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ABSTRACT: Nanoparticle (NP) self-assemblies have at-
tracted an increasing amount of attention in recent years
because of their potential application in the construction of
novel nanodevices. The controllable transformation of NP self-
assemblies (NPS) between a polar and nonpolar environment
is required for many specific applications because of their
different properties in different environments. In this article,
water-soluble luminescent CdS/CdTe NPS were synthesized
using thioglycolic acid as a capping agent. The stiff and straight
NPS bundles became loose after phase transfer from an
aqueous to an organic phase. Subsequently, the NPS
transferred to the aqueous phase. The loose structure transformed into many twisted nanoribbons. Additionally, hybrid
photodetectors made using the organic-soluble NPS and P3HT polymers were fabricated, and we found that the NPS/P3HT
blend may be perfect for light detection. The organic-soluble NPS are potentially useful for the fabrication of semiconductor
nanojunctions.
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■ INTRODUCTION

The photonic and electronic properties of nanoparticles (NP)
strongly depend on their size, shape, and composition.1,2

Generally, an individual NP has extremely low electron mobility
because no continuous paths exist for efficient charge transport.
Therefore, the assembly of NP into self-assemblies by different
methods is a hot issue. Electronic coupling between NP
neighbors in NP self-assemblies (NPS) counteracts quantum
confinement and may result in a reduction of the optical gap,
efficient charge mobility for site-to-site hopping, and the
formation of continuous paths for carrier transport.3 These
features are favorable for photovoltaic device performance
improvements.4−6 Thus, NPS have attracted an increasing
amount of attention owing to their potential for use in the
construction of novel nanoarchitectures and nanodevices.7,8

Many unusual shapes of NPS, such as nanowires, nanosheets,
micelles, vesicles, and binary superlattices, have been re-
ported.9−21 Among these, Kotov reported a ribbon-shaped
NPS that provided a good system to investigate the dependence
of electrical and thermal transport or mechanical properties on
dimensionality and quantum confinement.16 Nanoribbons are
also expected to play an important role as interconnects and as
functional units for the fabrication of electronic, optoelectronic,

electrochemical, and electromechanical devices with nanoscale
dimensions.22 However, ribbon-shaped NPS are prepared in an
aqueous solution, and it is difficult to produce a compatible blend
with nonpolar organic polymers. This type of blend can be
obtained by the phase transfer of aqueous-soluble NPS from a
polar environment to a nonpolar environment. In this way, NPS
enable exciton dissociation at the NPS/polymer interface.
Although the phase transfer of individual NP have been reported,
the phase transfer of NPS has hardly been studied.
Herein, we report the efficient phase transfer of aqueous-

soluble NPS into organic solutions, and these architectures can
be applied to the fabrication of photoelectric devices. Aqueous
NPS were synthesized using thioglycolic acid (TGA)6 as a
capping agent, and they were transferred to organic solutions.
During the phase transfer, an interesting topological trans-
formation of NPS was observed. First, the stiff and straight NPS
bundles became loose after phase transfer from the aqueous to
the organic phase. This organic-soluble loose NPS formed
twisted nanoribbons when using tetramethylammonium dec-
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anoate (TMAD) for phase transfer into the aqueous phase
(Scheme 1). A hybrid photodetector based on NPS was

fabricated. The organic-soluble NPS are useful for the fabrication
of advanced semiconductor nanojunctions.

Scheme 1. Schematic of the NPS Phase-Transfer Process

Figure 1. (a, e, i) Typical TEM images and (b, f, j) SEM images of bundles of NPS, loose NPS, and twisted NPS. (c, g, k) HRTEM images for the three
kinds of NPS. The insets in images c, g, and k are selected-area electron diffraction (SAED) patterns with diffraction rings. Large SAED images are also
shown in Figure S15. The stiff and straight bundles of NPS (as shown in panels a and b) become loose (shown in panels e and f) after phase transfer from
the aqueous to the organic phase. Organic-soluble loose NPS formmany twisted NPS (shown in panels i and j) after transfer into the aqueous solution as
determined using TMAD. (d, h, l) Photoluminescence (PL) spectra of the three kinds of NPS in the chloroform and aqueous phases. The black line is
the PL curves of the NPS in chloroform, and the red line is the aqueous phase.
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■ EXPERIMENTAL SECTION
Materials. All chemical reagents were used without further

