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Abstract: Hybrid functional materials (HFMs) comprised of
semiconductor nanoparticles and conjugated polymers offer
the potential of synergetic photophysical properties. We have
developed HFMs based upon silicon nanocrystals (SiNCs) and
the conductive polymer poly(3-hexylthiophene)
(SiNC@P3HT) by applying surface-initiated Kumada catalyst
transfer polycondensation (SI-KCTP). One unique character-
istic of the developed SiNC@P3HT is the formation of a direct
covalent bonding between SiNCs and P3HT. The presented
method for obtaining direct interfacial attachment, which is not
accessible using other methods, may allow for the development
of materials with efficient electronic communication at the
donor–acceptor interfaces. Systematic characterization pro-
vides evidence of a core–shell structure, enhanced interfacial
electron and/or energy transfer between the P3HT and SiNC
components, as well as formation of a type-II heterostructure.

The properties of semiconductor nanoparticles (or quantum
dots) can be readily designed to address the needs for
a multitude of applications.[1–4] This exquisite tunability is
achieved by tailoring nanoparticle size, shape, and surface
chemistry.[2, 3, 5] Similarly, the properties of p-conjugate poly-
mers may also be tuned and complement those of quantum
dots.[6–8] Hybrid functional materials (HFMs) combining
nanomaterials and polymers can exhibit unique and tunable
properties that may not otherwise be observed in the
individual components.[7, 9–11] In particular HFMs made up of
compound semiconductor (for example, CdSe) nanoparticles
and conjugated polymers have shown promise as functional
materials in solar cells,[12,13] light-emitting diodes,[14, 15] photo-
detectors,[16] photocatalysis,[17] and photothermal therapy.[18]

While HFMs based upon metal chalcogenide and metal
oxide nanoparticles with conjugated polymers have received
much attention, similar materials involving silicon nano-
particles remain relatively unexplored. Silicon is abundant,
environmentally benign, and is widely used in electronic
devices.[19–21] More importantly, state-of-the-art methods for
preparing silicon nanocrystals (SiNCs) now afford tangible
quantities of well-defined materials, the band gap of which
may be tuned in the range of ca. 1.1–2.1 eV.[20, 22] Furthermore,
advanced procedures for tailoring NC surface functionalities
now provide convenient approaches for designing their
electronic[20] and optical properties.[23] Clearly, SiNCs are an
attractive component on which HFMs may be formed. A few
examples of physical blends made up of silicon nanoparticles
with conjugated polymers have appeared.[13, 24–26] However, to
our knowledge, no reports of direct grafting of conjugated
polymers onto or from the surfaces of well-defined SiNCs
have appeared.

Herein, we report a new method that effectively interfaces
conjugated polymers with SiNCs. In this study, P3HT was
directly grafted from SiNC surfaces utilizing a variation of
surface-initiated Kumada catalyst transfer polycondensation
(SI-KCTP).[27] Subsequently, the photophysical properties of
the resulting SiNC@P3HT hybrid were evaluated to ascertain
the impact of directly attaching P3HT to SiNCs.

To achieve our goal of covalently interfacing SiNCs with
P3HT, it was necessary to generate surface-bonded initiator
sites. This was achieved by introducing an aromatic halide to
the NC surface (Scheme 1). The moiety of choice for the
present preparation was 2-bromo-3-hexyl-5-thienyl because it
is expected to limit interfacial effects. Amongst the various
strategies available for modifying SiNC surface chemis-
try,[10, 19] reaction of hydride (that is, Si¢H) surfaces with
Grignard reagents was chosen because it allows for direct
bonding of the thiophene ring to SiNC (Scheme 1).[28, 29]

Scheme 1. The preparation of a SiNC@P3HT hybrid material.
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Accordingly, hydride-terminated SiNCs (H-SiNCs) were
prepared using a well-established procedure developed in
our laboratories[30] and subsequently treated with 5-chloro-
magnesio-2-bromo-3-hexylthiophene (1) to obtain 2-bromo-
3-hexyl-5-thienyl (-HT-Br)-terminated SiNC (SiNC-HT-Br)
(Scheme 1).

