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composites are appealing optoelectro-

nic materials due to the possibility of
combining desired properties from both com-
ponents in one, thus creating new properties
that may not be present in each individual
material. In particular, blends of conjugated
polymers (CPs) and semiconductor quantum
dots (QDs) have attracted interest for applica-
tions such as light-emitting diodes (LEDs),'*
photovoltaics (PV),>~® and biosensing.® The
interaction between the excited states of a CP
and a QD, which determines the optoelectro-
nic properties of the resulting hybrid material,
needs to be fully understood. The highest
occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO)
of the CP and QD in such hybrids is usually of
type Il alignment, thus facilitating both charge
separation and energy transfer between com-
ponents under light exposure. Specifically,
charge separation can be achieved by either
electron transfer from the photoexited CP to
the QD or by hole transfer (HT) from the
photoexcited QD to the CP. When both the
CP and QD are photoexcited, all three types of
interactions may compete in a single hybrid,
thus leading to a complicated photoresponse.
For example, both energy transfer and charge
separation have been observed between
CdSe QDs and their conjugated ligands.'®"’
Energy transfer between CP and QD has been
investigated, and both Forster- and Dexter-
type mechanisms have been proposed.'?~'6
Photoinduced electron transfer from CP to
QD has also been intensively investigated,
along with the increased interest in the utili-
zation of such organic/inorganic hybrids in PV
applications.'”’ ~2° Hole transfer from QD to CP
on the other hand remains little explored and
understood. Hole transfer from QD to CP is an
essential process in achieving high power
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Photoinduced hole transfer is investigated in inorganic/organic hybrid nanocomposites of colloidal
CdSe/ZnS quantum dots and a cationic conjugated polymer, poly(9,9'-bis(6-N,N,N-trimethyl-
ammoniumhexyl)fluorene-alt-phenylene, in solution and in solid thin film, and down to the
single hybrid level and is assessed to be a dynamic quenching process. We demonstrate control of
hole transfer rate in these quantum dot/conjugated polymer hybrids by using a series of core/
shell quantum dots with varying shell thickness, for which a dlear exponential dependency of the
hole transfer rate vs shell thickness is observed, for both solution and thin-film situations.
Furthermore, we observe an increase of hole-transfer rate from solution to film and correlate this
with changes in quantum dot/polymer interfacial morphology affecting the hole transfer rate,
namely, the donor—acceptor distance. Single partide spectroscopy experiments reveal fluctuat-
ing dynamics of hole transfer at the single conjugated polymer/quantum dot interface and an
increased heterogeneity in the hole-transfer rate with the increase of the quantum dot's shell
thickness. Although hole transfer quenches the photoluminescence intensity of quantum dots, it
causes little or no effect on their blinking behavior over the time scales probed here.

KEYWORDS: photoinduced hole transfer - hybrid inorganic/organic - quantum
dots - conjugated polymers - single-molecule spectroscopy - optoelectronics

conversion efficiency in PV cells, but a detri-
mental process for applications such as LEDs
and biosensing. Although working PV cells  *Address correspondence to
based on CP/QD hybrids prove indirectly the ~ <ctiet@bnl-gov.
presence of hole transfer, to our knowledge,  p.ceived for review February 5, 2012
there exists only one report on hole transfer  and accepted June 1, 2012.
in solution from InP QDs to conjugated poly- X .
. 21 K Published online June 11, 2012
(3-hexylthiophene).”" Better design of new  141021/nn300525b
hybrids for optoelectronic and biosensory
applications requires a systematic study of = ©2012 American Chemical Society
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Figure 1. (a) MPA-capped core/shell CdSe/ZnS quantum dots (QDs) and (b) cationic conjugated polymer FHQ (adapted from ref 22).
(c) Scheme for photoinduced hole transfer between QD and FHQ. (d) UV (solid) and PL (dash) spectra of QD-1 (red) and FHQ (blue) in
aqueous solution. (e) PL intensity vs FHQ/QD molar ratio, Repq/qp, for hybrids based on QD-1 (black square), QD-2 (red dots), QD-3
(green triangles), QD-4 (blue triangles), and QD-5 (magenta rhombs). (f) transient PL decays of QD-1 (black) and FHQ/QD-1 (Rgng/qp =
20, red) of QD-3 (green) and FHQ/QD-3(Rrna/qp = 20, blue) and of QD-5 (cyan) and FHQ/QD-5 (Rehg/qp = 20, magenta).