purification. Cadmium perchlorate hydrate (CdCl2·2.5H2O, 99.0%),
thioglycolic acid (TGA, HSCH2CO2H, 98.0%), hexadecyltrimethylam-
monium bromide (CTAB, 99.0%), decanoic acid (DA, 99.0%),
tetramethylammonium hydroxide pentahydrate (TMAH, 98.5%),
poly(3-hexylthiophene) (P3HT, 95%), and sodium borohydride
(NaBH4, 98.0%) were purchased fromAldrich (Beijing, China). Sodium
hydroxide (NaOH, 96.0%) and methanol (H3COH, 98%) were
purchased from Jiangtian Ltd. (Tianjin, China).
Synthesis of NaHTe. Sodium borohydride (80 mg) was transferred

to a small flask, and then 3 mL of ultrapure water was added. After 127.5
mg of tellurium powder was added to the flask, the reaction system was
cooled using ice. During the reaction, a small outlet connected to the
flask was kept open to discharge pressure because of hydrogen
generation. After 8 h, the black tellurium powder disappeared, and
sodium tetraborate white precipitate appeared at the bottom of the flask.
The resulting NaHTe in the clear supernatant was separated and used in
the preparation of CdS/CdTe NP.
Synthesis of CdS/CdTe NPS. CdCl2 (0.4 mmol) and TGA (0.6

mmol) were mixed in a 100 mL solution, and the pH of the solution was
adjusted to 11.8 by the dropwise addition of a 1.0 M NaOH solution
while stirring. The solution was placed in a three-necked flask under

argon. While stirring, freshly prepared NaHTe solution (0.3 mmol) was
added using a syringe to the CdCl2 solution at room temperature. The
mixture was then refluxed at 100 °C under argon with a condenser
attached. The reaction was carried out for 8 h. Individually dispersed
CdTe NP were obtained and precipitated by the addition of methanol.
After centrifugation, the NP were used to fabricate self-assemblies. To
reduce the TGA, the precipitates were dissolved in deionized water at a
pH of 9 (adjusted by the addition of NaOH). The solution was left to
stand, and the NP were self-assembled according to Kotov’s
methods.14−16

Phase Transfer from Aqueous to Organic Solutions. CTAB
(3.6 g, 10 mmol) was dissolved in 100 mL of chloroform. Four milliliters
of a TGA-stabilized NPS solution was added to 4 mL of the CTAB
solution (100 mM). The immiscible mixture was left to stand. After 8 h,
the chloroform phase was collected.

Phase Transfer from Organic to Aqueous Solution. Decanoic
acid (DA, 1.7 g, 10 mmol) and TMAH (1.8 g, 10 mmol) were dissolved
in 100 mL of tetrahydrofuran to form tetramethylammonium decanoate
(TMAD, 100 mM). One-half of a milliliter of tetrahydrofuran TMAD
solution and 2.5 mL of water were added to 3 mL of chloroform solution
containing CTAB-stabilizedNPS. Themixture was left to stand. After 12
h, the upper (aqueous) phase was collected.

Figure 2. (a, b) XPS results of individual NP and NPS: (a) Te and (b) S. (c) Fourier-transform infrared spectroscopy (FTIR) spectra of (A) original
NPS and (B) pure CTAB as well as NPS in (C) chloroform and (D) aqueous phase.
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Fabrication of Photoswitches. P3HT (poly(3-hexylthio-
phene))23 (30 mg) was dissolved in 3 mL of chloroform. The NPS
chloroform solution (100 μL) and P3HT solution (200 μL) were mixed,
and photodetector devices were fabricated by spin coating (2000 rpm)
onto precleaned gold electrodes.

■ RESULTS AND DISCUSSION

Water-Soluble CdS/CdTe NPS. In the aqueous phase, the
reduction of the capping agents induces the transformation of
NP to NPS because of van der Waals forces and face−face
attractions.14,15,24 Our synthetic mechanism for NPS is based on
Kotov’s studies.14−16 Reducing the amount of TGA per NP
results in a net decrease in charge repulsion and an increase in the
face−face attraction energy, which induces the self-assembly of
individual NP. During the first stage, individual NP were
synthesized in an aqueous solution at pH 11.8. The repulsion of
negative charges on the surface is much stronger than the face−
face attraction energy, leading to good stability for NP in aqueous
solution.When the NP redissolve into the solution at pH 9, some
TGA molecules break away from the individual NP, and the
face−face attraction becomes stronger than the repulsion of
negative charges on the surface. Such a face−face attraction
induces the self-assembly of NP.
To reduce the TGA capping agents, individual NP were

