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Introduction

Semiconducting organic—inorganic
nanocomposites by intimately tethering
conjugated polymers to inorganic tetrapods+

Jaehan Jung, Young Jun Yoon and Zhiqun Lin*

Semiconducting organic—inorganic nanocomposites were judiciously crafted by placing conjugated poly-
mers in intimate contact with inorganic tetrapods via click reaction. CdSe tetrapods were first synthesized
by inducing elongated arms from CdSe zincblende seeds through seed-mediated growth. The sub-
sequent effective inorganic ligand treatment, followed by reacting with short bifunctional ligands,
yielded azide-functionalized CdSe tetrapods (i.e., CdSe—Ns). Finally, the ethynyl-terminated conjugated
polymer poly(3-hexylthiophene) (i.e., P3HT-=) was tethered to CdSe—N3 tetrapods via a catalyst-free
alkyne—azide cycloaddition, forming intimate semiconducting P3HT—-CdSe tetrapod nanocomposites.
Intriguingly, the intimate contact between P3HT and CdSe tetrapod was found to not only render the
effective dispersion of CdSe tetrapods in the P3HT matrix, but also facilitate the efficient electronic
interaction between these two semiconducting constituents. The successful anchoring of P3HT chains
onto CdSe tetrapods was substantiated through Fourier transform infrared spectroscopy and nuclear
magnetic resonance spectroscopy measurements. Moreover, the absorption and photoluminescence
studies further corroborated the intimate tethering between P3HT and CdSe tetrapods. The effect of the
type of bifunctional ligands (i.e., aryl vs. aliphatic ligands) and the size of tetrapods on the device
performance of hybrid organic—inorganic solar cells was also scrutinized. Interestingly, P3HT-CdSe
tetrapod nanocomposites produced via the use of an aryl bifunctional ligand (i.e., 4-azidobenzoic acid)
exhibited an improved photovoltaic performance compared to that synthesized with their aliphatic ligand
counterpart (i.e., 5-bromovaleric acid). Clearly, the optimal size of CdSe tetrapods ensuring the effective
charge transport in conjunction with the good dispersion of CdSe tetrapods rendered an improved device
performance. We envision that the click-reaction strategy enabled by capitalizing on two consecutive
effective ligand exchanges (i.e., inorganic ligand treatment and subsequent bifunctional ligand exchange)
to yield intimately connected organic—inorganic nanocomposites provides a unique platform for
developing functional optoelectronic devices.

Among CPs, poly(3-hexylthiophene) (P3HT) is one of the most
extensively studied CPs as it possesses tailorable electro-

Organic-inorganic nanocomposites composed of semiconduc-
tor nanocrystals (NCs) and conjugated polymers (CPs) have
garnered considerable attention as they offer a promising
opportunity for developing optoelectronic materials and
devices due to the extensive set of advantageous and comp-
lementary characteristics of NCs and CPs, including high elec-
tron mobility and the size-dependent optical and electronic
properties of NCs, in conjunction with lightweight, flexibility,
low cost, and large area solution-processability of CPs.'”
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chemical properties, a large extinction coefficient, and high
hole mobility.® Notably, the use of CPs as a photoactive layer
in solar cells often results in low performance as their electron
mobility is far behind their hole mobility, thus requiring the
incorporation of electron-accepting materials such as fullerene
derivatives and inorganic materials to ensure efficient charge
separation and transport for high-performance devices.

Shape control of semiconducting NCs is widely recognized
as an effective means of tailoring their size-dependent physical
and chemical properties. This opens up exciting opportunities
for a wide range of applications, including LEDs,” solar
cells,®® biosensors,'®™ and tunable lasers.'*" It is worth
noting that semiconducting tetrapods carry the propensity
to form interconnected three-dimensional structures when
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placed together due to their intrinsic three-dimensional archi-
tecture, thus providing a continuous and effective channel for
efficiently transporting electrons, an advantage over spherical
quantum dots (QDs) where electron hopping between QDs is
required and quantum rods (QRs) where the alignment of QRs
perpendicular to the electrodes is needed.

