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ABSTRACT: Here we present the first account of conductive
polymer/colloidal nanoplatelet hybrids. For this, we developed
DEH-PPV-based polymers with two different anchor groups
(sulfide and amine) acting as surfactants for CdSe nano-
platelets, which are atomically flat semiconductor nanocrystals.
Hybridization of the polymers with the nanoplatelets in the
solution phase was observed to cause strong photolumines-
cence quenching in both materials. Through steady-state
photoluminescence and excitation spectrum measurements,
photoluminescence quenching was shown to result from dominant exciton dissociation through charge transfer at the polymer/
nanoplatelet interfaces that possess a staggered (i.e., type II) band alignment. Importantly, we found out that sulfide-based
anchors enable a stronger emission quenching than amine-based ones, suggesting that the sulfide anchors exhibit more efficient
binding to the nanoplatelet surfaces. Also, shorter surfactants were found to be more effective for exciton dissociation as
compared to the longer ones. In addition, we show that nanoplatelets are homogeneously distributed in the hybrid films owing to
the functional polymers. These nanocomposites can be used as building blocks for hybrid optoelectronic devices, such as solar
cells.

1. INTRODUCTION

Organic−inorganic hybrids comprising organic semiconductors
and colloidal nanocrystals make an attractive combination of
soft material systems for optoelectronic devices including solar
cells1−5 and light-emitting diodes.5−11 Strong interest in hybrid
materials stems, in particular, from their solution processability,
which allows for fabrication of possibly large-area devices via
low-cost printing and patterning techniques essentially on
arbitrary substrates at large scale. There has been an ever-
growing interest for this type of hybrid systems since the
breakthrough achievement of Alivisatos’ group reporting a
hybrid solar cell composed of CdSe nanorods and poly(3-
hexylthiophene) (P3HT) conjugated polymers.1 Recent reports
show that the power conversion efficiencies in the hybrid solar
cells can attain over 5%.12,13 Also, based on theoretical
calculations, hybrid solar cells are predicted to achieve
efficiencies that could possibly exceed 10% by employing
optimized hybrid structures offering enhanced free carrier
generation and charge transport.14,15

In a hybrid solar cell, exciton dissociation, charge transport,
and charge extraction are the essential processes. Efficient free

carrier generation via exciton dissociation requires assistance of
exciton diffusion since excitons should reach the exciton
dissociating interfaces before they would recombine.16

Unfortunately, exciton diffusion in the colloidal nanocrystals
and organic semiconductors is generally limited to short
distances (<20 nm).5 As a result of this limitation, it is
commonly desired to realize nanoscale morphologies having
very small domains on the order of exciton diffusion length so
that free carrier generation could be maximized. In addition to
nanoscale morphology, extrinsic and intrinsic properties of the
inorganic nanocrystals, including their ligands, size, and
geometry, also play a significant role in the free carrier
generation efficiency and, thus, the overall solar cell efficiency
in hybrid systems.5,17

Long alkyl chain-based insulating ligands of the nanocrystals
restrict charge separation and transport in their solid films. In
an early report, Geenham et al. described ligand modification of
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CdSe quantum dots (QDs) that were primarily coated with
insulating tri-n-octylphosphine oxide (TOPO) ligands by the
treatment with an excess of pyridine.16 Since then, various
ligand modification procedures have been developed either
using short organic or inorganic ligands.10,15,18,19 However,
ligand exchange does not simply change the QD/QD and QD/
polymer distances; it also affects the conductivity, energy levels,
stability, and the morphology of casted films.20−22 Furthermore,
some functional groups such as thiols are known to create
charge traps in the nanocrystals and quench their photo-
luminescence.23,24 Therefore, predicting the influence of a
specific ligand on the optical properties of the hybrids is
difficult and complex. Consequently, studies that separately
investigate the influence on the individual aspects depending on
both the size and the functional group of the ligands are
required.
Morphology of the nanocrystals (i.e., size, shape, and

dimensionality) is another important feature determining the
performance of the organic−inorganic hybrids. To date, CdSe
and CdS nanorods have shown favorable performance as
compared to that of the colloidal QDs thanks to their large
surface area and high aspect ratio, which considerably increases
the overall free carrier generation efficiency at the organic−
inorganic interfaces.4,17,25 High-aspect-ratio organic materials
such as conjugated polymer nanowires have been also
previously shown to enhance the power conversion efficiencies
through creating a nanoscale morphology favorable for charge
separation and transport.26