precipitated using methanol, the precipitate was then dissolved in
deionized water at pH 9 (adjusted by addition of NaOH), and
the solution was kept at room temperature under dark conditions
for about 1 month. The zeta potential of the solution became
substantially more negative during storage, as shown in Figure
S1. One-dimensional (1D) NPS was identified in the
intermediate self-assembly process, as shown in Figure S2a.
These 1D structures self-assembled into hierarchical NPS. The
NPS observed are shown in Figure 1a,b. From the SEM image
(Figure S2b), the NPS is composed of many nanoribbons, which
is shown at the end of the NPS bundles. These NPS thus have
“bundle” structures. Energy-dispersive spectroscopy (EDS) was
used to determine the composition of the bundle NPS, and the
atomic Cd/Te/S ratio was 48.7:1.7:49.6, as shown in Figure S3.
The degradation of the thioglyoxylic acid takes place in alkaline
solution, and sulfide ions were released into the CdTe NP. The
replacement of Te by S in CdTe NP has been reported.25,26

Thus, the assembly process is associated with a considerable loss
of Te and the transition to CdS/CdTe NPS in which the CdS
phase is dominant.33 To confirm this analysis, XPS was used to
examine changes on the surface of the TGA-capped NP after the
self-assembly process. From the Te 3d spectra shown in Figure
2a, the TGA-capped NP before self-assembly show two
characteristic peaks for Te 3d5/2 and Te 3d3/2 at 575.2 and
586.3 eV, respectively, and this comes from elemental Te (Te0).
The peaks at 572.0 and 582.8 eV are assigned to Te2− in CdTe.
However, the simple substance Te (Te0) remains after the self-
assembly of the NP, indicating that Te2− to Te0 oxidation
occurred. Additionally, the CdTe NP transformed into CdS, as
proved by the Cd 3d spectra. The Cd 3d5/2 at 405.4 eV is assigned
to Cd2+ in CdS, which is higher than the range reported for CdTe
(404.8−405 eV), as shown in Figure 2b.26

The bundledNPS are composed of individual NP, as shown by
the HRTEM images. Figure 1c shows a HRTEM image of
bundled NPS. The SAED pattern of the bundle structures show
three characteristic diffraction patterns for the bright circles (d =
0.32, 0.20, and 0.16 nm), and these do not match any stable CdS
structures.27 These results are attributed to S replacing Te in the
NPS, which induces many defects in CdS NPS.

Phase Transfer of NPS. The phase transfer of bundled NPS
was conducted using hexadecyltrimethylammonium bromide
(CTAB). Although the phase transfer of individual NP has been
reported, the phase transfer behavior of NPS has hardly been
studied. One reason is the pH sensitivity of NPS because the
general methods for phase transfer require the modulation of
solution pH, which influences the self-assembly of individual
NP.14,15 Another reason is vibration, which is important in the
general method for the phase transfer of individual NP.28−34

However, any vibration might destroy the NPS during phase
transfer. Two reasons are thus responsible for the difficulty in
NPS phase transfer.
It is well-known that an anionic monolayer covers the surface

of the TGA-capped NPS. Cationic groups are presented in
CTAB molecules, which can combine with the anionic groups of
TGA. Furthermore, CTAB molecules provide sufficient hydro-
phobicity to facilitate the phase transfer of NPS and to render
them soluble in organic solvents. The phase transfer of bundled
NPS at different times is shown in Figure S6. The transfer of NPS
to chloroform shows two Fourier-transform infrared spectro-
scopic (FTIR) bands centered at 2850 and 2919 cm−1 (Figure
2c), and these are attributed to the symmetric and asymmetric
stretching of the methylene groups of CTAB, respectively. The
photoluminescence (PL) spectra of CTAB-stabilized NPS in
both the organic and aqueous phases are shown in Figure 1h.
Compared with the straight bundle structures, the organic-

soluble NPS transforms to a loose structure. Many ribbon
structures are dispersed at the end of the formed bundle NPS, as
shown in Figure 1e, and this is highlighted by the red circle.
Additionally, the width of the undispersed parts of the loose NPS
is more than that of the formed bundle NPS. These results
indicate that CTABmolecules penetrate the bundle NPS and the
bundle NPS separates to form many nanoribbon structures. The
SEM image (Figure 1f) also shows the separated loose ribbons.
The loose structures also contain individual NP, as shown by

HRTEM. Figure 1g shows the HRTEM image of loose NPS. The
SAED pattern of the loose NPS shows a characteristic diffraction
pattern for the three bright circles (d = 0.32, 0.20, and 0.16 nm),
and these are similar to the bundle NPS obtained in the aqueous
phase.
The addition of TMAD molecules results in the transfer of

NPS from chloroform to the aqueous phase. The anionic NPS is
less hydrophobic per unit charge than the decanoate anion.39

