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Abstract

Cadmium selenide (CdSe) nanowires were successfully in situ fabricated, utilizing amphiphilic core—shell cylindrical polymer brushes
(CPB) as well-defined single molecular templates. The hydrophilic polymer brush core acts as the nanoreactor for generating and shaping
CdSe nanoparticles into nanowires via the absorption of cadmium ions by carboxylate groups in the core and subsequent introduction of
H,Se gas; the hydrophobic polymer brush shell protects the nanowires from agglomeration and renders the hybrid a soluble material. The for-
mation of 170 nm-long CdSe nanowires proceeds simultaneously with the nucleation, growth and combination of CdSe nanoparticles. After the
introduction of CdSe nanowires, the recuperated chemical structure of CPB facilitates a double-loading process, broadening the CdSe nanowire
from 7.5 to 9.3 nm on an average. Both hybrids are soluble and stable in organic solvents for one year and a potential candidate of the nanoscale

optic and electronic devices.
© 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Semiconductor nanowires [1—6] are considered as the pro-
spective building blocks, interconnects and functional compo-
nents for assembling nanosized photonic, electronic and
optical devices and sensors [7—14]. Among them, cadmium
selenide (CdSe) nanowires are promising candidates to build
up optoelectronic devices, such as solar cells, and have received
steadily growing interest. This has benefited from intensive
studies on CdSe quantum dots [15—17]. In the last decade,
there have been many efforts to develop CdSe nanowires utiliz-
ing a variety of techniques. For instance, direct-current electro-
deposition in porous anodic aluminum oxide templates has
been used by the groups of Guo [18] and Peng [19] to generate
CdSe nanowire with well-controlled crystalline and polycrys-
talline structure. Lieber and co-workers reported a laser-
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assisted catalytic growth method to fabricate CdSe nanowires
[4]. A surfactant-assisted solution synthesis of CdSe nanowires
was published by Rao et al. [20]. The group of Kuno has grown
straight and branched CdSe nanowires with lengths between
1 um and 10 pm by a solution—liquid—solution technique us-
ing gold/bismuth core—shell nanoparticles as seeds [21—23].
Chen and co-workers fabricated single-crystalline CdSe nano-
wires by a chemical vapor deposition method assisted with
laser ablation [24]. Xia and co-workers employed the cation-
exchange reaction between Ag" and Cd*" to transform
single-crystal Ag,Se nanowires into single-crystal CdSe nano-
wires [25]. A vapor-phase growth of CdSe nanowires assisted
with silicon powder was achieved by the group of Zhang
[26]. Wang and Ma provided a systematic study on the growth
of 1-dimensional CdSe nanostructures by a vapor—liquid—
solid process [27]. Great progress until now have been reached,
however, the generation of well-distributed and aligned semi-
conductor nanowires is still challenging in this field.

In addition, polyelectrolytes and biopolymers, like DNA
and viruses, have been widely exploited as templates for
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mineralization and fabrication of various inorganic nanowires
due to the mild synthetic conditions [28—32]. However, only
a few reports were related to the polymer template-directed
synthesis of semiconductor nanowires, with notable examples
including micro channels within a thin polymer film [33],
a polymer-assisted solvothermal process [34—36], mesoscale
structures self-assembled from AB or ABC block copolymers
[37,38], and biopolymers such as DNA strains [39,40].
Recently, we reported the formation of wormlike cadmium
sulfide (CdS) nanowires within well-defined amphiphilic
core—shell cylindrical polymer brushes (CPB) [41]. In this pa-
per, extending this technique, we accomplished the synthesis
of CdSe semiconductor nanowires and carried out a double-
loading to broaden these nanowires. Comparing the rigorous
conditions such as high temperature, high pressure, toxic organo-
metallic precursors, this facile and environmentally benign
synthesis using nontoxic reactants appears to be superior.