Recently, a new type of colloidal semiconductor commonly
known as colloidal nanoplatelets (NPLs), or alternatively
colloidal quantum wells, has been introduced.27 These NPLs
are atomically flat nanocrystals that exhibit unique optical and
material properties, including extremely large linear and
nonlinear absorption cross sections, large oscillator strength,
and narrow emission line width.28,29 Thanks to these favorable
properties, recent reports have shown that the NPLs are highly
promising for the applications of light-emitting diodes,30

lasers,31,32 photodetectors,33,34 and photocatalysis.35 Moreover,
ultraefficient exciton transfer has been shown to prevail in the
close-packed solid films of the NPLs,36,37 which is expected to
facilitate long exciton diffusion lengths (>100 nm) in their solid
films.38 These long exciton diffusion lengths would clearly
manifest the high potential of NPLs in light-harvesting
applications. In addition, their high aspect ratio, large surface
area, and anisotropic shape also make the NPLs interesting
candidates for organic−inorganic hybrid systems. However, to
date, there has been no demonstration or of any systematic
study of organic−inorganic nanocomposites containing the
NPLs and the conjugated polymers.
In this work, we proposed and demonstrated hybrid

composites combining for the first time colloidal nanoplatelets
and conjugated polymers. In this hybrid system, we studied
different anchor groups of the conductive polymer to hybridize
with CdSe NPLs. To this end, we developed DEH-PPV-based
block copolymers having two ligands of varying size and anchor
groups. Through investigation of steady-state optical properties
of the hybrids in the solution phase, we revealed strong
photoluminescence quenching in both the co-integrated
polymers and the nanoplatelets. The emission quenching is
well explained with exciton dissociation at the polymer/
nanoplatelet interfaces having a staggered band alignment.
Among different anchors, sulfides lead to the strongest
quenching as attributed to their higher tendency to attach to

the NPL surfaces. Also, a shorter ligand size of the same anchor
group is shown to yield a larger photoluminescence quenching
as compared to the ligands with a larger size. Furthermore, we
observed that the hybridization helps to form well-dispersed
NPL films as revealed by transmission electron microscopy,
whereas the NPLs alone tend to form aggregated assemblies in
the absence of functional polymers. The proposed hybrid
composites with exciton dissociating interfaces and homoge-
neous NPL distribution are highly promising for making hybrid
solar cells.

2. EXPERIMENTAL SECTION
Materials and Characterization. All commercially avail-

able chemicals were purchased from Alfa Aesar, Acros Organics,
Fluka, Sigma-Aldrich, or Tokyo Chemical Industry and used
without further purification unless otherwise noted. Anhydrous
THF was freshly distilled from sodium at dry argon
atmosphere. All reactions were carried out under dry argon
using standard Schlenk line techniques unless otherwise noted.
2′,5′-Di(2″-ethylhexyloxy)-4′-methyl-N-benzylideneaniline (1)
and the reactive ester block copolymer P1 were synthesized
according to a modified literature procedure.1 1H NMR and 19F
NMR spectra were acquired on a Bruker ARX 400 at a Lamor
frequency of 400 MHz. FTIR spectra were performed on a
Vector 22 ATR-FTIR spectrometer made by Bruker. Molecular
weights of all synthesized polymers were determined by gel
permeation chromatography (GPC) with a concentration of 1.2
mg mL−1 in THF with polystyrene as the external standard and
toluene as the internal standard.
Cyclic voltammetry measurements were carried out on a

drop-cast film at room temperature in a nitrogen glovebox.
Platinum electrodes were used as working and counter
electrodes. The reference electrode was an Ag/Ag+ electrode,
and the measurements were conducted in a 0.1 M solution of
tetrabutylammonium hexafluorophosphate (TBAPF6) as the
supporting electrolyte in anhydrous acetonitrile. Ferrocene was
used as an internal standard, and the energy levels were
calculated from the onsets of the oxidation and reduction
potential, respectively, with an assumed level of the Fc/Fc+

redox couple of −5.1 eV versus the vacuum.
General Procedure for Postpolymerization Modifica-

tions. The precursor polymer P1 (0.032 mmol, 1 equiv) was
dissolved in 2.5 mL of dry THF under an argon atmosphere.
The respective primary amine (0.476 mmol, 15 equiv) and
triethylamine (0.476 mmol, 15 equiv) were added, and the
reaction mixture was stirred at 30 °C for 48 h. Purification was
achieved by precipitation in methanol and redissolving in DCM
for three times.
P2a: 1H NMR (400 MHz, CDCl3, δ): 7.38−7.60 (m, 36H,