Therefore, anionic (NPS)− and cationic (TMA)+ separate in the
aqueous phase to form hydrophilic salts. The hydrophobic
(CTA)+D− compounds separate in chloroform. For this process,
tetrahydrofuran, which is miscible with chloroform and a good
solvent for TMAD, was used to increase the interfacial contact
between the CTAB-stabilized NPS and TMAD. Ligand exchange
was completed at the interface between water and chloroform.
Therefore, the CTAB-capped NPS transferred to the aqueous
phase. Photoluminescence (PL) spectra of the reverse-TGA-
stabilized NPS in organic and aqueous phases are shown in
Figure 1l. The resulting FTIR spectrum (Figure 2c) is similar to
that of the original TGA-stabilized NPS, indicating the
dissociation of the (NPS)−(CTA)+ complex.
The topological structures cannot transform back to their

former bundle structures. Many twisted nanoribbons were found
after transfer from the organic to the aqueous solution, as shown
in Figure 1i,j. The twisted ribbon is composed of many filaments,
as shown in Figure S7. Figure 1k shows a HRTEM image of a
twisted ribbon. The SAED pattern of the twisted ribbon gave
characteristic diffraction patterns for CdS (111) (d = 0.34 nm),
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(220) (d = 0.21 nm), and (331) (d = 0.18 nm),27 which indicates
that these twisted ribbons are composed of cubic CdS NP phases
and that the crystal lattice of NPS is modulated.
To quantify the transfer process, 3 mL of three kinds of NPS

solutions (3mL each) were precipitated by the addition of 10mL
of methanol followed by centrifugation. The precipitates were
collected and rinsed (ultrasound and centrifugation) three times
with methanol. This process is useful for the removal of excess
CTAB and decanoic acids. The residue was dried and weighed.
We obtained 1.2, 6.3, and 0.9 mg of the residues for the three
samples. An approximate 5-fold higher precipitate weight was
obtained for the organic phase compared with the original
aqueous precipitate, which probably indicates that residual
CTAB micelles also precipitated. Compared with the bundle

NPS aqueous solution and the twisted ribbon aqueous solution,
these values correspond to a phase transfer ratio of about 0.75.

Chirality of NPS. The pitch lengths (P) and chirality of the
twisted structure were further investigated. Figure 3a shows two
kinds of twisted ribbons with different helix chiralities. We found
that the amount of both types of twisted chiralities were almost
the same, which implies that the twisted ribbons did not have
selective chiralities, as shown in Figure 3b. Because of
photocorrosion, the stacked nanoparticles were forced to
rearrange. Spontaneous symmetry breaking occurred. The
stacking pattern may equally follow two directions. The two
symmetry breaking directions are equally probable. Eventually,
chiral twisted features were observed in the NPS.

Figure 3. (a) SEM image and a schematic illustration of two kinds of twisted NPS with different chiralities. (b) Distribution of two kinds of NPS with
different chiralities (scale bar, 500 nm).
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The side line of the twisted ribbon can be considered to be a
helix line. A helix can be described parametrically by the
following equations

=
=

=

⎧
⎨⎪
⎩⎪

x r t
y r t

h ct

cos
sin

where r is the radius, and c = P/2π. A helix is well-defined if its r
and P are specified. From other literature, the pitch-radius ratio
(denoted C, C = P/r) is used to discuss the optimal shape of
closely packed ideal ropes, and the ideal helical conformation
with a particular C (C = 2.5) can be selected using simulation
results.35,36 In our case, the pitch lengths are different in the
twisted ribbons, as shown in Figure S12. However, C was in the
range of 2.3−2.7, indicating an approximate ideal helical
conformation.
Explanation of Topological Structure Transformation

by Phase Transfer. In this article, we show the phase transfer of
NPS from an aqueous phase into an organic phase as well as from
an organic phase into an aqueous phase. During this process, the
topological structures of the NPS changed. Surface changes and
the transformation of the NPS structures are shown in Figure 4.
Explanation of the Transformation from a Straight Bundle