Herein, we report a facile and robust strategy for crafting
semiconducting organic-inorganic nanocomposites by placing
conjugated polymers in intimate contact with inorganic tetra-
pods via catalyst-free click chemistry. CdSe tetrapods with high
selectivity were first synthesized by inducing elongated arms
from CdSe zincblende seeds through the combination of the
use of halide ligands, continuous precursor injection, and
seed-mediated growth. Subsequently, oleic acid (OA)-capped
CdSe tetrapods were subjected to inorganic ligand treatment
to completely remove insulating fatty ligands (i.e., OA), fol-
lowed by introducing either 4-azidobenzoic acid or 5-bromo-
valeric acid as bifunctional ligands and substituting bromine
of 5-bromovaleric acid into the azide, yielding azide-functiona-
lized CdSe tetrapods (i.e., CdSe-N;). It is notable that
bifunctional ligands not only act as coupling agents that
anchor onto the CdSe tetrapod surface, but also introduce the
desired terminal functional group for further reaction.
Meanwhile, ethynyl-terminated P3HT (i.e., P3HT-=) was
prepared by a quasi-living Grignard metathesis (GRIM)
method. Finally, the intimate tethering of P3BHT-= to CdSe-
N; was rendered by catalyst-free alkyne-azide cycloaddition
between them, leading to the formation of P3HT-CdSe
tetrapod nanocomposites. Notably, this strategy dispenses
with the need for employing metallic catalysts in click
reaction, which are regarded as impurities that are detrimental
to the device performance. Fourier transform infrared
spectroscopy and nuclear magnetic resonance spectroscopy
studies substantiated the successful anchoring of P3HT chains
onto CdSe tetrapods. In addition, such intimate tethering
between these two semiconducting substituents was further
corroborated by absorption and photoluminescence
measurements. Photovoltaic devices were fabricated using
P3HT-CdSe tetrapod nanocomposites crafted based on
4-azidobenzoic acid- or 5-bromovaleric acid-capped CdSe
tetrapods. Interestingly, the device produced using the aryl
bifunctional ligand (i.e., 4-azidobenzoic acid) exhibited an
enhanced photovoltaic performance compared to that
synthesized with its aliphatic ligand counterpart (ie.,
5-bromovaleric acid). Furthermore, the optimal size of CdSe
tetrapods ensuring the effective charge transport together with
good dispersion of CdSe tetrapods was found to impart an
improvement in the device performance. Clearly, in sharp
contrast to CP/NC composites widely prepared by simply
physically mixing them as in copious past work, which often
leads to microscopic phase separation and limited
performance of the resulting optoelectronic devices owing to
the poor charge transfer as a direct consequence of reduced
interfacial areas between CPs and NCs, the click-reaction
strategy enabled by capitalizing on two consecutive effective
ligand exchanges (i.e., inorganic ligand treatment and the
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subsequent bifunctional ligand exchange) yields intimate
organic-inorganic nanocomposites. As such, it imparts an
effective electronic interaction at the CP/NC interface, thereby
promoting the interfacial charge transfer for developing a wide
range of optoelectronic devices.

Results and discussion

The synthesis of P3HT-CdSe tetrapod nanocomposites is
shown in Scheme 1. It involves the ligand exchange with in-
organic ligands (i.e., HBF, in the upper panels of Scheme 1a
and b), the introduction of azide functional groups (lower
right panels in Scheme 1a and b), and the click reaction with
ethynyl-terminated P3HT (ie., yielding the P3HT-CdSe
tetrapod; lower left panels in Scheme 1a and b) in sequence.
High-quality CdSe tetrapods were first synthesized by growing
four arms from oleic acid (OA)-capped CdSe zincblende (ZB)
quantum dot (QD) seeds via a continuous precursor injection
method,' where the Cd and Se precursors were injected
successively into the seed solution (i.e., ZB CdSe QDs) in order
to maintain the reaction conditions in the kinetic growth
regime for the anisotropic growth of arms. CdSe ZB QD seeds
were synthesized by employing a non-trioctylphosphine-based
route, where cadmium oleate solution was added into the Se/
octadecene solution.'” It is notable that the wurtzite (WZ)
phase is more favorable than ZB for the growth of anisotropic
structures in order to achieve high selectivity of tetrapods. In
this context, halide ligands (i.e., cetyltrimethylammonium
bromide (CTAB)) were also added during the injection of
precursors to trigger the formation of four WZ arms that
elongated from the {111} facets of the ZB seeds."*'® Halide
ligands favor WZ formation as they selectively bind to the
(1120) and (1010) facets of WZ arms more strongly than OA,
thereby effectively replacing OA.'® The high-resolution TEM
images revealed that the four WZ arms with a diameter of 7.56
+ 0.23 nm and a length of 41 + 2 nm were successfully grown
from the CdSe ZB QD seeds of a diameter of 5.12 + 0.16 nm
under these conditions. In order to scrutinize the size effect of
the tetrapod on device performance of the resulting solar cells
based on P3HT-CdSe tetrapod nanocomposites as will be
discussed later, CdSe tetrapods with different sizes were
synthesized by controlling the amount of cadmium oleate
(Cd(OA),) and Se precursors injected while using the same ZB
CdSe seeds (Fig. 1a and b). The injection time ¢ was controlled
to be varied from 10 min, 50 min, to 90 min at the fixed
injection rate of 0.4 ml min~'. Accordingly, on the basis of
TEM imaging, the arm length of OA-capped CdSe tetrapods
was determined to be 10 nm (corresponding to a stacking
height = 16 nm; ¢ = 10 min), 41 + 2 nm (stacking height =
65 nm in total; ¢ = 50 min), and 65 nm (stacking height =
94 nm; ¢ = 90 min) (Fig. 2).