Ar), 7.02−7.26 (m, 36H, CHCH), 3.68−4.06 (m, 80H, O−
CH2), 2.60 (br, 8H, S−CH2), 2.13 (br, 12H, S−CH3), 1.17−
1.86 (m, 336H, CH + CH2), 0.82−1.05 (m, 222H, CH3).

19F
NMR (400 MHz, CDCl3, δ): no signals. FTIR: ν = 1676 cm−1.
P2b: 1H NMR (400 MHz, CDCl3, δ): 7.38−7.56 (m, 36H,

Ar), 7.02−7.24 (m, 36H, CHCH), 3.65−4.02 (m, 80H, O−
CH2), 2.87 (br, 8H, N−CH2), 2.23 (br, 24H, N−CH3), 1.17−
1.86 (m, 336H, CH + CH2), 0.83−1.04 (m, 222H, CH3).

19F
NMR (400 MHz, CDCl3, δ): no signals. FTIR: ν = 1672 cm−1.
P2c: 1H NMR (400 MHz, CDCl3, δ): 7.38−7.56 (m, 36H,

Ar), 7.02−7.24 (m, 36H, CHCH), 3.65−4.01 (m, 80H, O−
CH2), 2.84 (br, 8H, N−CH2), 2.25 (br, 24H, N−CH3), 1.17−
1.86 (m, 352H, CH + CH2), 0.83−1.03 (m, 222H, CH3).

19F
NMR (400 MHz, CDCl3, δ): no signals. FTIR: ν = 1668 cm−1.
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Synthesis of Four-Monolayer-Thick CdSe NPLs. We
used a synthesis recipe for the four-monolayer CdSe nano-
platelets based on our previous report.38 Consequently, CdSe
NPLs having a vertical thickness of four monolayers (1.2 nm)
were synthesized together with other quantum dot populations
as side products. To purify the NPLs and separate them from
the quantum dots, we cleaned them via ultracentrifugation with
the addition of acetone/ethanol mixture. The cleaning step was
repeated few times, and the precipitate (i.e., purified NPLs) was
then dissolved in toluene. The purity of the nanoplatelets was
evidenced by the pure absorbance and photoluminescence
spectra.

3. RESULTS AND DISCUSSION
Surfactants have a strong influence on the properties of
organic−inorganic nanocomposites with regard to their
optoelectronic performance and applications. As both the size
and the functional group of a surfactant affect the properties,
here we studied the influence of the two aspects separately. The
required interaction of the inorganic nanocrystals and the

conjugated polymer was accomplished by the incorporation of
anchor groups into the polymer. These anchor groups were
composed of a functional group targeted to enable an effective
binding to the inorganic nanocrystals and a spacer that
determined the distance between polymers and nanocrystals.
Because of its favorable optoelectronic properties, the poly(p-
phenylenevinylene) derivative DEH-PPV was selected as the
conjugated block. DEH-PPV can be synthesized via Siegrist
polycondensation, which offers a defined functional end group.
This end group was further exploited for the incorporation of a
second block, which is nonconjugated, composed of a reactive
ester repeating unit via RAFT polymerization,39 allowing for
the incorporation of different anchor groups (see Figure 1). To
guarantee that the observed differences in the properties
originate from the varying anchor groups, all polymers
employed in the study were synthesized from a single precursor
polymer as illustrated in Figure 1. By exploiting only the same
block copolymer architecture, influence of the anchor groups
on the torsion and, thereby, photophysical properties of the
conjugated backbone was also avoided. The precursor polymer

Figure 1. General reaction scheme for the incorporation of anchor groups into the block copolymer containing a conjugated DEH-PPV block and
assignment of the polymers P1 and P2a−c.

