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nderstanding charge- and energy-

transfer dynamics in quantum dot

(QD)-based nanostructures is es-
sential to their many potential applications,
such as solar cells,' 3 light-emitting
diodes,* ® and biological imaging and
detection.””? Forster resonance energy
transfer in QD—molecular acceptor pairs
has been extensively studied for biological
sensing applications.’~'* Interest in charge
transfer from QDs to acceptors?'~% has in-
tensified in recent years due to reports of
the highly controversial multiexciton gen-
eration (MEG) processes in some QDs. 283!
Functional QD—molecule complexes (for
energy or charge transfer) are often con-
structed by linking the molecule to a QD by
either replacing or reacting with the ligands
on the QD surface.” 632 This process gener-
ates QDs with a distribution of adsorbed ac-
ceptors on the surface. Similar heteroge-
neous distributions should also exist in
other nanoparticle—molecule or
nanoparticle—nanoparticle complexes.
Thus, knowledge of the nature of this distri-
bution is important to the understanding
of the properties of QD-based nanostruc-
tures. The distribution is often assumed to
be Poisson because of the discrete and
small number of adsorbed molecules.'”3*
The distribution can be both static (varying
among QDs) and dynamic (fluctuating with
time) and is difficult to determine by
ensemble-averaged techniques, such as
fluorescence decay and transient absorp-
tion spectroscopy. Single particle/molecule
fluorescence spectroscopy has been shown
to be a powerful tool for directly probing
these distributions**2>~38 and has been
used to probe the heterogeneity of elec-
tron transfer'*3%40 and Férster resonance
energy-transfer®> dynamics in QD
nanostructures.

Www.acsnano.org

ABSTRACT Functional quantum dot (QD)-based nanostructures are often constructed through the self-
assembly of QDs with binding partners (molecules or other nanoparticles), a process that leads to a statistical
distribution of the number of binding partners. Using single QD fluorescence spectroscopy, we probe this
distribution and its effect on the function (electron-transfer dynamics) in QD — (60 complexes. Ensemble-averaged
transient absorption and fluorescence decay as well as single QD fluorescence decay measurements show that
the QD exciton emission was quenched by electron transfer from the QD to (60 molecules and the electron-transfer
rate increases with the (60-to-QD ratio. The electron-transfer rate of single QD—C60 complexes fluctuates with
time and varies among different QDs. The standard deviation increases linearly with the average of electron-
transfer rates of single QD— (60 complexes, and the distributions of both quantities obey Poisson statistics. The
observed distributions of single QD—(C60 complexes and ensemble-averaged fluorescence decay kinetics can be
described by a model that assumes a Poisson distribution of the number of adsorbed (60 molecules per QD. Our
findings suggest that, in self-assembled QD nanostructures, the statistical distribution of the number of adsorbed
partners can dominate the distributions of the averages and standard deviation of their interfacial dynamical
properties.

KEYWORDS: quantum dots - fullerene - interfacial electron transfer -
single particle spectroscopy

In this paper, we report a study of elec-
tron transfer (ET) from single QDs to ad-
sorbed fullerene C60 as a model system of
QD—molecule and QD—nanoparticle com-
plexes. C60 is a well-characterized electron
acceptor, and electron transfer from CdSe
QDs to C60 has been previously reported by
ensemble-averaged measurements.*' =44
The monomalonic derivative of fullerene
C60 (C60) molecules used in this study
(shown in Figure 1a, inset) have two carbox-
ylic groups that facilitate their binding with
QDs. We probe directly the fluorescence de-
cay of single QD—C60 complexes, from
which the distribution of electron-transfer
rates is obtained. We show that the ET rates
vary among different single QD—C60 com-
plexes and fluctuate with time, and the ex-
tent of the dynamic fluctuation (quantified
by standard deviation) increases with the
average ET rate. Both the average and the
standard deviation of ET rates in single
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Figure 1. (@) UV—vis absorption spectra (lines) and

(b) ensemble-averaged fluorescence decays (open symbols)
of QD—C60 complexes from samples A (black, free QDs), B
(red), C (blue), and D (green). The inset of (a) shows a scheme
of a 1:1 QD—C60 complex. Solid lines in (b) are best fits ac-
cording to the Poisson distribution model described in the
main text. (c) Energetic diagram of the QD—C60 complex
and possible charge-transfer processes: ET from the QD con-
duction band (CB) to C60 LUMO, followed by the back ET
process.