It is noteworthy that the ligand exchange by inorganic
ligands, such as molecular metal chalcogenide complexes,
chalcogenide ions, and halide ligands, is a simple and
effective route to completely removing the original insulating

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Tethering ethynyl-terminated P3HT to (a) 4-azidobenzoic acid- and (b) 5-bromovaleric acid-functionalized CdSe tetrapods via catalyst-
free click reaction, yielding P3HT—CdSe tetrapod nanocomposites, where NMF is N-methylformamide, and HBF, is fluoroboric acid. 4-Azidobenzoic

acid and 5-bromovaleric acid are denoted as N3-VA and BA, respectively.

organic ligands and introducing the desired ligand on the NC
surface.”” " In comparison with the conventional ligand
exchange approach widely using pyridine or amine to intro-
duce the desired ligands, the ligand exchange using inorganic
ligands is advantageous as it can successfully displace both co-
valently bonded ligands (i.e., X-type) and dative bonded
ligands (i.e., L-type) on the NC surface, respectively.'”*

This journal is © The Royal Society of Chemistry 2016

Compared to relatively bulky insulating organic ligands (e.g,
OA), these inorganic ligands not only facilitate electronic inter-
action between NCs due to their short length, but also provide
electrostatic stabilization of NC dispersions in polar solvents,
thus preventing them from agglomeration.”" In this context,
despite the necessity of OA for the synthesis of well-controlled
CdSe tetrapods to impart solution processability, the presence
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Fig. 1 TEM images of (a) oleic acid (OA)-capped zincblende CdSe QD seeds, (b) close-up of zincblende CdSe QDs, and (c, d) OA-capped CdSe
tetrapods grown from OA-capped zincblende CdSe seeds.

LY
1& 1

Fig. 2 TEM images of OA-capped CdSe tetrapods with the injection times of (a) 10 min, (b) 50 min, and (c) 90 min. The injection rate was fixed at

0.4 mlmint.

8890 | Nanoscale, 2016, 8, 8887-8898 This journal is © The Royal Society of Chemistry 2016


http://dx.doi.org/10.1039/c6nr00269b

Published on 28 March 2016. Downloaded by Georgia Institute of Technology on 21/04/2016 19:20:13.

Nanoscale

of OA hinders electron transport among CdSe tetrapods,
especially when used in optoelectronic devices.”*** Thus, the
OA-capped CdSe tetrapods were then treated with inorganic
ligands (ie., tetrafluoroboric acid (HBF,)) to thoroughly
displace OA and form BF,” stabilized CdSe tetrapods (upper
right panel in Scheme 1a and upper central panel in
Scheme 1b).

After completely replacing insulating OA with HBF,, aryl
and aliphatic bifunctional ligands, that is, 4-azidobenzoic acid
(denoted N;-BA) and 5-bromovaleric acid (denoted VA), were
introduced, respectively, onto the inorganic ion bound CdSe
tetrapod surface. As such, they can be utilized as coupling
agents to (i) further react with end-functionalized CPs (ie.,
P3HT-=), forming P3HT-CdSe tetrapod nanocomposites, and
(if) improve the electronic interaction between CdSe tetrapods
and tethered P3HT chains as the lengths of both N;3;-BA and VA
chains are short enough to facilitate such an interaction yet
providing good dispersion of CdSe tetrapods in organic
solvents due to the presence of P3HT chains on the surface.

Specifically, the mixture containing HBF,, polar solvent
(i.e., N-methylformamide (NMF)), and OA-capped CdSe
tetrapod hexane solution was vigorously shaken with vortex-
mixing, thereby transferring CdSe tetrapods from the hexane
phase to the NMF phase. The transfer of CdSe tetrapods
occurred as the positive Cd atom sites are surrounded by BF,~
counter ions, signifying the detachment of OA from the CdSe
surface and the replacement of OA by BF, . The FTIR
measurements were then conducted to further verify the
success of ligand exchange from OA to BF,” (Fig. 3a). The
disappearance of the vibrational peaks from alkyl chains at
2800-3000 cm ™" was seen after OA was exchanged by BF,.>%**
The strong absorption of OA-capped CdSe tetrapods at
2955 em™', 2923 em ™, and 2846 cm™" can be assigned to the
asymmetric C-H stretching vibrations in ~-CHj, -CH,, and the
symmetric C-H stretching vibration in -CH,, respectively,
originating from the alkyl chain of the OA ligand.*>?® After the
HBF, treatment, these peaks disappeared, which is indicative
of the complete removal of OA.

Subsequently,  4-azidobenzoic  acid  (N3-BA) and
5-bromovaleric acid (VA) were employed as bifunctional
ligands as the carboxyl acids at the one end can act as a
capping agent onto the CdSe surface, and the azide group in
N;-BA and the bromine group in VA at the other end can be
exploited as the coupling group for the click reaction
described below. Specifically, the HBF,-treated CdSe tetrapods
were precipitated by centrifugation and re-dispersed in THF
containing either N3-BA or VA, yielding either Nj3-BA-capped
CdSe tetrapods (lower right panel in Scheme 1a) or VA-capped
CdSe tetrapods (upper right panel in Scheme 1b). The
emergence of the absorption peaks at 2959 cm™, 2923 cm™,
and 2853 cm™" from N3-BA and VA indicated the capping of
N;-BA and VA on the CdSe tetrapod surface. To further confirm
the ligand attachment onto the CdSe tetrapod surface, X-ray
photoelectron spectroscopy (XPS) study was performed. Fig. 3b
compares the binding energy of Oy for N3;-BA, OA-capped
CdSe tetrapods, and N3;-BA-capped CdSe tetrapods. Apparently,