hole transfer in CP/QD hybrids. For example, the devel-
opment of PV and LED devices based on CP/QD thin films
invokes more interest in the characterization of hole
transfer in solid films rather than in solution. Similarly,
biosensors utilizing CP/QD hybrids can benefit in sensi-
tivity if one can understand how hole transfer affects QDs'
emission properties.

Here, we investigate photoinduced hole transfer
from a CdSe/ZnS core/shell QD with varying shell
thickness (Figure 1a) to a water-soluble conjugated
polymer, poly(9,9'-bis(6-N,N,N-trimethylammoniumhexyl)-
fluorene-alt-phenylene (FHQ, MW ~15 kDa) (Figure 1b).
For this particular donor/acceptor hybrid, the emission
peaks of FHQ (450 nm) and QD (634—638 nm) are well
separated, enabling the selective excitation of only the QD
in a hybrid, for example by exciting with 590 nm light, so
that HT from photoexcited QD to CP is probed exclusively
by monitoring the steady-state and transient photolumi-
nescence (PL) decay from the QD. In the present work, we
investigate photoinduced HT in the FHQ/QD composite
both in solution and in solid thin films by ensemble-based
PL measurement. Furthermore, we use single-particle
spectroscopy to probe the dynamics of HT and to resolve
the heterogeneity of HT at a single CP/QD interface and to
probe the effect of HT on the photoluminescence blinking
dynamics of QDs.

XU ET AL.

RESULTS AND DISCUSSION

A series of five 3-mercaptopropionic acid (MPA)-
capped CdSe/ZnS QDs were synthesized with average
shell thicknesses of 1.2 nm (QD-1), 1.7 nm (QD-2), 2.2 nm
(QD-3), 2.7 nm (QD-4), and 4.2 nm (QD-5), respectively
(see Table S1, Supporting Information (Sl), for structural
and photophysical parameters). These are negatively
charged water-soluble QDs that are expected to elec-
trostatically bind cationic FHQ*? and to form a stable
organic/inorganic nanocomposite.?® Indeed, dynamic
light scattering (DLS) measurements clearly show a size
increase from QDs-only to QDs blended with FHQ
(see Figure S2, SI), thus confirming the electrostatical
binding of the two components in solution. Assuming
that the ZnS shell acts as a tunneling barrier for hole
transfer from the photoexcited QD to FHQ, this series of
QDs can be used to probe and at the same time to
demonstrate distance-dependent photoinduced HT in
CP/QD hybrids. TEM images of QDs together with the
corresponding size distribution analysis are provided in
the SI (Figure S1), and they were used to estimate the
QD's core size and shell thickness. With increased shell
thickness, the PL peak of the QDs slightly shifts from
634 nm (QD-1, QD-2) to 635 nm (QD-3, QD-4) and to
638 nm (QD-5), and the PL quantum yield increases from
7% (QD-1) to as high as 25% (QD-5) and so does the PL
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lifetime (Table S1, SI). The shell thickness dependency
for both PL quantum yield and PL lifetime for QDs
is consistent with published reports that suggest in-
creased leakage of the exciton wave function into the
shell and improved passivation of surface defects with
increasing the shell thickness.2*~2%