Transmission electron microscopy (TEM) afforded an
average diameter of 11.1� 1.1 nm for SiNC-HT-Br (Fig-
ure 1a). Effective introduction of the -HT-Br functionality
onto the SiNC surface was evidenced by the appearance of
characteristic C¢H stretching (2850–2950 cm¢1) and C¢H
bending (1400–1465 cm¢1) in the FTIR spectrum (Figure 1b)
that arise from the hexyl chain. High-resolution X-ray
photoelectron spectroscopy (HR-XPS; Figure 1c–e) further
supports functionalization, showing Si 2p, S 2s, and Br 3d
emissions.

Having introduced reactive -HT-Br moieties to the sur-
face of SiNCs, P3HTwas grafted from the particles as outlined
in Scheme 1. Et2Ni(bipy) catalysts were immobilized onto the
aromatic bromide termini followed by ligand exchange of
bipyridine (bipy) with 1,3-Bis(diphenylphosphino)propane
(dppp) to yield an orange dispersion of SiNC-HT-Ni(dppp)-
Br. SI-KCTP was subsequently performed by adding mono-
mer 1 to the SiNC-HT-Ni(dppp)-Br followed by stirring for
12 h at 25 88C under a dry nitrogen atmosphere. The resulting
SiNC@P3HT hybrid was isolated and purified as described in
the provided experimental procedure.

The FTIR spectrum (Figure 2a) of the SiNC@P3HT
hybrid exhibits features at 3060, 2850–2950, and 1360–
1600 cm¢1 that we assign to aromatic C¢H stretch, aliphatic
C¢H stretch, and C=C stretch/C¢H bending absorptions,
respectively. Figure 2b shows the Si 2p and S 2s regions of the
XP spectrum of the SiNC@P3HT hybrid; consistent with

surface grafting of P3HT. We note an approximate 8-fold
increase in the ratio of S over Si compared to SiNC-HT-Br.

A complementary suite of electron microscopy techniques
and associated spectroscopic methods provide valuable
insight into the core–shell structure of the present hybrid.
Bright field TEM analysis of SiNC@P3HT (Figure 3 a;
Supporting Information, Figure S1) shows an increase in
particle diameter by about 4 nm compared to the parent
SiNC-HT-Br that is attributed to the shell of P3HT.

A representative high magnification bright-field TEM
image of a SiNC@P3HT particle (Figure 3b) shows expected
z-contrast resulting from a core–shell structure. HR-TEM
evaluation of SiNC@P3HT (Figure 3c) shows lattice fringes
separated by 0.32 nm indicative of Si (111) lattice planes[31]

confirming the crystalline Si core remained intact throughout
the modification procedure. Furthermore, “hairy” features
are apparent in the HR-TEM surrounding the SiNC core

Figure 1. a) Bright-field TEM image of SiNC-HT-Br (inset: particle size
distribution showing average diameter of 11.1�1.1 nm). b) FTIR
spectra of I-HT-Br (top) and SiNC-HT-Br (bottom). c) Si 2p, d) S 2s,
and e) Br 3d regions of the high resolution XP spectra of SiNC-HT-Br.

Figure 2. a) FTIR spectra of P3HT (top) and SiNC@P3HT (bottom).
b) Si 2p and c) S 2s regions of the high-resolution XP spectrum of
SiNC@P3HT.