2. Experimental section
2.1. Materials

All chemicals were of analytical grade and used as received
without further purifications. Cadmium acetate dihydrate
(CdAc,-2H,0) was purchased from Merck. Selenium powder
(<325 mesh, 99.7%) and chloroform (>99.8%, stabilized with
amylene) were purchased from Acros. Methanol (>99.8%)
and paraffin oil were purchased from Fluka. The CPB
[AA>5—nBAg]1500 (1500 side chains, each consisting of 25
acrylic acid units and 61 n-butyl acrylate units, L, = 166 nm,
L, =180 nm) that we used as template was synthesized as
reported earlier [42].

2.2. Synthesis of the hybrid of polymer brush and CdSe
nanoparticles

Polymer brush, [AA;5—nBAgi]i500 (40.0 mg, containing
0.102 mmol of carboxylic acid groups) was dissolved in
40 mL of a mixture of methanol and chloroform (v/v=1/1).
Then 0.097 mmol of NaOH (0.128 M solution in methanol)
was added to neutralize 95% of the carboxylic acid groups.
After stirring for 6 h, 0.051 mmol of CdAc-2H,O (0.0720 M
solution in methanol) was injected and the reaction mixture
was stirred for 12 h.

To remove the uncoordinated Cd>* ions, continuous dialy-
sis was carried out in a mixture of methanol and chloroform
(v/v =1/1) using PVDF membrane tubes (MWCO = 500,000,
SpectraPor). The process was monitored by the conductivity
change of the dialyzate measured with an automatic titration
system (Titrando 809, Metrohm) and ended when an almost
constant conductivity was obtained during the dialysis.

The formation of CdSe particles was carried out under argon
atmosphere. A three-neck round bottom flask charged with a stir-
ring bar, thermometer, condenser, 2.0 g of selenium powder and
50 ml of paraffin oil was bubbled by argon for half an hour and
then heated to 300 °C under vigorous stirring [43]. The mixture
became a dark red clear solution above 220 °C due to the melting

of the Se powder (mp =217 °C). The released H,Se gas was
distributed by argon flow through the glass pipeline into the
polychelate solution. The reaction mixture turned red instantly,
signifying the formation of CdSe nanoparticles. After 1 h the
obtained transparent dark red solution was bubbled with Ar
for 1 h, degassed by three cycles of freeze-pump-thaw process
and diluted to 100 ml. This solution was ready for double-
loading process in an analogous procedure.

2.3. Characterization

Atomic force microscopy (AFM) images were recorded on
a Digital Instruments Dimension 3100 microscope operated in
tapping mode with minimum amplitude setpoint to avoid
strong deformation of the objects. The samples were prepared
by dip-coating from dilute sample solutions in a mixture of
methanol/chloroform (v/v=1/1) onto freshly cleaved mica.
The height profile analysis was conducted with Nanoscope
IIT and Uthscsa Image Tool software.

Transmission electron microscopy (TEM) images were
taken on a Zeiss/LEO 922 OMEGA microscope operated at
200 kV, or a Zeiss CEM 902 microscope operated at 80 kV.
To prepare the samples, 1 pL of a dilute solution of 0.01 g/L
(polymer content) was put onto a copper grid (300 mesh,
Plano) coated with a SiO, film and dried in the saturated sol-
vent vapor at ambient temperature. Energy-dispersive X-ray
(EDX) analysis was performed on a LEO 1530 field emission
scanning electron microscope using an X-ray detector. The
samples were obtained similarly except onto a silicon wafer.

UV—vis absorption spectra of samples in methanol/chloro-
form (v/v=1/1) were recorded on a Perkin—Elmer Lambda
15 UV—vis spectrophotometer. Photoluminescence spectra
of samples were collected on a Shimadzu RF-5301 PC
spectrofluorometer.

3. Results and discussion

A general approach employing CPBs as templates to fabri-
cate CdSe nanowires includes three steps as shown in Scheme
1, similar as we reported before. In the first step (a to b), the
carboxylic groups in the poly(acrylic acid) (PAA) core were
neutralized by NaOH. Via ion exchange, Cd*" ions replace
Na' ions (step 2: b to c), forming a polychelate [44]. The
purified polychelate solution reacted with H,Se gas to generate
CdSe nanoparticles aligned within the cylindrical core (step 3:
¢ to d). Simultaneously, the PAA core resumes the initial
chemical structure (i.e., acrylic acid functions) which enables
the double-loading process by repeating steps 1—3.