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 (a) FTIR spectra of the as-prepared oleic acid (OA)-capped CdSe
tetrapods (blue), HBF, treated CdSe tetrapods (black), 4-azidobenzoic
acid (Nz-BA)-capped CdSe tetrapods (red), and 5-bromovaleric acid
(Br-VA)-capped CdSe tetrapods (brown). (b) XPS spectra of Os5 binding
energy for 4-azidobenzoic acid (N3-BA; black squares), Ns-BA-capped
CdSe tetrapods (red circles), and OA-capped CdSe tetrapods (blue
triangles).

the peaks of binding energy between N3;-BA and N3;-BA-capped
CdSe tetrapods differed by approximately 0.6 eV. This 0.6 eV
shift can be rationalized by the difference in electron density
of oxygen atoms resulting from the binding of N;-BA ligands
to the CdSe surface, suggesting success in anchoring N;-BA
onto CdSe tetrapods.

For VA-capped CdSe tetrapods, the bromine moiety of the
VA ligand capped on the CdSe tetrapods were converted into
the azide group by reacting with sodium azide (NaNj;) in THF,
forming Nj3-VA-capped CdSe tetrapods (lower right panel in
Scheme 1b). Finally, both azide-functionalized CdSe tetrapods,
that is, N;-BA-capped and N;-VA-capped CdSe tetrapods, were
grafted with ethynyl-terminated P3HT (i.e., P3HT-=) via
catalyst-free click chemistry, yielding P3HT-CdSe tetrapod

Nanoscale, 2016, 8, 8887-8898 | 8891
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nanocomposites (lower left panel in Scheme 1a and lower left
panel in Scheme 1b, respectively). The success of coupling of
two semiconducting constituents was substantiated by FTIR
and '"H NMR measurements. Fig. 4 compares FTIR spectra of
bare CdSe tetrapods (i.e., BF,~ stabilized CdSe tetrapods), N;-
functionalized CdSe tetrapods (i.e., Njz-BA-capped CdSe
tetrapods (Fig. 4a) and N;-VA-capped CdSe tetrapods (Fig. 4b)),
and P3HT-CdSe tetrapod nanocomposites (Fig. 4a and b). The
absorption peaks at 2955 cm™, 2923 ecm™, and 2846 cm™'
were assigned to the asymmetric C-H stretching vibrations in
-CH3, -CH,, and the symmetric C-H stretching vibration in
-CH,, respectively, from the alkyl side chains in P3HT and
ligands.""® Obviously, the characteristic peak assigned to -Nj
vibration also appeared at 2040 cm™" for both N;-BA-capped
CdSe tetrapods and N3-VA-capped CdSe tetrapods. This peak
was then greatly reduced after the Nj;-BA-capped CdSe
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Fig. 4 FTIR spectra of (a) HBF,; treated CdSe tetrapods (black),
4-azidobenzoic acid (Nz-BA)-capped CdSe tetrapods (red), and the
resulting P3HT—-CdSe tetrapod nanocomposites (blue). (b) HBF, treated
CdSe tetrapods (black), 5-azidovaleric acid (N3-VA)-capped CdSe
tetrapods (red), and the resulting P3HT—-CdSe tetrapod nanocomposites
(blue).
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tetrapods and N3-VA-capped CdSe tetrapods were coupled with
P3HT-=, signifying the successful grafting of P3HT chains
onto CdSe tetrapods through 1,3-dipolar cycloaddition
between the ethynyl group (i.e., =) in P3HT-= and the azide
group (i.e., N;) in Nj-functionalized CdSe tetrapods (i.e., both
N;-BA-capped and N;-VA-capped CdSe; referred to as CdSe-Nj).
In addition, the "H NMR measurements (Fig. 5) also strongly
suggested the occurrence of grafting between P3HT-= and
CdSe-Nj; tetrapods. A proton signal at 3.5 ppm from = at the

()

3.5

(b)

(c)

ppm

Fig. 5 H NMR spectra of (a) ethynyl-terminated P3HT and P3HT-CdSe
tetrapod nanocomposites prepared by tethering ethynyl-terminated
P3HT to (b) N3-BA-CdSe tetrapods. *H NMR spectrum of (c) N3-VA-CdSe
tetrapods. The inset is the close-ups of spectra at around 3.5 ppm.

This journal is © The Royal Society of Chemistry 2016
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P3HT chain end (Fig. 5a) was not observed in the P3BHT-CdSe
tetrapod nanocomposites after coupling P3HT-= with both
N;-BA-capped and Nj-VA-capped CdSe tetrapods as shown in
Fig. 5b and c, respectively.