QD—C60 complexes obey the Poisson distribution. We
propose a model to account for these distributions,
which is shown to be caused by the Poisson statistics
of the number of adsorbed C60 on QDs in these self-
assembled nanostructures.

RESULTS AND DISCUSSION

Ensemble-Averaged Fluorescence Decay. The UV —vis spec-
tra of samples A, B, C, and D (QD—C60 water solution)
used for the ensemble-averaged studies are displayed
in Figure 1a. These spectra show the same first exciton
peak absorption at 585 nm for the water-soluble
CdSe/CdS, w/CdZnS; m/ZnS; m. core/shell QDs, as well
as increased C60 absorption (broad feature at <500
nm) from sample A to sample D, indicating a constant
QD concentration and increasing C60-to-QD ratio from
sample A (free QD without C60) to sample D. The exact
adsorbed C60-to-QD ratios are not determined be-
cause the extinction coefficient of the QD is not known
and there are some free C60 molecules in water due
to the non-negligible solubility of C60 in water.
Ensemble-averaged fluorescence decays of these
samples are shown in Figure 1b. The measurement
was carried out under the same conditions as the single
QD fluorescence study (except for the lower concentra-
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tion of QD—C60 complexes). For both measurements,
the solutions were spin-coated on thin glass coverslips
and dried in air. The QD fluorescence from 540 to 625
nm was collected after the excitation of the sample at
500 nm. It is clear from Figure 1b that a faster exciton
decay was observed in QD—C60 complexes compared
with the free QDs and the exciton quenching rate in-
creases with the C60-to-QD ratio.

Possible reasons for the observed exciton quench-
ing in QD—C60 complexes are discussed based on the
relative positions of the conduction band (CB) and va-
lence band (VB) in the QD and the highest occupied
molecular orbital (HOMO) and lowest unoccupied mo-
lecular orbital (LUMO) of C60, as shown in Figure 1c.
From the first exciton peak position of the QDs, the con-
duction and valence band levels can be estimated to
be —3.84 and —5.77 V (relative to vacuum) according
to the method reported in previous studies.**~*” These
values are consistent with measured ones for CdSe core
only QDs of similar sizes.*®*° The LUMO and HOMO lev-
els of C60 molecules were reported to be —4.30 and
—6.60 V, respectively.>%>' Hole transfer from QDs to C60
is energetically forbidden in this system. Energy trans-
fer is not possible, either, because of the lack of spec-
tral overlap of the QD emission with C60 absorption.
Electron transfer from the QD conduction band to the
LUMO of C60 is energetically allowed and has been re-
ported in previous works.*1 44

To provide further evidence of the ET pathway, we
also carried out a transient absorption study of the
QD—C60 complexes. As shown in Figures ST and S2
(Supporting Information), in the presence of C60, the
QD 1s exciton bleach shows a faster recovery on the
nanosecond time scale than the free QDs. The bleach
of the 1s exciton absorption results from the filling of
the 1s level in the conduction band by the excited elec-
tron, and its recovery indicates the removal of the 1s
electron.'>~ 17345253 Faster bleach recovery in the
QD—C60 complexes suggests an additional decay path-
way for the 1s electron: by electron transfer to the C60
molecules. We have previously shown that the kinetics
of QD exciton bleach recovery agrees with the forma-
tion of reduced adsorbates, confirming the assignment
of the exciton bleach recovery to the interfacial ET
process.'>1%34>3 Unfortunately, the absorption band of
reduced C60 molecules falls in the near IR, beyond the
spectral window of our current setup. We also showed
previously that the transfer of holes from QDs to adsor-
bates does not lead to the recovery of the 1s exciton
bleach.!” Together, the results of fluorescence decay
and transient absorption suggest that exciton quench-
ing in the QD—C60 complexes can be attributed to the
electron transfer from excited QDs to adsorbed C60
molecules.