Hole Transfer in Solution. We probed hole transfer in
solution by blending QDs (200 nM in borate buffer)
with FHQ at various FHQ/QD molar ratios (denoted
RrHosap), from 0:1 to 20:1, and by measuring the PL
intensity and PL lifetime at the emission peak of the QD
(Aexc = 590 nm). At a molar ratio RgpgQp~ 20, one
expects that all QDs have bound conjugated polymer
FHQ. As expected, the strongest PL quenching was
observed for the FHQ/QD-1 hybrid, with QD-1 having
the thinnest ZnS shell (1.2 nm, see Figure 1e, f). At
the highest polymer concentration (Rrngap.1 = 20),
the PL intensity of the FHQ/QD-1 hybrid is quenched
67% (Figure 1e) and the corresponding PL lifetime is
quenched 62% (Figure 1f). This suggests efficient electro-
static binding of the conjugated polymer FHQ to the
surface of the QD and also dynamic quenching of the
QD's photoluminescence by hole transfer to FHQ. Indeed,
MPA-capped QDs and cationic FHQ are expected to
form a stable hybrid due to electrostatic interaction
between the negatively charged MPA linker and posi-
tively charged side chains of FHQ, and this is also
demonstrated by DLS measurements (Figure S2, SI).
Furthermore, the dynamic PL quenching of QDs by hole
transfer to FHQ is a result of the presence of the ZnS shell
acting as an additional tunneling barrier for HT. This is in
contrast to a previous report on the HT in solution in InP
QD/P3HT hybrids.?' In that particular case, significant
changes in the PL intensity of InP core-only QDs due to
hole transfer to P3HT were accompanied by very little
changein the related PL lifetime, supposedly because not
all QDs would bind to P3HT to form hybrids. Only those
QDs that were complexed with P3HT experienced com-
plete PL quenching by efficient HT. CdSe/ZnS QDs with
thicker shells also experience dynamic PL quenching,
although somewhat less dramatic: for the same Req/0p =
20 molar ratio, the estimated PL quenching is 40% for
FHQ/QD-2, 18% for FHQ/QD-3, 11% for FHQ/QD-4, and
7% for FHQ/QD-5 (Figure 1e). PL decays of QD-1, QD-3,
and QD-5 and of their corresponding FHQ/QD hybrids
are shown in Figure 1f.

Let us assume that the average PL lifetimes of QDs
and FHQ/QD hybrids are given by 7qp = 1/(kg + knr)
and Tepg/ap = 1/(kr + kngr + ku), respectively, with kg
and kyg being radiative and nonradiative rates for QD,
respectively, and kyr being the rate for HT from
photoexcited QD to FHQ. kyt can be calculated as

kur = 1/Trng/op — 1/7a0 m

Applying eq 1 to the PL lifetime data from Figure 1f
gives an estimated rate kyr ~ 2.0 x 10% s for
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Figure 2. Shell thickness (t) vs HT rate (k1) dependency for
FHQ/QD blended solutions (black squares) and thin films
(red dots). Fits according to eq 3 (solid lines).

FHQ/QD-1 in solution (Rrug/qp-1 = 20), that is, the
hybrid exhibiting the strongest PL quenching. Accord-
ing to the charge-transfer theory, the rate for charge
transfer is given by

472

AGO4-1)?
ki () (AG + )> (2)

1
(k) 2" ( 4AksT

with H being electronic coupling, AG® the free energy,
and 4 the reorganization energy. AG® is determined by
the HOMO and LUMO levels of the donor and acceptor
components (Figure 1c), while H is determined by the
overlap between the hole wave function in the QD and
the HOMO of FHQ, which is a function of donor—acceptor
separation distance. Assuming the HOMO and LUMO of
both components remain unchanged when changing
only the ZnS shell thickness (denoted here as t;), the rate
kyr for FHQ/QD hybrids should be sensitive only to
changes in donor—acceptor separation distance, in this
case the ZnS shell thickness, t;, by

kHT = ko exp( —ﬂts) (3)

with 3 being a damping factor. A fit of kyr vs ZnS shell
thickness by eq 3 yields a damping factor 8 ~ 2.8 nm ™'
(see Figure 2, black line), hence confirming the tunnel-
ing barrier character for the ZnS shell against the hole
transfer from QD to FHQ. The value of the damping
factor 5 in the FHQ/QD hybrid is comparable to that
reported for CdSe/CdS core/shell nanorods adsorbed
with small-molecule hole acceptors such as phenothia-
zine (PTZ) (B ~ 4.0).”” Extrapolation of the dependency
kyt vs ZnS shell thickness t, from Figure 2 to zero shell
thickness renders a rate kur(0) ~ 5.2 x 10° s~ for the
hole transfer between CdSe core-only and FHQ in
solution, which is similar to that reported for CdSe
core-only QDs adsorbed with PTZ molecules.?®