Figure 3. Electron microscopy imaging and elemental analyses of
SiNC@P3HT: a) Bright-field TEM image, b) low-resolution TEM image
of SiNC@P3HT core–shell, c) high-resolution TEM image of
SiNC@P3HT; d) STEM bright field and e) HAADF images showing
core–shell structures, f) EELS mapping of two neighboring particles.
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consistent with a P3HT coating. Scanning transmission
electron microscopy (STEM) and high annular angular dark
field (HAADF) images clearly show core–shell structures
(Figure 3d,e). Electron energy loss spectroscopy (EELS)
mapping of two particles (Figure 3 f) exhibits a Si rich core
while the shell is rich in carbon and sulfur. Moreover, an
EELS line scan spectrum (Supporting Information, Fig-
ure S2) of a representative single particle indicates the
intensities of sulfur and carbon signals are substantially
higher at particle edges while the composition of the core is
dominated by silicon.

Thermogravimetric analysis (TGA) performed under
continuous nitrogen flow was employed to estimate the
amount of P3HT on the the SiNC@P3HT; it also provided an
evaluation of SiNC@P3HT thermal stability. The
SiNC@P3HT hybrid was stable up to 400 88C in nitrogen;
a weight loss of approximately 23% was observed between
400–600 88C (Supporting Information, Figure S3). This is the
typical temperature range reported for pristine P3HT thermal
decomposition.[32] Considering the 70% weight loss for
pristine P3HT after decomposition at 600 88C,[32] the 23%
weight loss for SiNC@P3HT hybrid corresponds to an
estimated value of ca. 33 % P3HT in the hybrid.

To gain insight into the molecular weight and regioregu-
larity of the grafted P3HT, the P3HT was degrafted from the
SiNC surface upon etching with a 3:1:1 THF/49%HF/water
solution for 5 days; the resulting free P3HT was evaluated
using mass spectrometry and 1H NMR spectroscopic analysis.
Matrix-assisted laser desorption ionization–time-of-flight
(MALDI-TOF) mass spectrum (Supporting Information,
Figure S4) reveals two overlapping patterns for the degrafted
P3HT with peak separations of m/z 166 corresponding to the
molecular weight of the hexylthiophene repeat unit. 1H NMR
reveals 100 % regioregular head-to-tail (HT) coupling of
hexylthiophene repeat units at the sensivity of the NMR
technique (Supporting Information, Figure S5).

After confirming successful grafting of P3HT on SiNCs
the interfacial properties of the hybrid were investigated with
UV/Vis absorption and photoluminescence (PL) spectrosco-
py. The spectra of the SiNC@P3HT hybrid were compared to
those of pentyl-capped SiNC (pentyl-SiNCs), degrafted
P3HT, and a physical mixture of pentyl-SiNC and P3HT
(pentyl-SiNC/P3HT) (Supporting Information, Figure S6).
The physical mixture was produced by combining pentyl-
SiNCs obtained from borane-catalyzed hydrosilylation of
pentene on hydride terminated SiNCs (see the experimental
procedure and the Supporting Information, Figure S7)[33] with
degrafted P3HT. Unlike the present hybrid, the P3HT is not
covalently bonded to the SiNCs in the blend and the surface
alkyl groups are expected to passivate the SiNC surface.[34] All
solutions used for the presented spectroscopic studies were
prepared using THF and the concentrations of SiNCs and/or
P3HT were maintained the same (see the Supporting
Information).

Qualitatively, solutions of pentyl-SiNC, P3HT, and pentyl-
SiNC/P3HT appeared orange, while the solution of the
SiNC@P3HT hybrid was red (Supporting Information, Fig-
ure S6a). The UV/Vis absorption spectra of THF solutions of
pentyl-SiNC, P3HT, pentyl-SiNC/P3HT, and SiNC@P3HT

are shown in the Supporting Information, Figure S6b. The
absorption spectrum of a solution of pentyl-SiNCs is feature-
less, while that of P3HT exhibits a broad absorption from 300
to 550 nm (lmax = 450 nm). The pentyl-SiNC/P3HT physical
mixture displays a spectrum consistent with the straightfor-
ward sum of the absorption features of the SiNCs and P3HT
components; this supports our proposal that negligible
electronic interaction between P3HT and SiNCs surfaces
exists. In contrast, the absorption spectrum obtained from the
covalently bonded SiNC@P3HT hybrid shows a broad
absorption (lmax = 450 nm) attributed to the sum of hybrid
constituents and new shoulders featured at 518, 555, and
620 nm.