ET Dynamics in Single QD—C60 Complexes. Single QD fluo-
rescence detection was carried out with a home-built
scanning confocal microscope. A raster scan fluores-
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Figure 2. Raster scan fluorescence image of single QD—C60
complexes on a glass coverslip.

cence image of single QD—C60 complexes is shown in
Figure 2, indicating spatially well-separated single
particles.

Four samples of QD—C60 complexes are compared
in this study. The C60-to-QD ratios increase from sample
1 (free QD) to sample 4, although the exact ratio was
not accurately determined due to the inability to record
accurate absorption spectra under such a low concen-
tration (~10 pM) of QDs. Fifty single QDs from each
sample were detected and examined, and each QD was
followed for about 5 min. No noticeable permanent
photobleach was observed in this time duration. For
each detected photon, both the delay time (relative to
the excitation pulse) and the arrival time (relative to the
start of experiment) were recorded. For each QD, pho-
tons within 50 ms arrival time windows were binned to
construct the intensity trajectory. The delay time histo-
grams of photons within 2 s arrival time windows were
constructed and fitted to single exponential decay func-
tions (by nonlinear least-squares fit) to obtain the life-
time or decay rate (inverse of lifetime) trajectory. Typi-
cal intensity and lifetime trajectories of single QD and
QD—C60 complexes from these samples are shown in
panels a1—a4 in Figure 3. The lifetime trajectory follows
the intensity trajectory for both free QDs and QD—C60

complexes, consistent with the reported positive corre-
lation between the fluorescence intensity and lifetime
of single QDs.'#394754-65 States with higher fluorescence
intensity (on-state) have longer exciton lifetimes, and
states of low intensity (off-state) have shorter lifetimes.
The off-states have been attributed to charged QDs,
formed by photoinduced Auger ionization and/or
charge transfer to trap states.3>%5~57:596567 We attribute
all points with intensity within three standard devia-
tions of the background level to off-states and all points
with higher intensities to on-states. The exciton decay
rate distributions for the single QDs shown in panels
al—a4 are plotted in panels b1—b4 (Figure 3). The
green bar in each histogram indicates the occurrence
of off-states with decay rates larger than 2 ns™' (or life-
times < 0.5 ns). The decay rates at these points cannot
be accurately determined because of limited photon
numbers.

Similar fluorescence decay rate distributions were
found in other single QDs and QD—C60 complexes. To
represent the rate distribution of the ensemble of single
QD—C60 complexes in each sample, total histograms
of exciton decay rate distributions were constructed
from the sum of 50 single QD—C60 rate histograms and
are shown in Figure 3c1—c4. In the absence of ad-
sorbed electron acceptors, single free QDs (Figure
3b1,c1) already show a fluctuation of exciton decay
rates, from ~0.03 ns~" in the on-state to >0.5ns™ " in
the off-state. The QD on-state decay rate shifts from 0.1
to 0.6 ns™' in samples 2—4, increasing with the aver-
age C60-to-QD ratios. The contributions of off-state in-
crease in these samples, although their decay rates re-
main too fast to be measured. A similar behavior was
also observed in a previous study of ET from single QDs
to TiO,, in which it was shown that the presence of the
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Figure 3. Typical fluorescence intensity (black line) and lifetime (blue circles) trajectories (ai) and histograms of the exciton
quenching rate (with a 0.01 ns~" bin) (bi) of a representative single QD or QD—C60 complex from each sample (i = 1—4 for
samples 1—4, respectively). (ci) Total histogram of exciton quenching rates constructed from 50 particles in each sample.
Green bars in (bi) and (ci) indicate the occurrence of low fluorescence intensity points along the trajectories, for which the

rates have been assumed to be >2 ns™".
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Figure 4. Histograms of ET rates (ai), average ET rates (bi), and standard deviations of ET rates (ci) and plots of standard de-
viations vs average ET rates (di) for QD—C60 complexes from samples i (=2, 3, 4). Bars are experimental data, and solid lines
are fits to Poisson distributions according to the model described in the text. Insets in panels b2 and c2 show an expanded
view at the region of low ET rates and standard deviation. The histograms in (bi) and (ci) were constructed using bin sizes that
are equal to the average ET rate k; (0.10 ns™") and standard deviation SD; (0.025 ns™"), respectively, of the 1:1 C60—QD com-
plex. The number of C60 (n) corresponding to the average ET rate and standard deviation is labeled as the top horizontal

axes of panels b2 and c2.