Hole Transfer in Concentrated Thin Films. We next inves-
tigated FHQ/QD hybrid solid thin films (Renq/op = 20)
and bare QDs spin-casted on a glass surface and
studied them with confocal fluorescence lifetime imag-
ing microscopy (FLIM) (Figure 3). Both FHQ/QD hybrid
and bare QD thin-film samples were prepared from
solutions of similar QD concentration (200 nM). Bare
QDs on a glass surface exhibit average PL lifetimes
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Figure 3. HT in concentrated FHQ/QD thin films. Left: Average PL decays from (a) QD-1 on surface (black) and FHQ/QD-1
hybrid thin films (red), from (b) QD-3 on surface (green) and FHQ/QD-3 hybrid thin films (blue), and from (c) QD-5 on surface
(cyan) and FHQ/QD-3 thin films (magenta). Right: FLIM images (15 x 15 um) of QD on surface and of FHQ/QD hybrid thin films

for (a) QD-1, (b) QD-3, and (c) QD-5.

similar to those observed in solution (see Figure 3a—c;
PL decays in left panels, FLIM images in center panels).
FHQ/QD hybrids exhibit quenched PL lifetimes, except
for FHQ/QD-5 hybrids, which incorporate QDs with the
thickest ZnS shell (4.2 nm) (see Figure 3a—c; PL decaysin
left panels, FLIM images in right panels). Using eq 1, we
calculated an average rate for HT between QD-1 and
FHQ in solid thin films of k,r(FHQ/QD-1) ~ 4.6 x 10%s™",
with the FHQ/QD-1 hybrid expected to exhibit the
strongest hole transfer. Similarly, we calculated kyy for
hybrids incorporating QD-2, QD-3, and QD-4 to find that
the rate for HT for FHQ/QD hybrids in thin-films also
scales exponentially with the ZnS shell thickness (see
Figure 2), and with a damping factor # ~ 2.7 nm™,
similar to the solution case. Extrapolation of the expo-
nential dependency from Figure 2 to zero ZnS shell
thickness renders a limiting rate kyr(0) ~ 1.1 x 10'°s™"
for the HT from the CdSe core-only QD to FHQ polymer
for solid thin films. It is noteworthy that FHQ/QD hybrids
exhibit more significantly quenched PL lifetimes in thin
films than in solution, suggesting increased HT effi-
ciency in the former case. This observation is true for
each of the investigated QDs (e.g., QD-1 to QD-4), and it
is also shown by the kyr vs t; dependencies from
Figure 2. This enhancement in the HT rate from solution
to thin films can be attributed primarily to a denser
packing of the conjugated polymer chains on the QD's

XU ET AL.

surface in the case of solid thin films, which in turn
increases the electronic coupling between the donor
and acceptor components. A change in the driving force
for hole transfer from solution to solid thin film resulting
from changes in FHQ band gap and/or dielectric envir-
onment might result in enhanced HT in the former case.

To further investigate the tunneling barrier charac-
ter of the ZnS shell on the HT rate, we used the effective
mass theory to estimate the CdSe hole wave function
density at the surface of the ZnS shell in the QDs.>?% In
this model, QDs are treated as particles confined in
spherical wells of finite depth. For calculation purposes
we used valence band edges for the CdSe core and ZnS
shell of —6.8 and —7.4 eV, respectively,?® a HOMO level
of —6.7 eV,** and a layer thickness of 1 nm for MPA
ligands and effective masses for holes in CdSe and ZnS
of 0.45 and 1.3, respectively.?® In the calculations, the
Schrodinger equation for the QD system is solved
numerically to obtain the hole wave function distribu-
tion in the core/shell structure. For example, the radial
probability function obtained for the 1S hole wave
function in a QD with a 12 A ZnS shell thickness is
shown in Figure S3a (SI). The density of the hole wave
function at the surface of the ZnS shell vs shell thick-
ness t, is shown in Figure S3b, and it decays exponen-
tially with a damping factor of 7.3 nm™". Since the rate
for HT is proportional to the electronic coupling (H)