Figure 2. (a) FTIR spectra verifying the success of the postpolymerization modification and (b) 19F NMR spectra of polymers P1 and P2a. While
the signals of the reactive ester occur in the 19F NMR spectrum of precursor polymer P1, full conversion of the postpolymerization modification is
evidenced by the absence of any signals in the spectrum of polymer P2a. (Spectra verifying the successful synthesis of polymers P2b and P2c can be
obtained from Figures S4 and S6.)
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that does not have any anchor group is hereafter named as the
reference polymer P1. The functional polymers with anchors
based on sulfide is called P2a, and the ones based on amino are
called P2b and P2c. The ligand size is the same in P2a and P2b
polymers, while the spacer is longer in P2c (see Figure 1).
When incorporating anchor groups into a conjugated

polymer, several aspects have to be taken into account. The
incorporation of anchor groups as the side chains into the
conjugated polymer backbone or as the end groups is usually
relatively simple. Unfortunately, both approaches come along
with disadvantages. The incorporation of anchor groups as the
side chains disturbs the polymer’s regioregularity, causes torsion
in the backbone, and decreases the planarity of the conjugated
backbone.3,40 Also, with an increasing chain length of the
polymer the possibility of a single functional end group to be in
a suitable position for interacting with the nanocrystal surface is
significantly decreased. In this latter case, only very strong
anchor groups such as enediols in the case of TiO2
nanoparticles could form stable coatings.41,42 Therefore, the
use of block copolymers, which we employ here, is highly
desired since they both allow for multiple anchor groups and,
thereby, enable the formation of a stable coating without
sacrificing the original optoelectronic properties of the
conjugated polymer owing to the separation of the conjugated
block from the anchor groups. Therefore, torsion of the
conjugated backbone does not occur. Since the combination of
a conjugated PPV block and a nonconjugated block via one-pot
block copolymerization can be solely achieved by applying ring-
opening metathesis polymerization (ROMP), which involves
complicated monomer synthesis, a synthetic route exploiting
the defined end group installed via Siegrist polycondensation
was applied in the study at hand.39,43

Successful incorporation of the anchor groups via post-
polymerization modification is evidenced via FTIR spectrosco-
py. Upon incorporation of the anchor groups, the band
originating from the pentafluorophenyl ring at 1519 cm−1

disappears. Moreover, the CO band shifts from 1783 cm−1

in the reactive ester to approximately 1670 cm−1 in the amides
(see Figure 2a and Figures S2, S4, and S6). Full conversion of
the postpolymerization modification is confirmed by the
absence of any signals in the 19F NMR spectra of the amides.
In addition, the successful incorporation of the anchor groups is
verified via 1H NMR spectroscopy. After postpolymerization
modification, the spectra of the polymers exhibit signals that
can be assigned to the respective anchor group (see Figures S3,
S5, and S7).
As the inorganic nanocrystals, we employ atomically flat

CdSe NPLs having four monolayer (ML) vertical thickness
(∼1.2 nm). We chose 4 ML CdSe NPLs because of their well-
established synthesis and increased stability. In Figure 3a,
absorbance and photoluminescence (PL) spectra of the NPLs
are shown (in solution phase). The absorbance of the NPLs
exhibit two peaks that are at 480 and 512 nm arising from
electron/light-hole and electron/heavy-hole transitions, respec-
tively. The PL peak arises from the recombination of the
excitons at the electron/heavy-hole transition (∼513 nm). The
emission line width in the NPLs is as narrow as ∼8 nm due to
absence of inhomogeneous broadening.44 The inset in Figure
3a shows a high-angle annular dark-field scanning transmission
electron microscopy (HAADF-STEM) image of the NPLs. In
the STEM image, most of the NPLs can be seen lying flat on
the TEM grid, while some of them can be observed to form
stack-like assemblies, which lie perpendicular to the TEM grid.

The stacking of the NPLs is commonly observed in their solid
films since the NPLs tend to assemble together in long chains
due to strong van der Waals forces between their large and flat
surfaces.45 The absorbance and PL spectra of the conjugated
polymers are also presented in Figure 3b. The PL peaks of the
polymers are at ∼550 nm, and their absorption peaks are at
approximately at 460 nm. We observe very slight shifts between
the absorbance and emission spectra of different polymers used
here, which may arise from the use of different ligands.
We investigate the steady-state PL of the NPLs and the

polymers when they are mixed together in the solution phase.
For this, first, we prepared a dilute nanoplatelet solution in
toluene. The absorbance of the initial NPL solution is very low
(∼0.1 at the first exciton peak 512 nm) to prevent reabsorption
and concentration based energy transfer effects. The concen-
tration of the NPLs is calculated to be 12.3 nM (in 3 mL of
toluene) by using their reported absorption cross section.44

