�Riexp(� Γi t) (i ¼ on or off) (5)

where B is the amplitude, R the power law exponent,
and Γ the saturation rate. The fitting parameters are
listed in Table 2. The probabilities of “on” time and “off”
time in QD�PTZ complexes remain similar to bare QD
and do not change significantly with PTZ-to-QD ratios.
This indicates that the hole transfer process does not
significantly affect the occurrence and the probability
density distributions of the on- and off-states in
QD�PTZ complexes within the limited time range
(0.1 to 100 s for on-state and 0.1�10 s for off-state)
probed in this experiment. This observation is different
from QD�molecular electron acceptor complexes,
where the possibilities of long on (off) and short off
(on) events deceases (increases) with molecule-to-QD
ratios (or electron transfer rates).29,31

A closer inspection of the total lifetime histograms
in Figure 4a shows a significant increase in states with
lifetime between 1 and 5 ns in QD�PTZ complexes
compared to free QDs. These states, often labeled as
“gray states”,38,40,59,76,77 fall between the high intensity
region of the off-state distribution and the low inten-
sity of the on-state distribution. The increase of gray
states affects both the on- and off-states, which may
account for the lack of changes in the probability
distributions of on- and off-states in the presence of
the HT pathway.

The experimental findings of the single QD�PTZ
complex studies are the following: (1) The HT process
shortens the average lifetime of the on-states. (2) The
presence of the HT pathway does not significantly alter
the occurrence of off-states. Instead, it increases the
probability of “gray” states with lifetimes between 1
and 5 ns. To account for effect of the hole acceptor on
the dynamics of single QDs, we propose a model for
various states and their interconversion processes in
the QD�PTZ complexes. As shown in Figure 6, when a
neutral QD is excited from the ground state (1), an on-
state (1*) is generated, which can relax to state 1 by

intrinsic radiative or nonradiative relaxationwith a total
decay rate of approximately 108�107 s�1. As the QD
cycles between the excitation and emission processes,
there is a chance for the excited electron to be
transferred to trap states in or near the QD (with rate
constant kon), thus forming the off-state (state 2). The
emission quantum yield for QDs in state 2 is at or near
the background level because optical excitation of
state 2 generates a positive trion which relaxes via a
rapid nonradiative Auger recombination process (not
shown).66 When the trapped electron recombines with
the positively charged QD (rate constant koff), state 1 is
regenerated. These states and rate constants for their
interconversion are assumed to be the same in free
QDs and QD�PTZ complexes.

The presence of hole acceptors creates two addi-
tional states and pathways for their interconversion.
Hole transfer process from the excited neutral QD
(state 1*) generates a charge separated state (state 3)
consisting of a PTZ cation and a negatively chargedQD
with a conduction band electron. Excitation of 3 gen-
erates a negative trion state in the QD, similar to the
one studied by Jha and Sionnest.78 These authors show
that trions in CdSe/CdS QDswith core diameter around
4 nm have a total lifetime of 0.7�1.5 ns and a radiative
decay rate of 108 s�1, which should have weak but
detectable emissions under single QD conditions.
Therefore, we attribute this charge-separated state
(3) to the gray state. This state can relax back to the
ground state (1) by transferring the electron from the

TABLE 2. Fitting Parameters of Pon(t) and Poff(t) for All

Single QDs from Samples 1, 2, and 3

sample # ron 1/Γon (s) roff 1/Γoff (s)

1 1.17 ( 0.04 27 ( 3 1.5 ( 0.2 2.2 ( 0.1
2 1.28 ( 0.03 28 ( 3 1.6 ( 0.1 4.4 ( 0.3
3 1.34 ( 0.04 29 ( 3 1.2 ( 0.1 2.2 ( 0.1

Figure 6. Possible states and charge transfer processes in
QD�PTZ complexes. On-states 1 and 1* are the ground and
excited states of the neutral QD�PTZ complex; kex is the
excitation rate of QDs, and kr and knr are intrinsic radiative
and nonradiative decay rates of QDs. Electron ionization or
transfer to trap state converts (with rate constant kon) 1* to
state 2 (off-state), which can convert back (with rate con-
stant koff) to the on-state by charge recombination. In the
presence of hole acceptors, two additional pathways are
created. 1* can be quenched by hole transfer to the hole
acceptor (with rate constant kHT), forming state 3. State 3 is a
gray state because upon its excitation a negative trion is
generated inside the QD, which has a low but detectable
emission quantum yield. Hole transfer from the off-state (2)
generates state 4, which should be emissive.
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QD to oxidized PTZ (i.e., the charge recombination
process), with a rate constant of 106∼107 s�1 as
determined by the TA kinetics shown in Figure 1c.
The TA data also show that the charge-separated state
has a highly dispersive decay process, with a small but
non-negligible probability for existing beyond 6 μs (the
longest time measured in the transient study). Thus, it
is possible that the increased probability of gray states
observed in the experiment can be attributed to the
charge-separated state (with negatively charged QDs)
generated by the hole transfer process.

The presence of the hole acceptor is also expected
to remove the hole in the dark sate (2), converting to
state 4, which is a neutral QDwith adsorbed PTZ cation
and a trapped electron on the QD surface. This state
should be emissive upon excitation, and therefore, this
process should alter the fate of the dark state and the
distribution of the off-state probability density. How-
ever, as shown in Figure 5, the on- and off-state
distributions have not been significantly changed in
the current system. The reason for this is unclear. We
tentatively attribute this to the competing effects of
the hole acceptors on the off-state distribution of QDs.
On one hand, it can remove the off-state (2) by
transferring the hole to the acceptors, reducing the
off-state probabilities. On the other hand, it can
quench the excited QDs, generating the charge-sepa-
rated state (3). As discussed above, this gray state has
low emission quantum yield and can increase the
probability of the off-states. Another possibility is that
the hole in the dark state may also be trapped and
cannot be effectively removed by PTZ because of
reduced electronic coupling strength and driving
force.79 A trapped hole should have a reduced wave
function overlap with the PTZ, decreasing the elec-
tronic coupling strength for HT. As shown in Figure 1d,
the driving force for transferring the 1S hole to the PTZ
is estimated to be∼0.3 eV. Trapping the hole to defect
states over 0.3 eV above the valence band wouldmake
it energetically unfavorable for transferring to PTZ.