VOL.6 = NO.6 = 4984-4992 = 2012 F@L@Mi{\)

WWwWW.acsnano.org

4987



(b}

»
@
s »
3 L T =
£ 0 20 40 60 0 20 4? 60 0 20 40 60 @
x : T : 1S
= Time (s) ime (s) Time (s) =
= D
215] QD-1/FHQ |20 QD-3/FHQ |30 =
€10 - 20 20 20 &
_ 10
a 5 [ 10 10 10

0 20 40 60 0 20 40 60 0 20 40 60

Time (s) Time (s) Time (s)

Figure 4. Time trajectories of PL intensity (black line) and PL lifetime (red line and squares) for isolated QDs (upper panel) and
FHQ/QD-1 hybrids (lower panel): (a) QD-1 and FHQ/QD-1; (b) QD-3 and FHQ/QD-3; (c) QD-5 and FHQ/QD-5.

between the CdSe hole wave function and the HOMO
of FHQ (see eq 2), it should scale with the hole density
at the shell surface and therefore depend exponen-
tially on the ZnS shell thickenss. The relatively small
discrepancy between the values of the damping fac-
tors obtained experimentally for the hole-transfer rate
and theoretically for the hole wave function density
may be related to the inhomogenity of ZnS shell
coating. This speculation is supported by the relatively
low PL quantum yield and by the multiexponential
decay of the PL of these QDs (see Table S1 and
Figure 1f), which are indicative of the existence of large
amounts of surface defects, and this is further ad-
dressed below. It is noteworthy that the MPA surface
ligands play a role in enhancing hole transfer in the
FHQ/QD hybrid system. Our calculations show that
the high HOMO level of MPA ligands increase the hole
wave function density at the QD surface (see Figure S3a),
consistent with previous reports where similar ligands to
MPA, for example thiols, act as hole acceptors for CdSe
QD5.3°’31

Hole Transfer in Single FHQ/QD Hybrids. We next per-
formed single-particle PL spectroscopy on diluted
samples of isolated QDs and of FHQ/QD thin film
blends spin-casted on cover glass. Antibunching ex-
periments were also performed to ensure that the
detected signal was indeed from isolated QDs or
FHQ/QD hybrids (see Figure S4, Sl). Typical PL intensity
and lifetime trajectories recorded from isolated QD-1,
QD-3, and QD-5 and from their corresponding hybrids,
FHQ/QD-1, FHQ/QD-3, and FHQ/QD-5, are shown in
Figure 4a—c. They demonstrate the effect of ZnS shell
thickness on the HT at the single FHQ/QD hybrid level:
from thin (1.2 nm for QD-1, Figure 4a) to intermediate
(2.2 nm for QD-3, Figure 4b), to thick shell (4.2 nm, QD-
5, Figure 4c), hole transfer quenches the PL intensity
and lifetime in hybrids from very efficient (FHQ/QD-1,
Figure 4a) to intermediate (FHQ/QD-3, Figure 4b), to
negligible (FHQ/QD-5, Figure 4c). Due to efficient HT in

XU ET AL.

the case of the FHQ/QD-1 hybrid, very few isolated
FHQ/QD-1 hybrids are “visible” by single-particle spec-
troscopy and the PL signal from such hybrids is too
weak to render reliable statistical analysis (see
Figure 4a, lower panel). Due to the negligible HT in
FHQ/QD-5 hybrids, we noticed no significant differ-
ence between PL signals from isolated QD-5 and FHQ/
QD-5 hybrids (Figure 4c). QD-2, QD-3, and QD-4, nano-
crystals with intermediate shell thickness, and their
related hybrids displayed decent PL signals for reliable
statistical analysis, so they were considered for the
discussion of HT at the single hybrid level.