The optical properties of P3HT-=, CdSe-N; tetrapods,
and P3HT-CdSe tetrapod nanocomposites were then
explored by UV-vis absorption and photoluminescence (PL)
spectroscopy. The absorption spectra of P3HT-=, N;-BA-
capped CdSe tetrapods, and the resulting P3HT-CdSe tetrapod
nanocomposites in THF are shown in Fig. 6a. The absorption
maxima of P3HT-= and Nj;-BA-capped CdSe tetrapods
were at 450 nm and 652 nm, respectively. Obviously, the
absorption spectrum of the resulting P3HT-CdSe tetrapod
nanocomposites was a simple superposition of the two
constituents. The PL spectra of P3HT-=, simple physical
mixture composed of P3HT-= and N3z-BA-capped CdSe
tetrapods (i.e.,, P3HT/CdSe tetrapods), and P3HT-CdSe
tetrapod nanocomposites prepared by click chemistry as
described above were measured (Fig. 6¢). We note that the
weight ratio of CdSe tetrapods to P3HT was set to be the same
in both the physical mixture of P3HT/CdSe tetrapods and
P3HT-CdSe tetrapod nanocomposites, as verified by UV-vis
spectroscopy measurements (Fig. 6b). Comparing to the
pristine P3HT homopolymer, the quenching of PL in the
physical mixture of P3HT/CdSe tetrapods and P3HT-CdSe
tetrapod nanocomposites was observed (Fig. 6c¢), signifying
the efficient charge transfer from electron-donating P3HT
to electron-accepting CdSe tetrapods.”” Intriguingly, the
quenching of PL in P3HT-CdSe tetrapod nanocomposites was
much pronounced in comparison with that of the physical
mixture of the P3HT/CdSe tetrapod at the same weight ratio,
corroborating the success of coupling between P3HT and CdSe
tetrapods. Clearly, this observation further confirmed the
intimate contact between P3HT and CdSe tetrapods. We note
that some studies on physical®* and chemical®****° means of
achieving close contact between the conjugated polymer (CP)
and the nanocrystal (NC) to yield CP-NC nanocomposites have
been demonstrated, where a large fraction of residual aliphatic
insulating ligands still exists on the NC surface and thus
hinders the charge transport in the photoactive layer when
employed in optoelectronic devices. In sharp contrast, the
present study rendered the CdSe tetrapod surface purely
covered with P3HT chains, ie., without any remaining
insulating OA ligands as they were completely exchanged by
BF4~ vig inorganic ligand treatment (Scheme 1). It is not
surprising that the nanocomposites crafted via click reaction
of P3HT-= and N3-VA-capped CdSe tetrapods exhibited
similar quenching behavior as the nanocomposites described
above.

In stark contrast to isotropic quantum dots (QDs) where
electron hopping between QDs is needed and quantum rods
(QRs) where the alignment of QRs normal to the electrodes is
vital, in this study CdSe tetrapods were utilized as electron
acceptors due to their intrinsic three-dimensional architecture
that facilitates a continuous and effective pathway for efficient
charge transport for use in organic-inorganic hybrid solar

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 (a) Absorption spectra of ethynyl-terminated P3HT (black), Ns-
BA-capped CdSe tetrapods (red), and the resulting P3HT-CdSe tetrapod
nanocomposites (blue) synthesized by click reaction. (b) UV-vis spectra
of the physical mixture composed of P3HT/CdSe tetrapods (blue) and
P3HT-CdSe tetrapod nanocomposites (red). (c) Photoluminescence
spectra of ethynyl-terminated P3HT (black squares), physical mixture of
P3HT/CdSe tetrapod (red «circles) and P3HT-CdSe tetrapod
nanocomposites (blue triangles).

cells. Moreover, the increased interfacial area resulting from
the elongated shape of the tetrapod can maximize the possi-
bility of exciton dissociation. Finally, the ability to chemically
tether P3HT on the CdSe tetrapod surface promotes the
electronic interaction between P3HT and CdSe tetrapod
and imparts a uniform dispersion of CdSe tetrapods in the
P3HT matrix (i.e., the P3HT chains tethered on the surface of
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tetrapods). Thus, hybrid photovoltaic devices were fabricated
by employing intimate P3HT-CdSe tetrapod nanocomposites
as a photoactive layer. It should be noted that devices fabri-
cated using the as-synthesized P3HT-CdSe tetrapod nano-
composites exhibited enhanced performance compared to
those by simple physical mixture (Fig. S11). The influence of
tetrapod size and the type of bifunctional ligands (i.e., 5-bromo-
valeric acid and 4-azidobenzoic acid) on device perform-
ance were scrutinized. First, the photovoltaic performance of
devices fabricated using PZ3HT-CdSe tetrapod nanocomposites
prepared by coupling P3HT-= with Nj;-BA-capped CdSe
tetrapods (referred to as 4-azidobenzoic acid-based devices) as
well as N;-VA-capped CdSe tetrapods (referred to as
5-bromovaleric acid-based devices) were compared. It is
notable that aromatic molecules carry better charge transport
properties than aliphatic molecules.*’® In this work, all
devices were fabricated by spin-coating from the 20 mg ml™"
nanocomposite solution containing 20% chlorobenzene
by volume in chloroform, and then thermally annealed
at 130 °C for 15 min to improve crystallinity of P3HT
(see the Experimental section). The P3HT-CdSe tetrapod
nanocomposites with 80 wt% CdSe tetrapods were used as the
photoactive layer after the weight fraction optimization
(Fig. S2t). Notably, the 4-azidobenzoic acid-based devices
exhibited enhanced power conversion efficiencies (PCEs),
approximately three times those of 5-bromovaleric acid-based
devices (Fig. 7 and Table 1). The highest performance of the
5-bromovaleric acid-based device was obtained when CdSe
tetrapods with a 65 nm stacking height were used. The PCE
was 0.471% with a short circuit current, J., of 2.78 mJ cm ™2,
an open circuit voltage, V., of 0.659 V, and a fill factor, FF, of
27.9. In sharp contrast, for the same size CdSe tetrapods used,
the 4-azidobenzoic acid-based device resulted in a much
higher PCE of 1.28% with a J. of 7.91 mJ ecm ™2, a V,. of 0.585
V, and a FF of 27.8 under the same fabrication conditions.
This clearly demonstrated that aryl molecules possess an
efficient charge transfer and transport compared to the alkyl
ligands.”** Clearly, the PCE increased from 0.174% to
0.471% and 0.567% to 1.28% for 5-bromovaleric acid-based
and 4-azidobenzoic acid-based devices, respectively as the size
(i.e., stacking height) of CdSe tetrapods increased from 16 nm
to 65 nm (Fig. 7 and Table 1). This can be attributed to the
facilitated charge carrier transport due to the extended arm of
CdSe tetrapods, considering that the thickness of the
photoactive layer was approximately 100 nm. Interestingly, the
use of longer (ie., 94 nm) CdSe tetrapods decreased the
performance of the resulting devices regardless of the
advantageous size and shape of CdSe tetrapods. This may be
ascribed to the local microscopic agglomerations of 94 nm
CdSe tetrapods in the P3HT matrix (i.e., the P3HT chains
tethered on the surface of tetrapods) (Fig. 8d) due to the
decreased solubility of CdSe tetrapods.