It is interesting to compare the effect of electron
and hole acceptors on the dynamics of single QDs.

While both pathways shorten the exciton lifetime and
reduce the average on-state lifetime of the QDs, they
have different effects on the blinking dynamics of QDs.
In QD�electron acceptor complexes, the electron
transfer process leaves a hole in the QD, which in-
creases the probability of gray and off-states.29 How-
ever, unlike the hole acceptor, the electron acceptor
cannot remove the hole in the dark state. Therefore,
the net effect of electron acceptor is to increase the off-
state probability densities in the QD�acceptor com-
plexes, leading to a correlated electron transfer andQD
blinking dynamics.

In summary, photoinduced hole transfer dynamics
from single QDs to adsorbed phenothiazine molecules
have been studied by single QD fluorescence spec-
troscopy. The hole transfer process was independently
verified by ensemble-averaged transient absorp-
tion and fluorescence decay measurements. Single
QD�PTZ complexes show fluctuation of fluorescence
intensity and lifetime similar to those in free QDs. The
hole transfer process shortens the lifetimes of on-states
in the QD�hole acceptor complexes. There is a broad
distribution of average hole transfer rates in different
complexes, likely reflecting the distribution in the PTZ-
to-QD ratio in the samples. Both the distributions of
average hole transfer rates in single QD�PTZ com-
plexes and ensemble-averaged fluorescence decay
kinetics can be fit by a kinetics model that assumes a
Poisson distribution of adsorbed PTZ molecules per
QD, from which an average HT time of 50 ns in the 1:1
PTZ�QD complex was obtained. Unlike the correlated
electron transfer and blinking dynamics observed in
QD�electron acceptor complexes, the hole acceptors
do not significantly alter the on- and off-state prob-
ability density distributions in the QD�PTZ complexes.
Instead, it increases the probability of weakly emissive
gray states. We attribute this to two competing effects
of the hole acceptors. On one hand, the HT process
generates a negatively charged QD, increasing the
probability of gray and off-states. On the other hand,
the hole acceptor can remove the hole in the off-state,
reducing the probability of observing this state.

METHODS

Ensemble-Averaged Fluorescence Measurements and Nanosecond
Transient Absorption. Ensemble-averaged fluorescence lifetimes
of QDs and QD�PTZ complexes were measured in heptane
solution in a 1 mm cuvette. The emission was detected by a
microchannel plate photomultiplier tube (Hamamatsu R3809U-
51), whose output was amplified and analyzed by a TCSPC
board (Becker&Hickel SPC 600). Nanosecond transient absorp-
tion was performed with the EOS spectrometer (Ultrafast
Systems LLC). The pump pulses at 400 nmwere generated from
the frequency-doubled output (∼150 fs pulses at 800 nm) of a
1kHz Ti:sapphire laser system (Coherent Legend-H). The probe
pulse (a 0.5 ns white light source operating at 1 kHz) was
synchronized with the femtosecond amplifier, and the delay
timewas controlled by a digital delay generator. The probe light

was detected using a fiber optics coupledmultichannel spectro-
meter with CMOS sensor. The absorbance change was calcu-
lated from the intensities of sequential probe pulses with and
without the 400 nm excitation.

Single QD Study. Single QD�PTZ complexes were studied
with a home-built scanning confocal fluorescence microscope.
Femtosecond laser pulses (∼100 fs, 80 MHz repetition rate)
were generated with a mode-locked Ti:sapphire laser (Tsunami
oscillator pumped by 10 W Millennia Pro, Spectra-Physics). The
repetition rate of output pulse centered at 1000 nm was
reduced to 8.8 MHz using a pulse picker (Conoptics, USA).
Excitation pulses at 500 nm were generated by second harmo-
nic generation of the 1000 nm pulses in a BBO crystal.
The excitation beam (∼200 nW) was focused through an
objective (100�, NA 1.4, oil immersion, Olympus) down to a
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diffraction-limited spot on the sample, which was spin-coated
onto the glass coverslips and placed on a piezo scanner (Mad
City Laboratories). The resulting epifluorescence from the sam-
ple was detected by an avalanche photodiode (APD, Perkin-
Elmer SPCM-AQR-14). The APD output was analyzed by a time-
correlated single photon counting (TCSPC) board (Becker&Hickel
SPC 600). The instrument response function for the fluorescence
lifetime measurement had a full width at half-maximum
of ∼500 ps.

Sample Preparation. CdSe/CdS3ML/CdZnS2ML/ZnS2ML core/
multishell QD powders with first exciton absorption peak at
605 nm (capped by octadecylamine ligand) were obtained from
Ocean NanoTech, LLC, USA. Phenothiazine was purchased from
Sigma-Aldrich, USA. Three QD�PTZ samples, A, B, and C, were
prepared for ensemble-averaged experiment, and the PTZ-to-
QD ratios were controlled by adding different amount of PTZ to
QD solutions (in heptanes). The mixtures were kept in the dark
for 30 min before experiments. The samples (1, 2, and 3) for
single QD studies were prepared in the same manner, with a
much lower concentration of QDs (∼10 pM). The solutions were
spin-coated on glass coverslips for single QD studies.
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