The speculation of inhomogeneous coating of the
CdSe core by the ZnS shell is further supported by the
dynamics of the PL intensity and lifetime observed in
single-particle experiments. For example, for isolated
QD-3 (2.2 nm shell thickness), the PL intensity exhibits
random fluctuations with a wide distribution of on-states
(Figure 4b, upper panel), different from the well-known
“telegraph-like” blinking signal.3* The PL lifetimes for an
isolated QD-3 show correlated fluctuations with the PL
intensity (Figure 4b), suggesting a fluctuating nonradia-
tive recombination rate for photogenerated excitons.
Similar “nontelegraphic” PL blinking was observed pre-
viously for isolated QDs and attributed to photoiduced
electron trapping on the QD's surface or in external
defects**3** and for QDs coupled to a fullerene acting as
an external electron trap.>® Therefore, the nontelegraphic
PL blinking of isolated QD-3 could be related to inhomo-
geneous coating of the CdSe core by the ZnS layer, here
inducing the coupling of the photogenerated excitons
with the surface defects in the core/shell QDs. The same
behavior could also be related to structual defects in-
duced by large lattice mismatch between CdSe and ZnS,
which creates nonradiative recombination sites.>>> For
isolated FHQ/QD hybrids, HT becomes an additional
quenching pathway for the excited state of the QD, since
both the PL intensity and PL lifetime for the hybrid
are quenched when compared to the isolated QD
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Figure 5. Distributions of PL lifetimes for isolated QDs
(upper panels, red color) and isolated FHQ/QD hybrids
(lower panels, black color): (a) QD-2 and FHQ/QD-2; (b)
QD3 and FHQ/QD-3; (c) QD4 and FHQ/QD-4. (d) Standard
deviation (0) of PL lifetime vs ZnS shell thickness, t, for the
distributions shown in panels (a)—(c) (black line and dots,
FHQ/QD, red line and squares, QD). (e) Ratio (R,) of standard
deviations of PL lifetime for FHQ/QD hybrids and for QDs vs
ZnS shell thickness, t,.

(Figure 4a—b). Furthermore, both the PL intensity and PL
lifetime for isolated FHQ/QD hybrids exhibit quasi-con-
tinuous on-states (Figure 4b, lower panel), indicating a
fluctuating HT rate at the single-particle level, similar to
previous single-molecule reports on electron transfer
between QDs and different acceptors®>>"—3° or other
organic molecules.**~*

In order to characterize the degree of fluctuation of
the HT rate in single FHQ/QD hybrids, we constructed
distributions of PL lifetimes from 50 randomly selected
isolated nanoparticles of each category, QD-2, QD-3,
QD-4 (Figure 5, upper panels), and their FHQ/QD related
isolated hybrids (Figure 5, lower panels). The hetero-
geneity in PL lifetime and therefore in the rate for HT was
assessed by the standard deviation o,

EEERVAR S (@)
o(t) = N2 Ti — Tay

with N being the number of PL lifetime events con-
tributing to a distribution, 7; the PL lifetime of event i,
and 7, the average lifetime calculated here as 7,, = 1/N¥7;.
With the increase in ZnS shell thickness, from QD-2 to
QD-3 and to QD-4, PL lifetime distributions shift to larger
values (Figure 5a—c), consistent with the ensemble
solution and thin-film data (Figures 2 and 3). At the
same time, o becomes smaller with the increase of ZnS
shell thickness (Figure 5d, red line and squares), indicat-
ing a reduced fluctuation in the nonradiative recombi-
nation rate for photogenerated excitons in QDs. It is