In order to investigate the behavior of P3BHT-CdSe tetrapod
nanocomposites in the P3HT matrix that depends on the
weight ratio between P3HT and CdSe tetrapods, P3HT-CdSe
tetrapod nanocomposites with different weight fractions of
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Fig. 7 Current—voltage characteristics of hybrid solar cells composed
of P3HT-CdSe tetrapod nanocomposites with the weight fraction of
CdSe tetrapods of 80% as photoactive layer. The nanocomposites were
synthesized by employing (a) 5-bromovaleric acid and (b) 4-azido-
benzoic acid, respectively.

Table 1 Summary of device performances using P3HT-CdSe tetrapod
nanocomposites as a photoactive layer synthesized via click reaction
between P3HT-= and 4-azidobenzoic acid (N3-BA)-capped CdSe
tetrapods (left column) and 5-azidovaleric acid (N3-VA)-capped CdSe
tetrapods (right column), respectively. The weight fraction of CdSe
tetrapods was 80% for all devices

Ligands 4-Azidobenzoic acid ~ 5-Bromovaleric acid
Stacking height of 16 65 94 16 65 94
tetrapods (nm) (nm) (nm) (nm) (nm) (nm)
Vo (V) 0.604 0.585 0.535 0.624 0.607 0.521
Jse (MA Cmfz) 3.070 7.910 2.210 0.987 0.278 0.744
FF 30.5 27.8 38.0 28.3 27.9 31.9
PCE (%) 0.567 1.280 0.449 0.174 0.471 0.124
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Fig. 8 TEM images of photoactive layer prepared using (a, b) P3HT-CdSe tetrapod nanocomposites with the stacking height of CdSe tetrapods of
94 nm and the weight fraction of 50%, (c, d) P3HT—-CdSe tetrapod nanocomposites with the stacking height of CdSe tetrapods of 94 nm and the
weight fraction of 80%, and (e, f) P3HT—CdSe tetrapod nanocomposites with the stacking height of CdSe tetrapods of 65 nm and the weight fraction
of 80%. In this study, the nanocomposites were synthesized via click reaction between P3HT—-= and 4-azidobenzoic acid (N3-BA)-capped CdSe

tetrapods.

50% and 80% of CdSe tetrapods were synthesized, and the
P3HT-CdSe tetrapod nanocomposites films were prepared.
TEM studies revealed that P3HT-CdSe tetrapod nano-
composites at 50 wt% of 94 nm CdSe tetrapods were dispersed
relatively well in the P3HT matrix (Fig. 8a and b), while increas-
ing the weight fraction of CdSe tetrapod to 80 wt% resulted in
the local agglomeration of CdSe tetrapods (Fig. 8c and d). This
indicated that the amount of P3HT (20 wt%) was not enough
to impart the good dispersion of CdSe tetrapods in the P3HT
matrix. Despite the good dispersion of 50 wt% of CdSe tetra-
pods, the resulting photovoltaic devices did not yield a reason-
able performance (i.e., the PCE was 0.077% with a J,. of
1.26 mA ecm™?, a V. of 0.538 V, and a FF of 11.3, Fig. S27),
and even lower than that from P3HT-CdSe tetrapod
nanocomposites with 80 wt% of CdSe tetrapods. The
morphology of the P3HT-CdSe tetrapod nanocomposite film
with 80 wt% of 65 nm CdSe tetrapods was also examined by
TEM (Fig. 8e and f). Obviously, the dispersion of relatively

This journal is © The Royal Society of Chemistry 2016

small-sized CdSe tetrapods (i.e., 65 nm stacking height) in the
P3HT matrix was better than their large counterparts (i.e.,
94 nm) at the same weight fraction of CdSe tetrapods. This
may lead to an improved PCE for the device fabricated using
the 65 nm CdSe tetrapods compared to that from 94 nm CdSe
tetrapods.