Polymer solutions were prepared separately using toluene as
the solvent with a concentration of 2 mg/mL. Then, step by
step we added small amounts of a polymer into the NPL
solution. Each step adds 5 μL of polymer solution into the NPL
solution, which corresponds to addition of ∼1.4 nmol for P2a
and P2b polymers and ∼1.3 nmol for P1 in each step as
calculated by their molecular weight (see Supporting
Information).
As the polymer P2a (polymer with sulfide anchor) was

added to the NPL solution, we observed that the NPL emission
started to immediately decrease (see Figure 4a) when excited at
375 nm. In the case of polymer P2b, which carries an amine
anchor with the same ligand size as in P2a, the decrease in the
NPL emission was also evident (see Figure 4b). As more
polymer was added step by step, the NPL emission was

Figure 3. Absorbance (solid) and photoluminescence (dotted) of (a)
4 monolayer thick CdSe nanoplatelets and (b) conjugated polymers
P1 and P2a−c. Inset in (a) shows the HAADF-STEM image of the
CdSe nanoplatelets; the scale bar is 50 nm.
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observed to further decrease (see Figure 4a,b). The insets in
Figure 4a,b also show the evolution of the NPL emission after
spectral profile of the polymer emission has been mathemati-
cally subtracted for each case. The precursor polymer (P1),
which does not carry any specific anchor group but the same
conjugated block, was also investigated as the negative control
group (see Figure 4c). Addition of P1 was observed to cause a
decrease in the NPL emission, which was, however, weaker
than that observed with P2a and P2b. Figure 4d summarizes
the change in the NPL emission as a function of the increasing
polymer amounts. In the case of reference polymer P1, the
quenching of the NPL was found to be up to 2-fold. This
decrease in the NPL emission can be well explained by the

optical absorption of the NPL emission by the polymer since
there is a nonzero absorbance of polymers at the emission peak
of the NPLs (see Figure 3b for the absorbance of the
polymers). We measured the absorbance of the polymer P1 as
∼0.30 at 512 nm, when 5.2 nmol of P1 was added to the
solution. The absorbance of P2a and P2b was also measured
∼0.32 when 5.6 nmol of these polymers was added to the
solution. According to the relation ϕtransmitted = ϕincident × 10−A,
where ϕ is the light intensity and A is the measured absorbance
(in log scale). For A = 0.30, one could simply calculate a 2-fold
decrease (i.e., 50% change) in the NPL emission due to the
absorption by the polymer. Therefore, this explains the
decreased NPL emission with the addition of polymer P1.

Figure 4. Steady-state photoluminescence spectra of the hybrids as the polymers were added step by step in the case of (a) NPL-P2a, (b) NPL-P2b,
and (c) NPL-P1 samples. The excitation wavelength for all cases was 375 nm. The insets in (a) and (b) show the NPL emission after spectral shape
of the polymer emission has been subtracted. (d) Evolution of the NPL emission as a function of the added polymer amount for three different cases.

Figure 5. (a) Emission of the only polymer P2a and NPL + P2a for 5.2 nmol (top) and 2.6 nmol (bottom) polymer amounts. The excitation
wavelength for all cases is 375 nm. (b) Emission intensity change in the polymers P2a and P2b in the presence of the NPLs as compared to bare
polymer emission.
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In the case of polymers with anchor groups, the PL
quenching was found to be much stronger than that caused
by P1. With polymer P2b (having amine anchor), we observe
that the quenching of the NPL emission was up to 5-fold (80%
decrease in the NPL emission). Moreover, polymer P2a
carrying the sulfide anchor shows the largest quenching in the
NPL emission, a factor larger than 8 (∼90% decrease in the
NPL emission). Therefore, strong quenching of the NPL
emission in the presence of functional polymers (P2a and P2b)
strongly suggests that an additional process exists in addition to
merely optical absorption of the polymers.
There exists a spectral overlap between the NPL emission