XU ET AL.
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Figure 6. Probability distributions P(t,,), (@) and P(t.), (b)
for QD-3 (black squares) and FHQ/QD-3 hybrids (red dots).
Fits according to eq 5 (solid lines): For QD-3 (black curves),
P(ton) has mg, = 1.3 and t,,, = 2.8 s; P(tog) has myg = 1.3 and
tofr= 6.6 s. For FHQ/QD-3 (red curves), P(t,,,) has m,,=1.3 and
ton = 2.5 s; P(tog) has mog = 1.4 and to = 8.3 s.

largely accepted that an increase in the shell thickness
leads to a reduced density of surface traps.>* 2° There-
fore, the data from Figure 5d and pertaining to isolated
QDs further support our previous speculation that
fluctuations in the PL lifetime and PL intensity of isolated
QDs are strongly dependent on the density of surface
traps, which here are determined by the ZnS shell
inhomogeneity. Coupling of a QD with the FHQ polymer
significantly increases the heterogeneity in the measured
PL lifetimes, as the standard deviation o increases con-
siderably for any given ZnS thickness (Figure 5d, black
line and dots). Consequently, HT induces additional
heterogeneity (fluctuation) into the exciton decay rate
of a QD when this is part of a FHQ/QD hybrid. The
contribution of HT to the overall fluctuation present in
a FHQ/QD hybrid can be retrieved by plotting the ratio R,,
of standard deviations for single FHQ/QD hybrids and for
isolated QDs vs shell thickness (Figure 5e). Surprisingly, R,
increases with the increase of ZnS shell thickness, sug-
gesting an increase in the degree of fluctuation in HT for
thicker shells, contrary to the way the rate for HT behaves.
One possible explanation for such observed behavior is
given below. An increase in the QD's shell thickness leads
to a larger surface area that can complex with the FHQ
polymer. In other words, a QD with a thicker ZnS shell can
couple more polymer chains, and meanwhile it can
possess a larger degree of variation in surface coupling,
which indubitably induces a larger static and dynamic
heterogeneity in the PL lifetime when HT is present.
We next address the effect of hole transfer on the PL
blinking dynamics of QDs. PL blinking of isolated QDs,
or the switching of their emitted PL between bright
(on) and dark (off) states, has been related to photo-
induced charging of the QD core:** a QD will stay
bright (on-state) when the core is neutral and the
photogenerated eletron—hole recombine radiatively
or will become dark (off-state) when the core is charged
and efficient Auger recombination overwhelms the
radiative pathway. This model has been widely used
to explain the PL blinking phenomenon of quantum
dots, although recent experimental observations and
theortical models have proposed the existence of addi-
tional blinking mechanisms.**~*° PL blinking dynamics
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for isolated QDs is often characterized by the distribu-
tions of the on-times, P(t,,), and off-times, P(t), with t,,
and t. defined by a threshold value, here for example
set at three times the standard deviation over the
average background signal.>® P(t,,) and P(t.g) distribu-
tions corresponding to isolated QD-3 and FHQ/QD-3 are
shown in Figure 6, and those corresponding to isolated
QD-2, FHQ/QD-2 and QD-4, and FHQ/QD-4 are shown in
the Sl in Figure S5. Each of these distributions contains
data extracted from 50 randomly selected PL intensity
traces of equal time (here 60 s each). For isolated QD-2,
QD-3,and QD-4, the P(t.g) and P(t,,,) distributions are well
fitted with a truncated power-law function described
by51—53

P(t) = bt ™ exp (— ;) (5)

with m being the power law exponent and 7 the cross-
over time from power law to exponential decay behavior.
Similar blinking behavior of isolated QDs has been
observed previously by us®® and by others®™*? and
associated with the presence of surface trap charges
(defects) inducing additional nonradiative recombination
and thus affecting QD blinking dynamics. P(t,) and P(t,,)
distributions for FHQ/QD hybrids can also be fitted well
with eq 5 (Figure 6 and Figure S5), and they do not differ
significantly from those corresponding to isolated QDs,
thus indicating a trivial effect of HT on the QD's blink-
ing dynamics at the time scale we probed (from 20 ms to
20 s). This is in sharp contrast with the effect of electron
transfer on the QDs' blinking dynamics observed in the
case of QDs coupled with electron acceptors such as
fullerenes®>*” or titanium oxide,*® where photoinduced
electron transfer was found to reduce t,,. In the present
case, when a QD forms a complex with FHQ, hole transfer
clearly emerges as an additional pathway competing with
radiative recombination, as it is demonstrated by the
observed quenched PL intensity and PL lifetime (see