ET pathway increases the probability density of long
off-states.?® The exciton decay rate of free QDs contains
the contribution of the intrinsic radiative and nonradia-
tive decay processes. For C60—QD complexes, the pres-
ence of the ET process adds an additional nonradiative
pathway and increases the exciton decay rate. How-
ever, the fluctuation of exciton decay rates in free QDs
complicates the determination of ET rates from the
measured total exciton decay rates in single QD—C60
complexes. This complication can be removed by con-
sidering the dynamics in the on- and off-states sepa-
rately. It was shown previously that, for single QDs on
TiO,, the off-state decay rate was much faster than the
ET rate and was dominated by the Auger recombination
process in charged QDs.* Thus, the off-state decay
rates cannot be used to determine the ET rate and are
not further discussed in this paper. Instead, we focus on
the distribution and fluctuation of the on-state decay
rates.

As shown in Figure 3c1—c4, the on-state decay
rates increase in single QD—C60 complexes with higher
C60-to-QD ratios. This trend is consistent with the
ensemble-averaged fluorescence decay results shown
in Figure 1b and suggests increased ET rates from
sample 2 to sample 4. Furthermore, the distribution of
on-states exciton decay rates in free QDs (Figure 3c1),
showing an average intrinsic decay rate ky at 0.048 ns™’,
is much narrower than those in QD—C60 complexes
(Figure 3c2—c4). We assume that ET from QD to C60
adds an additional decay pathway, ker(t), but does not
affect the distribution of intrinsic exciton decay pro-
cesses (with an average rate ko) in the QD—C60 com-
plexes. Within this model, the fluctuation of the exci-
ton on-state decay rates in QD—C60 complexes results
mainly from the fluctuation of ET rates. Because of the

narrow distribution of intrinsic decay rates, ET rate tra-
jectories for QD i (ker(t)) can be calculated from the ex-
citon decay rate trajectory ki(t) following eq 1:

kET,i(t) = k,'(t) — k (1)

Using eq 1, the total histogram of ET rates for all
QD—C60 complexes in each sample can be obtained,
as shown in Figure 4a. To quantify the static heteroge-
neity of ET rates in different QD—C60 complexes, the
average ET rate of each single QD, <kgr;>, was calcu-
lated as the arithmetic mean of ET rates along its
trajectory:

N
Ker;y = %Z er it @
Here, t;and N are the jth and total number of on-state
points, respectively, along the trajectory. The probabil-
ity distributions of the average ET rates of samples 2—4
are shown in Figure 4b.

In addition to varying average ET rates among differ-
ent QD—C60 complexes, single QD—C60 complexes
also show different degrees of fluctuations of ET rates
along their trajectories. To characterize the fluctuation,
we calculate the standard deviation (SD) of ET rates for
each complex:

SD,» = <kETI>) (3)