Conclusion

nano-
composites comprising conjugated polymers in intimate
contact with inorganic tetrapods were crafted via a catalyst-free
click reaction. CdSe tetrapods were first synthesized from CdSe
zincblende seeds by a continuous precursor injection method,
followed by a robust inorganic ligand treatment to effectively
and completely remove the original insulating fatty ligands on
the CdSe tetrapod surface. The subsequent introduction of

In summary, semiconducting organic-inorganic
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short bifunctional ligands formed azide-functionalized CdSe
tetrapods. Finally, ethynyl-terminated P3HT was tethered to
azide-functionalized CdSe tetrapods via a catalyst-free alkyne—
azide cycloaddition, yielding intimate semiconducting P3HT-
CdSe tetrapod nanocomposites without the presence of any
insulating ligands. The success of the click reaction was sub-
stantiated by a set of characterization. Compared to the physi-
cal mixture of P3HT/CdSe tetrapods, the larger quenching in
the emission of P3HT-CdSe tetrapod nanocomposites signi-
fied the efficient charge transfer at the P3HT/CdSe tetrapod
interface. The scrutiny on the effects of bifunctional ligand
types (i.e., aryl vs. aliphatic ligands) and the size of tetrapods
on the performance of the resulting hybrid solar cells revealed
that the aryl bifunctional ligands were more effective in improv-
ing device performance than the aliphatic ligands, and CdSe
tetrapods with optimal size promoted effective charge transport
and good dispersion of CdSe tetrapods, thereby leading to
improved device performance. Clearly, the click-reaction strategy
enabled by exploiting two consecutive effective ligand exchanges
(i.e., inorganic ligand treatment followed by bifunctional ligand
exchange) is robust and can be readily extended to produce inti-
mate CP-NC nanocomposites of different compositions and
architectures for a wide range of applications in optic, electronic
optoelectronic materials and devices.

Experimental section

All chemicals, including cadmium oxide, tri-n-octylphosphine
(TOP, 90%), selenium powder, sodium azide, 2,5-dibromo-3-
hexylthiophene, Ni(dppp)Cl,, tert-butylmagnesium chloride
(2 mol L™ in diethyl ether), and ethynylmagnesium
bromide (0.5 mol L™" in THF) from Sigma Aldrich; fluoroboric
acid (HBF,), N-methylformamide (NMF), and hexane from
Alfa Aesar; 4-azidobenzoic acid, 5-bromovaleric acid,
1-octadecene (ODE, 90%), oleic acid (OA, 97%), and
cetyltrimethylammonium bromide (CTAB) from TCI were used
as received. THF (VWR, 99%) was refluxed over a sodium wire
and distilled from sodium naphthalenide solution.

Synthesis of CdSe tetrapods capped with oleic acid

CdSe tetrapods were synthesized via a seed-mediated method
by modifying the reported synthetic procedure.'* Zincblende
CdSe QDs were prepared as follows. 1 mmol of Se powder and
10 mol of ODE were placed in three neck flask and heated up
to 300 °C under Ar. After the solution became clear and trans-
parent, 4 ml of cadmium precursor solution (2 mmol of CdO,
2 ml of OA, and 2 ml of ODE) was injected to initiate nuclea-
tion and growth. The resulting CdSe QDs were allowed to grow
at 270 °C for 15 min. The heating mantle was then removed to
stop the reaction. 6 ml of ODE was added to the solution once
the temperature reached 70 °C. The resulting CdSe zincblende
solution was used without further purification.

Subsequently, cadmium oleate (Cd(OA),) precursor solution
was prepared by heating 10 mmol of CdO, 7.8 ml of OA, 6.2 ml
of ODE, and 1 ml of TOP at 280 °C under Ar for 30 min. Once
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the solution became colorless and clear, the reaction was
cooled down to 50 °C and CTAB (0.14 mmol) and 5 ml of 2 M
TOPSe solution was then added and stirred for 10 min.

In order to synthesize CdSe tetrapods, 0.15 pmol of CdSe
zincblende seeds were mixed with 1.25 ml of OA, 0.75 ml of
TOP, 10.5 ml of ODE, and 0.21 mmol of CTAB. The mixture
was then heated to 260 °C, where the precursor solution was
injected at the rate of 0.4 ml min™" for 50 min. The heating
mantle was removed to stop the reaction, and 5 ml of hexane
was then added at 70 °C. An excess amount of acetone was
added and centrifuged to purify the resulting solution.