and the polymer absorption. Thus, Förster resonance energy
transfer (FRET) may be possible in these hybrids, and FRET
might be the underlying process that can explain the emission
quenching in the NPLs. To check this hypothesis with FRET,
we investigated and analyzed steady-state PL emission of the
polymers. In FRET process, the emission of the donor is
decreased while the emission of the acceptor is concomitantly
increased due to exciton transfer from the donor to the
acceptor.46−48 Therefore, we looked for a sign of an increased
polymer emission as a result of possible FRET. Figure 5a shows
the emission spectra of polymer P2a emission in the absence
(dotted line) and presence (solid line) of the NPLs when
excited at 375 nm. The only P2a emission was larger than the
polymer emission in NPL-P2a samples for two different
polymer amounts. This simply rules out the possibility of FRET

as the dominant process behind the PL quenching in the NPLs.
Also, Figure 5b illustrates the overall change of the emission
intensity in the functional polymers P2a and P2b as a function
of the added polymer amount (calculated from the emission
spectra measured under excitation of 375 nm). Both polymers
exhibit a decreased emission when mixed with the NPLs. The
decrease in the polymer emission was larger for P2a than that
of P2b (see Figure 5b). We also observed a larger quenching in
the NPL emission in the case of P2a polymer.
To explain the emission quenching of both the NPLs and the

polymers when mixed together, we consider another
hypothesis, which is the exciton dissociation at the NPL−
polymer interface. Exciton dissociation is expected to decrease
radiative emission since free carriers are generated instead of
exciton recombination. Previously, DEH-PPV-based polymers
have been shown to be effective electron donors through
exciton dissociation at the organic−organic interfaces with C60
molecules.49 To check out the possibility of exciton dissociation
in polymer/NPL hybrids, we looked into the excitation spectra
of the NPLs and the polymers. Figure 6a shows the excitation
spectra of the NPL peak emission at 513 nm for three different
cases: only NPL, NPL + 1.4 nmol P2a, and NPL + 2.8 nmol
P2a samples. To analyze the decrease in the excitation spectra
of the NPL emission, first we consider the absorption of the
excitation light by the P2a. Using the measured absorbance
spectrum of the P2a, we calculated the decreased excitation
light intensity by the following relation: ϕtransmitted = ϕincident ×

Figure 6. (a) Excitation spectra of the NPL emission for three different samples: only NPL (green), NPL + 1.4 nmol P2a (dark blue), and NPL +
2.8 nmol P2a (light blue). Excitation of the NPL emission is estimated by considering absorption of the excitation light by the P2a for two different
cases (dotted curves). (b) Excitation spectra of the P2a for only 5.6 nmol P2a (red dotted curve) and NPL + 5.6 nmol P2a (red solid curve)
samples. Also, excitation of the P2a emission is estimated by considering absorption of the excitation light by the NPLs (black solid curve). (c)
Excitation spectra of the P1 for only 5.2 nmol P1 (orange dotted curve) and NPL + 5.2 nmol P1 (orange solid curve) samples. Also, excitation of the
P1 emission is estimated by considering absorption of the excitation light by the NPLs (black solid curve). (d) Energy bands of the NPLs and
polymers exhibiting a staggered (type II) band alignment favoring exciton dissociation.
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10−A. Then, we estimated the decrease in the NPL’s excitation
spectra due to the polymer absorption as plotted by the dotted
curves in Figure 6a for the NPL + 1.4 nmol P2a and NPL + 2.8
nmol P2a samples. We observe that the experimentally
measured excitation spectrum of the NPL emission in the
presence of P2a is lower than the estimated excitation spectra.
The excitation spectra of the NPLs showed a broadband
quenching as the polymer amount was increased in the hybrid.
This indicates that excitons formed in the NPLs are quenched
independent of the excitation wavelength. This may suggest the
possibility of a photoinduced charge transfer from the NPL into
the polymer through exciton dissociation at the interface. In
Figure 6b, we also present the excitation spectra of the polymer
P2a emission measured at its peak emission wavelength of 545
nm in two different cases: only 5.6 nmol P2a and NPL + 5.6
nmol P2a. Here we also observed a broadband decrease in the
excitation spectrum of the polymer when the polymer was
mixed with the NPLs.
To analyze the decrease in the excitation spectra of the P2a