The CPB [AAj,s-nBAgi]iso0 as a unimolecular template
with a low length polydispersity (L /L, = 1.08) [42], as visu-
alized by AFM in Fig. 1A, defines both the dimension and size
distribution of the CdSe nanowires within the core region. The
wormlike cylinders are distinctly visible in the height image,
whereas the core—shell structure is seen in the phase image.
After the uptake of Cd*" the characteristic ““pearl necklace”
[45] morphology is identified by AFM images in Fig. 1B
due to the “cross-linking” of side chains initiated by the
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Scheme 1. Illustration of the CdSe nanowire synthesis inside the CPB: (a) the core—shell CPB, [AA,s—nBAg1]i500; (b) neutralized polymer brush with poly-
(sodium acrylate) core; (c) polychelate of the polymer brush and Cd**; (d) the first loaded hybrid of the CPB and CdSe nanowires and (e) the second loaded

hybrid of the CPB and CdSe nanowires.

coordination between divalent Cd** ions and monovalent carb-
oxylate groups from different side chains [41]. To elaborate
this change, the longitudinal height profile of single brush is
analyzed in Fig. 1, in which the CPB (Fig. 1A, right) possesses
a relatively lower height and smoother contour in contrast to
the polychelate (Fig. 1B, right). The results from the height
profile analysis, as summarized in Table 1, ensures that the
chelation of Cd*" ions and carboxylic groups remarkably in-
creases the average height from 0.71 nm of the CPB to
2.40 nm of the polychelate, and the standard deviation reflect-
ing the inhomogeneity in the brush height shifts from 0.20 of
the CPB to 1.00 of the polychelate.

Transmission electron microscopy (TEM) does not give
a clear image of the pure polymer brushes due to the rather
low contrast. The chelation with Cd*" enhances the visibility.
Fig. 2 shows wormlike dark grains (7—13 nm) oriented within
the CPB. A zoom portrays a string of dark dots, which supports
the ““pearl necklace” structure of the polychelate verified by
AFM in Fig. 1B. The “pearl necklace’ structure vanishes after
reaction of H,Se with Cd**, forming the hybrid, as shown in the
AFM image in Fig. 3A. The reason is that although the coordi-
nated Cd*" ions in the polychelate are confined separately, in
situ produced CdSe can diffuse, form nuclei and grow into a con-
tinuous phase due to the forfeit of the strong ionic bond between
Cd*" and the carboxylic acid groups. As shown in Table 1, the
average height of the polychelates (2.40 nm) retracts to
2.00 nm of the hybrid brush, but still 1.30 nm higher than that

of the pure CPB. Meanwhile the standard deviation of the hybrid
decreases from 1.00 of the polychelate to 0.64, but remains
higher than 0.20 of the CPB. Thus, the hybrid molecules are
relatively “flatter” than the polychelate, but rougher than the
CPB. Since the carboxylic acid coordination sites after the for-
mation of CdSe nanowires were resumed, the reloading of CdSe
nanoparticles was subsequently carried out in the same manner.
The hybrid polychelate, named after the combination of the
hybrid and the coordinated Cd*" ions exhibits again the “pearl
necklace” morphology in the AFM images in Fig. 3B, although
not as obvious as in the polychelate. Its height average (see Table
1) increases from 2.0 nm of the hybrid, to 3.3 nm, and is 0.9 nm
higher than that of the polychelate, because of the overlapped
size-expansion effects from the formed CdSe nanowires and
the crosslinking caused by newly introduced Cd*". The standard
deviation of the hybrid polychelate increases to 0.90, a little
lower than 1.00 of the polychelate, since the deformation caused
by the coordination is partially prevented by the solid CdSe
nanowire inside the brush core. After reaction of the reloaded
Cd** with H,Se, the double-loaded hybrid shrinks to 2.66 nm,
higher than 2.00 of the first loaded one, which insinuates a
further size expansion of the polymer brush as a result of the
double-loading. Yet it unexpectedly shows the highest standard
deviation, which may indicate that the new CdSe nanoparticles
render the shape of the nanowires more irregular.