Consistent with the MALDI-TOF analysis of polymer
obtained from the degrafting of SiNC@P3HT, the maximum
absorption at 450 nm indicates the presence of low-molecular-
weight P3HT.[35] The shoulders at 518, 555, and 620 nm only
appeared in the spectrum of the covalently bonded hybrid.
Similar features have been attributed to efficient delocaliza-
tion of electrons through conjugated backbone planarization
with the additional requirement of inter-chain aggregation of
P3HT on surface.[27]

Photoluminescence (PL) studies were used to evaluate
the interfacial electronic communication between the P3HT
and SiNCs (Supporting Information, Figure S6c). The inte-
grated PL intensity obtained from the covalently bonded
SiNC@P3HT hybrid shows an approximate 7-fold quenching
of P3HT-based emission when compared to that of degrafted
P3HT. In contrast, and highlighting the impact of the covalent
surface linkage in the hybrid, only a 1.5-fold quenching of the
P3HT-based PL was observed for the analogous physical
mixture of degrafted P3HT and pentyl-SiNCs. Boon et al.
have postulated that similar observations for TiO2@P3HT
hybrids resulted from conjugated surface linkages facilitating
efficient charge transfer at the donor–acceptor interface.[32]

The combined energy and electron transfer efficiency may
be determined for the present SiNC@P3HT hybrid using
Equation (1):[36]

FEET ¼ 1¢ AP3HT lexcð Þ
AHybrid lexcð Þ ¢ANC lexcð Þ �

IHybrid

IP3HT
ð1Þ

where FEET is the combined efficiency of electron and energy
transfer, AP3HT(lexc) is the absorption of degrafted P3HTat the
excitation wavelength lexc, and AHybrid(lexc)¢ANC(lexc) is the
absorption of P3HT in the hybrid; IHybrid and IP3HT are
integrated PL intensity of P3HT with and without SiNCs,
respectively. From these analyses, FEET was found to be 83%
for the SiNC@P3HT hybrid and 24 % for pentyl-SiNC/P3HT
physical mixture (that is, blend).

To gain further insight into the electronic properties of the
SiNC@P3HT hybrids, we performed scanning tunneling
microscopy and spectroscopy (STM and STS) measurements.
Here, we position the STM tip over a single particle and
acquire tunneling dI/dV¢V spectra, which are proportional to
the local density of states (DOS; details are given in the
Supporting Information). The band-gap values extracted
from these spectra (Figure 4) are about 1.4 eV, which is
somewhat larger than the gap of bulk Si. This apparent band-
gap widening is due to a combination of the (rather weak)
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quantum confinement and the voltage division between the
two tunnel junctions involved in the measurement
(Figure 4).[37] Importantly, an in-gap spectral structure
emerged in the DOS close to the valance-band (VB) edge,
which is absent in spectra measured of alkyl functionalized
SiNCs of the same size (11.2� 1.2 nm). This in-gap state can
be associated with the HOMO level of P3HT, which is
consistent with suggested models for Si-P3HT junctions.[38]

The LUMO level should reside well within the conduction
band of the SiNCs, where the DOS is relatively large, and
therefore cannot be detected in our measurements.

In conclusion, a covalently bonded SiNC@P3HT hybrid
was successfully prepared by applying surface-initiated
Kumada catalyst transfer polycondensation. The resulting
hybrid exhibits physical and optical properties that differ
substantially from those of a physical mixture of SiNCs and
P3HT. The direct linkage of SiNC to P3HT through a con-
jugated covalent bond gives rise to new features in the
absorption and tunneling spectra, along with enhanced
interfacial electronic communication.
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