2 ETI
Histograms of the SD for the three QD—C60 samples
are compared in Figure 4c2—c4. With increasing
C60-to-QD ratios, the fluctuations of ET rates be-
come larger. However, the relative standard devia-
tions, defined as the ratio of the SD to the average
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ET rate, for these complexes are similar, as shown
in Figure S3 (Supporting Information). It suggests
that the standard deviation increases linearly with
the average ET rate for single QD—C60 complexes.
To further quantify this linear relationship, we also
plot the SD as a function of the average ET for all
single QDs. As shown in Figure 4d, linear fits to these
plots reveal approximately equal slopes of 0.26,
0.26, and 0.24 for samples, 2, 3, and 4, respectively.
Model for Poisson-Distributed ET Dynamics in Single QD—(60
Complexes. As shown in Figure 4b,c, the histograms of
the averages and standard deviations of ET rates for
single QD—C60 complexes show Poisson-like distri-
butions, and these quantities are positively corre-
lated. This suggests that the heterogeneities in both
the average and the standard deviation are caused
by a common underlying distribution. In the follow-
ing, we propose a model to describe the observed
distributions. In this model, we assume that these
distributions result mainly from the distribution of
the number of adsorbates on each QD within that
sample. The QD—C60 complexes are formed by self-
assembly, which leads to a distribution of the num-
ber of C60s on QDs. Each C60 has only two closely
spaced COOH groups (see Figure 1a, inset) and can
only bind to one QD, but each QD, with its larger sur-
face area, can accommodate more than one C60. If
the adsorption process can be assumed to be ran-
dom, then the number (n) of adsorbates per QD
obeys a Poisson distribution:'7:3334

_me "
p(n;m) = o

4

Here, p(n;m) is the probability of finding QDs with n
adsorbates and m is the average number of adsor-
bates per QD for the sample. Let k; and SD; denote
the average and standard deviation of ET rates in the
1:1 C60—QD complexes. It is further assumed that,
in the n:1 C60—QD complex, the n C60 molecules act
as n independent electron acceptors. As a result,
the average, k,, and standard deviation, SD,, of ET
rates in the n:1 C60—QD complex are given by

k, = nk, (5)

n

SD,, = nSD, (6)

n

In a sample with an average C60-to-QD ratio of m,
the probability distribution of average ET rates and
standard deviations in QD—C60 complexes is given

by
(e

pmik,) = (T)' (7)

www.acsnano.org

sD,
m\sp, Je "

p(m;SD,) = (zz)' 8)

Within this model, the dynamic fluctuation of ET
rates for the n:1 complexes should lead to a Gaussian
distribution of ET rates with a center at nk; and width
of nSD;. Furthermore, there is a distribution of the num-
ber of C60 molecules on the QDs in the ensemble of
self-assembled single QD—C60 complexes. Accounting
for both effects, the total distribution of the ET rate in
each sample of single QD—C60 complexes can be writ-
ten as

nd mne—m 1 (ker — nkq)?

= nt \2mnsD,)

plker) = € pspy T

e (ks (9)

where the last term represents the contribution of free
QDs in the ensemble.

The distributions shown in Figure 4a—c can be fit-
ted according to eqs 9, 7, and 8, respectively. For
each sample, the same value of m is used to fit the
total distribution of ET rates and the distributions of
the average and standard deviations of ET rates. Fur-
thermore, for samples of different ratios, the same
ki and SD; values are used, whereas the m values are
allowed to change. Because of the linear relation-
ship between k; and SD; (shown in Figure 4d), we
have restrained the value of SD; to be 0.25k;. In the
fitting process, the histograms of the total ET rate
distribution (Figure 4a) were first fitted to obtain the
value for k; (and SD;) and three m values (one for
each sample). The histograms in Figure 4b,c were
then binned according to the values of k; and SD;,
and fitted using the same sets of four fitting param-
eters. This process is repeated until the best fits for
all nine sets of distributions (panels al—c3) are ob-
tained. These parameters, m, k;, and SD;, obtained
from the best fits (shown in Figure 4) are listed in
Table 1. From the fitting parameter k; (SD,), we can
also calculate the number of adsorbates, n, for each
average ET rate (standard deviation) according to eq
5 (6), which is also labeled in Figure 4b (c).