MATERIALS AND METHODS

Materials. Details on the synthesis of MPA-capped CdSe/ZnS
QDs and FHQ polymer are given in the SI. Blends of FHQ/QD
were prepared from a 200 nM borate-buffered solution of QDs
by adding FHQ at various molar ratios. For concentrated thin
films, blended solutions were spin-casted on precleaned cover-
glasses. For single-particle experiments, blended solutions were
diluted (1000x) and spin-casted on precleaned cover-glasses to
ensure a concentration of 1 QD/um? or less. For diluted QD-only
samples, QDs were spin-casted directly on the precleaned
cover-glass. For both concentrated thin films and single-particle
experiments, samples were purged with nitrogen prior to (20 min)
and during the measurement.

Microscopy. Ensemble PL lifetimes, FLIM, and single-particle
fluorescence microscopy measurements were performed on a
home-built confocal scanning stage microscope based on an
inverted microscope (Olympus IX81, 1.4 NA 100 x oil objective)
equipped with a piezo scanning stage (Physik Instrumente,
Germany) and coupled to a diode-pumped solid-state laser system
delivering 590 nm pulses of 250 fs width, at 8 MHz repetition rate

XU ET AL.

Figure 4), two observables that are associated with the
on-states of the QD. The on-states for FHQ/QD (Figure 4b)
resemble the gray states of isolated QDs proposed in a few
references>*>> On the other hand, hole transfer is ex-
pected to affect the dynamics of Auger recombination and
of other nonradiative recombinations by regulating the
charging and discharging processes of the QD core and,
hence, affecting the PL blinking dynamics. However, we
observed no significant effect of HT on the blinking
dynamics of QDs at time scales longer than 20 ms, a
binning time we were forced to use in order to obtain
trustworthy data for the blinking analysis. This suggests the
necessity to probe blinking dynamics in the presence of HT
at an even shorter time scale and to compare this with the
effect of electron transfer on the same process.

CONCLUSION

In summary, photoinduced hole transfer in hybrids
based on CdSe/ZnS QDs and the cationic conjugated
polymer FHQ has been investigated in solution and
solid film and down to the single-particle level. The HT
rate in FHQ/QD hybrids exhibits clear exponential
dependency on the thickness of the ZnS shell, provid-
ing the tunneling barrier character of the shell toward
HT. In addition, the rate is found to be larger in solid
films than in solution, suggesting a significant effect of
interfacial morphology on the HT. Single-particle spec-
troscopy not only confirms the shell thickness depen-
dency observed in ensemble measurements, but also
reveals the fluctuating dynamics of HT at the single FHQ/
QD interface. From the analysis of distributions of PL
lifetimes of isolated hybrids, the heterogeneity of HT is
found to increase with the thickness of the ZnS shell.
Although HT quenches the intensity of the on-states
of quantum dots, it shows little effect on their on-
time and off-time distributions at long time scale as
probed here.

(Spectra Physics, Newport). The average power at the sample was
kept at about 100 nW. The fluorescence was collected in epi-
illumination format, spectrally separated from the excitation laser
light by a dichroic (Semrock, DiO-594) and by a band-pass filter
(Semrock FF01-628/40), and detected by a single photon counting
avalanche photodiode (APD, MPD Picoquant) and a time-analyzer
(PicoHarp 300, PicoQuant). For single-particle spectroscopy, fluo-
rescence was split (50/50) by a nonpolarizing beam spliter cube
and detected by two APDs to allow for antibunching measure-
ments (see details in the SI). Data acquisition and data analysis
were performed with the Symphotime analysis software
(Picoquant). Dynamic light scattering experiments were per-
formed on a commercial Malvern Zetasizer NS.
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