Surface modification of CdSe tetrapods with HBF, followed by
bifunctional ligands

50 mg ml™" of oleic acid-capped CdSe tetrapods was dissolved
in 5 ml of hexane. 0.5 ml of HBF, (48 wt% in H,0) and 5 ml of
NMF were added to the CdSe tetrapod solution in hexane. The
mixture was then shaken with vortex-mixing for 1 min. The
CdSe tetrapods were collected in the polar NMF phase, while
oleic acid remained in the nonpolar hexane phase. The hexane
phase containing oleic acid was discarded and 5 ml of hexane
was added. The oleic acid residue in the NMF phase was
washed out via vortex mixing. After three repeated washing
procedures, the mixture precipitated with an excess amount of
acetone. The HBF, treatment step was conducted three times
in order to completely remove oleate ligands.

To modify bare CdSe tetrapods with bifunctional ligands,
HBF,-treated CdSe tetrapods were precipitated with an excess
amount of acetone and redispersed in chloroform containing
5-bromovaleric acid or THF containing 4-azidobenzoic
acid to yield 5-bromovaleric acid-capped CdSe tetrapods or
4-azidobenzoic acid-functionalized CdSe tetrapods, respectively.
The resulting bifunctional ligand-capped CdSe tetrapod
solution was purified with chloroform/acetone or THF/acetone
three times to remove the remaining HBF,. Finally,
5-bromovaleric acid-capped CdSe tetrapods (or 4-azidobenzoic
acid-capped CdSe tetrapods) were dispersed in chloroform
(or THF).

Synthesis of ethynyl-terminated P3HT

Ethynyl-terminated P3HT (i.e., PBHT-=) was synthesized by a
quasi-living Grignard metathesis (GRIM) method.>*** Briefly,
2,5-dibromo-3-hexylthiophene (0.815 g, 2.5 mmol) was dis-
solved in THF (5 ml) in a three-neck flask and stirred under
Ar. tert-Butylmagnesium chloride (1.25 ml, 2.5 mmol) was
added. The mixture was stirred for 2 h at room temperature.
Subsequently, it was diluted to 25 mL with THF, followed by
the addition of Ni(dppp)Cl, (56 mg, 0.1 mmol). The resulting
solution was stirred for 30 min at room temperature,
producing intermediate P3HT. It was then reacted with
ethynylmagnesium bromide (2 ml, 1 mmol) in THF for
30 min. The product, PZHT-=, was obtained by precipitating
the reaction mixture in methanol, filtering in an extraction
thimble, and washing by Soxhlet extraction with methanol,
hexane, and chloroform sequentially. It was recovered after the
chloroform evaporated.

This journal is © The Royal Society of Chemistry 2016
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Synthesis of P3HT-CdSe tetrapod nanocomposites by
click reaction

Sodium azide (NaN3) was added to 5-bromovaleric acid-
functionalized CdSe tetrapod THF solution, and then stirred at
room temperature for three days, resulting in 5-azidovaleric
acid-capped CdSe tetrapods. The excess amount of NaN; was
removed by centrifugation. The resulting 5-azidovaleric acid-
capped CdSe tetrapods were then precipitated with methanol.
Subsequently, 50 mg of P3HT-= and 50 mg of 5-azidovaleric
acid-capped CdSe tetrapod were mixed in 10 ml THF and kept
at 65 °C under Ar for two days. For 4-azidobenzoic acid-
functionalized CdSe tetrapods, they were directly grafted with
ethynyl-terminated P3HT in THF. The final product (ie.,
P3HT-CdSe tetrapod nanocomposites) was cooled to room
temperature and diluted 10 times with THF. The resulting
solution was precipitated with several drops of methanol
twice to remove free P3HT which was not coupled with CdSe
tetrapods.

Fabrication of P3HT-CdSe tetrapods hybrid solar cells

The solar cells were fabricated as follows. ITO glasses were
washed with acetone, methanol, and isopropanol sequentially,
followed by oxygen plasma cleaning. Next, a layer of 40 nm
thick poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) was spin-cast and annealed at 140 °C for 40 min
in air. As-synthesized P3HT-CdSe tetrapod nanocomposites
with 50 wt% and 80 wt% of CdSe tetrapods were used without
the removal of free P3HT. P3BHT-CdSe tetrapod nanocomposites
dissolved in chloroform (or chloroform and chlorobenzene
mixture) with a concentration of 20 mg ml~" were spin-coated,
yielding an approximately 100-200 nm thick photoactive layer,
depending on the spin speed. All samples annealed at 130 °C
for 15 min and 100 nm of aluminum electrode were deposited
with a thermal evaporator at 107° Torr. All fabrications were
done under an inert atmosphere. All devices were character-
ized at 25 °C under AM1.5 conditions.

Characterization

The morphology of CdSe NCs and P3HT-CdSe tetrapod nano-
composites was studied by using low-resolution and high-
resolution transmission electron microscopes (JEOL 100cx and
Tecnai F30). The photophysical properties of CdSe tetrapods
and P3HT-CdSe tetrapod nanocomposites were explored by
using a UV-Vis spectrometer (UV-2600, Shimadzu) and a spectro-
fluorophotometer (RF-5301PC, Shimadzu). All samples were
excited at Aex = 445 nm and the emissions were collected at
Jdem > 500 nm. The 'H NMR and Fourier transform infrared
(FTIR) spectra were recorded by using a Varian VXR-400
spectrometer.
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