TABLE 1. Fitting Parameters for the Distributions of the
Averages and Standard Deviations of ET Rates in Single
QD—-C60 Complexes™®

single QD— (60 ensemble-averaged

fluorescence decay fluorescence decay
ky (ns™)? SD, (ns™")® sample no. m® sample no. m®
0.10 0.025 2 0.3 B 0.3
3 1.8 C 1.2
4 6 D 22

%k, and SD are the average and standard deviation, respectively, of ET rates in 1:1
(60-to-QD complexes. °m is the average (60-to-QD ratio of the sample.
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The parameters obtained from the single QD mea-
surement should also be able to describe the ensemble-
averaged fluorescence decay curves shown in Figure 2.
The ensemble-averaged fluorescence decay can be de-
scribed by the following expression

IN@®)] = [N(0)] (10)

f p(kET)ekETtdkET] 'fFree(t)

0

where [N(t)] and [N(0)] are the population of ex-
cited QDs at time t and 0, respectively. free(t) is the
fluorescence decay of free QDs, which can be inde-
pendently measured and fitted. The values of k; and
SD, were determined from fitting the data for single
QD—C60 complexes, leaving only the average C60-
to-QD ratio m as a fitting parameter. As shown in Fig-
ure 1b, the ensemble-averaged fluorescence decay
curves for ratios B, C, and D can be well fitted to this
model. The average ratios obtained from the fits
are 0.3, 1.2, and 2.2, respectively, as shown in Table
1. These values agree with the trend of C60 absorp-
tion in the UV—visible spectra (Figure 1a) of these
samples. Unfortunately, a quantitative comparison
is not possible because the exact ratios of C60 to QD
are not known in these samples due to the non-
negligible solubility of modified C60 molecules in
water.

As shown in Figure 4a—c, the proposed model
under-represents the distributions at high ET rates
and standard deviations. This may be caused by the
contributions of off-states in these regions. It has
been proposed previously that there exist various
charged QD states with a continuous distribution of
emission levels and lifetimes.>>%® Furthermore,
charge separation in the QD—C60 complexes gener-
ates a positively charged QD and a reduced C60.
The QD exciton lifetime in this charge-separated
state has not been measured. We have also assumed
Gaussian distributions of the fluctuations of ET rates
for the single QD—C60 complexes in eq 9, which do
not accurately describe a small tail at the high ET
rate region in the histograms of single QD—C60
complexes (see Figure 3b). Nevertheless, it appears
that the proposed model can adequately describe
the overall distributions of the averages and stan-
dard deviations of ET rates in single QD—C60 com-
plexes, the ensemble-averaged fluorescence decay
kinetics, and their dependences on the C60-to-QD
ratio. It suggests that the most dominating hetero-
geneity in self-assembled QD heterostructures, such
as the QD—C60 complexes, is caused by the Poisson
distribution of the number of partners on the QD.
This implies that other heterogeneities, such as the
distribution of QD sizes, appear to be much smaller
in comparison. The proposed model assumes a ran-
dom adsorption process, which should be obeyed
when the interaction between the adsorbates is neg-

\\&) VOL.5 = NO. 1 = SONG ET AL.

ligible or is much smaller than the adsorbate—QD in-
teraction. Under these conditions, it is also reason-
able to assume that these adsorbates act as
independent electron acceptors, which leads to the
observed correlated Poisson distributions of the
standard deviations and averages of ET rates. We be-
lieve that these assumptions are likely valid for many
other self-assembled QD nanostructures and the av-
erages and dynamical fluctuation (measured by stan-
dard deviations) of their properties (such as electron-
and energy-transfer rates) may also follow the corre-
lated Poisson distributions reported here for the
QD—C60 complexes.

Our result shows that, in addition to the heterogene-
ity caused by the statistical distribution of the number
of adsorbates in the QD—C60 complexes, there are sig-
nificant dynamic fluctuations of ET rates in the 1:1 com-
plexes. Unfortunately, the current experiment does not
directly probe the origin of the fluctuation. According to
the Marcus theory of nonadiabatic electron transfer, it
can originate from the dynamic variation of reorganiza-
tion energy, free energy change, and/or electronic cou-
pling strength for electron transfer.®® Among these pa-
rameters, a change of electronic coupling strength is
most likely because of the possibility of many C60-QD
adsorption conformations. In a previous study of single
molecule electron transfer from molecular sensitizers
to TiO,, we show that the presence of adsorbate confor-
mations at the interface is responsible for the dynami-
cal fluctuation of ET rates on the single molecule level.%
It is likely that these dynamic fluctuations are another
common feature for many interfacial ET processes in
nanostructures.'”°