emission, we also consider the absorption of the excitation light
by the NPLs using the same methodology in Figure 6a. We
estimated the decrease in the polymer’s excitation spectra due
to the NPL absorption, which is plotted by the black solid curve
in Figure 6b. We observe that experimentally measured
excitation spectra of the P2a emission in the presence of the
NPLs (red solid curve) are still much lower than the estimated
excitation spectra (black solid curve). Moreover, for excitation
wavelengths longer than 520 nm, where there is no NPL
absorbance, the excitation spectrum of the P2a also shows
decreased intensity in the hybrid sample as compared to the
estimated excitation. These observations strongly suggest that
the excitons in the polymer P2a are also dissociated at the
polymer/NPL interface, possibly via photoinduced electron
transfer from the polymer.
As a control sample, we also tested the excitation spectra of

the polymer P1 before and after being mixed with the NPLs.
Figure 6c shows the excitation spectra of only 5.2 nmol P1 and
NPL + 5.2 nmol P1 samples. Here, we observed that the black
curve (calculated excitation spectrum by considering absorption
of the excitation light by the NPLs) and the orange curve
(experimental excitation spectrum of the polymer in the
presence of the NPLs) show a very good agreement as depicted
in Figure 6c. Therefore, this strongly supports our view that the
change in the excitation of the P1 polymer just arises from the
NPL absorption since there is no considerable near-field
interactions between the species (P1 and the NPLs) in the
solution phase. However, in the case of P2a, there have to be
near-field interactions (i.e., exciton dissociation) between the
species to explain the observed changes. Also, Figure S8 shows
the spectral quenching of excitation spectrum of the NPL and
P2a, which shows a flat spectral response arising from the
reciprocal exciton dissociation (hole transfer from the NPL and
electron transfer from the polymer) at the organic−inorganic
interface, which is independent of the excitation wavelength as
long as it is above the bandgap of the material.
To further support exciton dissociation at the NPL−polymer

interfaces, we investigated the energy band alignment between
the NPLs and polymers. For this, we applied cyclic
voltammetry (CV) to determine the energy levels of the
polymers. From the CV data, the onset potentials for oxidation
and reduction are found to be EOx = 0.5 V and ERed = −2.0 V vs
Fc/Fc+. Thus, with an assumed level of the Fc/Fc+ redox
couple of −5.1 eV versus the vacuum, the HOMO and LUMO

energy levels are calculated to be −5.6 and −3.1 eV,
respectively (see Figure S1).50 Previously, the conduction and
valence band levels have been measured via ultraviolet
photoelectron spectroscopy (UPS) in 4 ML thick CdSe
NPLs as −3.6 and −6.1 eV, respectively.51 The resulting
band alignment at the polymer−NPL hybrids is illustrated in
Figure 6d, which exhibits a staggered (i.e., type-II-like) band
alignment. Therefore, exciton dissociation is expected to be
favored via hole transfer to the polymer and electron transfer to
the NPLs (see Figure 6d). On the basis of these observations,
we can propose that exciton dissociation in the NPL−polymer
hybrids is the dominant process.
Considering Figure 4a, which summarizes the emission

quenching in the NPLs as a function of the added polymer
amount for different polymers, P2a (functional polymer with
the sulfide anchor) is observed to cause stronger quenching in
the NPL emission than P2b (functional polymer with the
amine anchor) while the ligand lengths are the same. This may
suggest that P2a has a higher tendency to bind to the NPL
surfaces than P2b. Thus, the emission of more NPLs could be
quenched in the solution phase with more attached P2a due to
exciton dissociation. Another possibility for the stronger
quenching might be that sulfide anchors could create surface
traps in the NPLs leading to nonradiative decay of the excitons.
Such emission quenching arising from ligands in the nano-
crystals have been shown previously.15,24 Generally, thiol-based
ligands were shown to create midgap trap states in the quantum
dots causing charge trapping and emission quenching.15

However, we also observed a larger emission quenching of
the polymer P2a emission as compared to P2b as shown in
Figure 5b. Thus, this opposes the possibility that the sulfide
anchor might act as quencher, but most likely it acts as a
stronger agent for hybridization with the NPLs than amine-
based anchors. Moreover, enhanced interaction of P2a with the
CdSe NPLs would explain the stronger PL quenching on both
sides of the hybrid via exciton dissociating type-II interfaces.
Previously, exciton dissociation via ultrafast electron transfer