Structure to a Loose Structure. First, ribbon bundle NPS were
prepared. Many negative charges exist on the surface of the
bundle NPS because of the carboxyl group of TGA. Therefore,
the bundle structures are straight because of the repulsion of
negative charges on the surface. When the bundle structure is
transferred to an organic phase, the CTAB molecules form salts
with the carboxyl of TGA (Figure 4). Thus, the repulsion of
negative charges disappears. The bundle structure transforms to
a loose structure. Because of the penetration of CTABmolecules,
some bundle NPS expand and some bundles even disperse at
their ends and form many ribbons.
Explanation of the Transformation from a Loose Structure

to Twisted Ribbons. When organic-soluble loose structures are
transferred to the aqueous phase, the twisted ribbons can be
identified. Typical helical structures originate from specific
crystal-lattice distortions, mechanical strains, or chiral building
blocks. However, for NPS, Kotov’s group reported twisted

nanoribbons solely. Their twisted-ribbon structures were
associated with the relief of mechanical shear stress in the
assembly process, which was caused by the photooxidation of
CdS.16 Herein, we agree with them in that our helix structural
transformation can be attributed to a partial photocorrosion.
Light irradiation induces photocorrosion, as shown by the XPS
results (Figure S9). The XPS results show new peaks in the S2p
spectra at 168.0 eV because of photocorrosion by light, as shown
in Figure S9. The peak at 168.0 eV corresponds to the S(IV) in
sulfite, and this indicates an oxidation of the twist ribbons. In our
case, in addition to photocorrosion, light irradiation also induces
a rearrangement of the crystal lattice. Therefore, the rearrange-
ment of nanocrystal lattices provides some mechanical shear
stress. The rearrangement of nanocrystal lattices can be
demonstrated by SAED patterns (Figure 1k). To prove our
results, Na2S was used in the transfer. Na2S is a sacrificial agent in
CdS photocatalysis and can prohibit the photocorrosion of CdS.
The results are shown in Figure S13. From the SEM images, the
number of separated nanoribbons is more than that without
Na2S. This result shows that Na2S can prevent the photo-
corrosion of nanoribbons. Additionally, the nanoribbon is
distorted and is not twisted regularly. These results indicate
the presence of mechanical shear stress in the nanoribbons
without photocorrosion. Because of the absence of photo-
corrosion, the mechanical shear stress is not released adequately
or regularly. Thus, only distorted nanoribbons are obtained.
In conclusion, we postulate that the photocorrosion and

rearrangement of the nanocrystal lattices of CdS are combined
actions that lead to the structural transformation.

Fabrication of an Organic−Inorganic Hybrid Photo-
detector.Hybrid organic−inorganic devices can take advantage
of both inorganic and organic compound properties while
overcoming their own shortcomings.37 Such devices have been
fabricated using several kinds of NP such as CuInSe2 NP,

38 TiO2
NP,39 Ge NP,40 and ZnO NP.5 However, hybrid organic−
inorganic NPS devices have been hardly studied. Herein, a
photodetector device comprising an organic-soluble NPS and
P3HT hybrid films was fabricated, and it can indirectly verify the
miscibility of NPS and P3HT polymers. The UV−vis absorption
spectra of NPS, the P3HT film, and the hybrid filmwere obtained
and are shown in Figure S10.

Figure 4. Illustration showing ligand exchange in the NPS phase-transfer process.
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An illustration of the hybrid device is shown in Figure 5a. The
current−voltage (I−V) characteristics of the device were
measured with a Keithley 4200 SCS and a Micromanipulator
6150 probe station in a clean and shielded box at room
temperature. An iodine−tungsten lamp was used as a white-light
source. Figure 5b shows the photocurrents of the device during
repetitive switching of light illumination (i.e., on/off switching).
The photocurrent increases and decreases in response to the on/
off operation and thus it shows photosensitivity. In the dark, the
current was only 0.04 pA. At an incident light density of 5.51 mW
cm−2 and a bias voltage of 1 V, the current increased to 2.3 pA,
giving an on/off switching ratio of >50. Further experiments
show that the photocurrent is sensitive to the intensity of the
incident light, as shown in Figure S14. To understand the
photoresponse mechanism of the hybrid material, a blank test
was also performed. The change in photocurrent that originates
from pure P3HT is relatively low, as shown in Figure S11, which
is consistent with other reports.41 However, the P3HT and NPS
hybrid material gives a sharp increase in photocurrent under light
illumination, which indirectly verifies the miscibility of the NPS
and P3HT polymers. The organic-soluble NPS makes the hybrid
material a candidate for light-detection and signal-magnification
applications such as a photodetector.

■ CONCLUSIONS

In this article, water-soluble luminescent CdS/CdTe NPS were
synthesized using thioglycolic acid (TGA) as a capping agent.
The stiff and straight NPS bundles became loose upon phase
transfer from an aqueous to an organic phase. The NPS were
then transferred to the aqueous phase again, and the flexible
structure transformed into many twisted nanoribbons. Addi-
tionally, hybrid photodetectors were fabricated using organic-
soluble NPS and P3HT polymers. The organic-soluble NPS can
be useful for the fabrication of semiconductor nanojunctions.
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