In conclusion, the electron-transfer dynamics in
self-assembled QD—C60 complexes were studied
by single QD fluorescence spectroscopy and
ensemble-averaged transient absorption and fluo-
rescence decay measurements. Both the single QD
and the ensemble-averaged measurements show
that the exciton quenching rate increases with the
C60-to-QD ratio and can be attributed to the increas-
ing electron-transfer rates from the QD to C60 in
these samples. Comparison with the fluorescence
decay trajectories of free QDs show that the ET
rates of single QD—C60 complexes exhibit large fluc-
tuation with time. Furthermore, the amplitude of
the fluctuation (as measured by the standard devia-
tion) increases linearly with the average ET rate, and
both obey Poisson statistics. This finding suggests
that the distributions in these quantities are caused
by a common heterogeneity in the sample. We pro-
pose a model that assumes a random adsorption
process for C60 molecules on QDs and that the ad-
sorbates act as independent electron acceptors.
According to this model, both the averages and
the standard deviations of ET rates obey Poisson
distributions, caused by the Poisson distribution of

www.acsnano.org



the number of adsorbates on the QDs. This model
was shown to satisfactorily describe the measured
distributions of ET rates, average ET rates, and stan-
dard deviations of single QD—C60 complexes, as
well as the ensemble-averaged fluorescence decay
kinetics. Our findings suggest that, in many self-

METHODS

Sample Preparation. Water-soluble CdSe/CdS; w./CdZnS; w./
ZnS; w. core/shell QDs with the first exciton peak at 585 nm
were obtained from Ocean NanoTech, LLC, USA. The monoma-
lonic derivative of fullerene C60 was prepared by the Bingel
cyclopropanation’'”2 reaction as previously detailed.”® The
QD—C60 complexes were prepared by adding C60 powder into
QD water solutions, followed by sonication of the mixture and fil-
tration to remove undissolved C60. The C60-to-QD ratio was con-
trolled by the sonication time. For the ensemble-averaged mea-
surement, samples B, C, and D were prepared with the same QD
concentration (~wM) and different sonication times (2, 4, and
6 h, respectively). A free QD sample (A) of the same concentra-
tion was also prepared for the comparison. Four samples (1—4)
of increasing C60-to-QD ratio were also prepared in similar ways
for single QD measurements, although the concentration of
QDs is much lower (10 pM). Sample 1 is free QDs, and samples
2, 3, and 4 were prepared with sonication times of 10, 30, and 60
min, respectively. For both single QD and ensemble-averaged
fluorescence measurements, the solutions were spin-coated on
thin glass coverslips and dried in air.

Single and Ensemble-Averaged QD Fluorescence Decay. The single QD
fluorescence decay was measured using a home-built scanning
confocal microscope. Femtosecond laser pulses (~100 fs) with a
repetition rate of 80 MHz were generated with a mode-locked Ti:
Sapphire laser (Tsunami oscillator pumped by a 10 W Millennia
Pro, Spectra-Physics). The output centered at 1000 nm was
passed through a pulse picker (Conoptics, USA) to reduce the
repetition rate by a factor of 9. Excitation pulses at 500 nm were
generated by second-harmonic generation of the 1000 nm
pulses in a BBO crystal. The excitation beam (~200 nW) was fo-
cused through an objective (100X N.A 1.4, oil immersion, Olym-
pus) down to a diffraction-limited spot on the sample, which
was spin-coated onto glass coverslips and placed on a piezo
scanner (Mad City Laboratories). The resulting epi-fluorescence
from the sample was detected by an avalanche photodiode
(APD, PerkinElmer SPCM-AQR-14). The APD output was ana-
lyzed by a time-correlated single photon counting (TCSPC) board
(Becker & Hickl, SPC 600). The instrument response function for
the fluorescence lifetime measurement had a full width at half-
maximum of ~500 ps. The ensemble-averaged fluorescence de-
cays were measured in the same setup with samples that were
prepared with much higher concentrations of QD—C60
complexes.
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