(<1 ps) from the conjugated polymer into the colloidal
quantum dots have been shown feasible.52,53 Thus, this could
make it possible for nanocrystals to replace commonly used
electron acceptors such as C60. However, hole transfer from
the spherical quantum dots into conjugated polymers has been
generally found to be limited arising from its slow rate.53 On
the basis of our observations, which suggest efficient exciton
dissociation in the NPLs through hole transfer into the
conjugated polymers, we believe that atomically flat nano-
platelets might stand out as a more promising candidate for
conjugated polymer−nanocrystal hybrids. The favorable
geometry of the nanoplatelets arising from their large and flat
surfaces may enable more efficient and faster hole transfer rates
into organic semiconductors as predicted here.
In addition to different anchor types, we also investigated the

effect of the ligand size on the optical properties of the resulting
hybrids. For this, we developed P2b and P2c polymers both
having amine-based anchors but with different sizes. P2c has an
amino anchor that has a larger size than that of P2b polymer as
shown in Figure 1. Figure 7 shows the emission spectra of the
NPL + 9 nmol P2b and NPL + 9 nmol P2c samples. As
presented in the inset of Figure 7, after the spectral profile of
the polymer emission is subtracted mathematically, we observe
that quenching of the NPL emission is found larger in P2b. The
quenching factor of the NPL emission was calculated to be 11.3
and 6.8 for P2b and P2c, respectively. This also suggests that
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shorter ligands are more efficient for exciton dissociation. The
charge transfer process, which generally occurs for distances
shorter than 1 nm, is highly distance sensitive. Therefore, slight
increase in the ligand size (as in the case of P2c polymer) can
decrease the exciton dissociation efficiencies considerably.
Finally, we studied the solid-film morphology of the hybrids

and found that hybrids exhibit homogeneously distributed
NPLs in their solid films. For this, we prepared solutions with
only NPL and NPL/P2a samples. Figure 8a shows HAADF-
STEM images of the NPLs before they are mixed with the
functional polymers. The NPLs on their own tend to exhibit
aggregation while drying their solvent, which also leads to
stacking of the NPLs via strong van der Waals forces. In the
case of NPL/P2a hybrid sample, Figure 8b shows highly
uniform distribution of the NPLs without any considerable
aggregation although the same amount of NPLs have been
employed. This suggests that the functional polymers bind to
the NPL surfaces and help creating an increased separation
between the NPLs so that NPL-to-NPL interactions could
significantly be reduced. Such hybrids could be utilized for
hybrid optoelectronic applications. The homogeneous distri-

bution of the NPLs would be useful for efficient exciton
dissociation in solar cells or exciton injection in light-emitting
diodes.

4. CONCLUSION

Here, we introduced a hybrid conjugated polymer/nanoplatelet
system for the first time, which exhibits strong photo-
luminescence quenching in their dilute solutions. The
quenching has been explained with exciton dissociation at
Type-II-like band alignment at the organic−inorganic inter-
faces. As compared to commonly studied polymer/quantum
dot systems, where hole transfer has been limited from the
quantum dots, uniquely enabled by atomically flat and large
surface area nanoplatelets, the proposed composite system
offers the opportunity to substantially enhance hole transfer
into the polymers, as suggested by the steady state spectroscopy
here. Thus, this work is expected to initiate future investigations
based on ultrafast transient optical probes to capture the details
of charge transfer kinetics in the hybrid organic−inorganic
systems of colloidal nanoplatelets. As an important architectural
feature of the proposed organic−inorganic composite, we
found out that anchor type is effective for the hybridization
efficiency. To this end, sulfide-based anchors showed a stronger
binding affinity to the NPL surfaces as compared to amine-
based anchors. Also, shorter ligands with the same anchor led
to more efficient exciton dissociation thanks to closer
integration of the polymers to the NPL surfaces. These
findings indicate that the proposed organic−inorganic hybrids,
which also allow for uniform NPL distribution in their solid
thin-films, are very promising for hybrid optoelectronics,
particularly in solar cells.
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Figure 7. Emission spectra of the only NPL, NPL + 9 nmol P2b, and
NPL + 9 nmol P2c samples. The inset shows the NPL emission after
spectral profile of the polymer emission is subtracted. The emission
quenching is larger for P2b than P2c since P2b has a shorter anchor
ligand.

Figure 8. HAADF-STEM images of (a) only NPLs and (b) NPL-P2a hybrids. The insets show zoomed-in images with scale bar of 100 nm.
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