Fig. 3D shows a representative TEM image of the first
loaded hybrid of the polymer brush and the CdSe nanowires.
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Fig. 1. Tapping mode AFM images (left, height; right, phase) and height profile of a single brush marked by the black dash line in (A) the core—shell CPB,
[AA>5—nBAg1]1500; (B) the polychelate of the CPB and Cd*" ions (average height is indicated by the dotted line).

Table 1

Height profile analysis of single brushes in AFM images of (A) the core—shell
CPB, [AA,5—nBAg1]1500; (B) the polychelate; (C) the first loaded hybrid; (D)
the hybrid polychelate; and (E) the double-loaded hybrid

Samples Average Standard
height/nm deviation/nm

A 0.71 0.20

B 2.40 1.00

C 2.00 0.64

D 3.30 0.90

E 2.66 1.44

In contrast to the polychelate in Fig. 2, a higher contrast was
attained due to the formation of CdSe nanoparticles. To charac-
terize the width of the CdSe nanowires, a statistical calculation
was performed by measuring the nanowire width at different
locations away from the distorted joints. The result in Fig. 3G
stands for a quasi-Gaussian monomodal distribution curve
where the widths range from 5 to 11 nm with an average value
of 7.6 nm. After reloading Cd*" ions into the hybrid to form
the hybrid polychelate, the nanowires show big ““knobs’ along
their backbone, as shown in Fig. 3E. As we have discussed
above, the polychelate Cd*" ions coordinate with the carboxylic

Fig. 2. Non-stained TEM images of the polychelate of the core—shell CPB [AA;5—nBAg;]1500 and Cd>* ions. The right image is the enlarged view of the left one.
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Fig. 3. (A—C) Tapping mode AFM height images of (A) the first loaded hybrid of the core—shell CPB [AA,s—nBAg, 11500 and CdSe nanowires (Z range: 6 nm), (B)
the hybrid polychelate of the first loaded hybrid and Cd*" ions (Z range: 12 nm) and (C) the double-loaded hybrid of the polymer brush and CdSe nanowires (Z
range: 12 nm). The single polymer brushes/hybrids in each image marked with a black dash line were used for the height analysis in Table 1, (D—F) corresponding
non-stained TEM images and (G—I) statistic width distributions of the nanowire diameters in the corresponding TEM images.

groups on different side chains to form the separated necklace-
like spheres; in the case of the hybrid polychelates, the already
existing CdSe nanowire connects the isolated necklace-like
spheres after the reloading of Cd*" ions. In the corresponding
width distribution curve (Fig. 3H), the hybrid polychelates
show a bimodal distribution. The first peak between 7 and
8 nm stands at the same position as the peak in Fig. 3G, while
the second peak appears around 10 nm standing for the protru-
sion due to the spheres along the nanowires. The reloading of
CdSe nanoparticles to CdSe nanowires is completed by bub-
bling H,Se to the hybrid polychelate solution. Fig. 3F shows
a TEM image of the double-loaded hybrid, in which the linear
CdSe nanowires are clear to see. The statistic width calculation
in Fig. 31 demonstrates a bimodal quasi-Gaussian distribution
and an average of 9.3 nm similar to that of the hybrid polyche-
late, which reveals that the newly formed CdSe nanoparticles

in the spheres of the hybrid polychelate are almost directly
attached to the nearby CdSe nanowire surface.

In order to understand the crystalline structure, selected area
electron diffraction (SAED) was applied to the first loaded
hybrid, the hybrid polychelates and the double-loaded hybrid,
all of which show a polycrystalline behavior. The SAED rings
of the first loaded hybrid are presented in Fig. 4A. It supports
the presence of polycrystalline particles, which often appears
in template-directed methods. The d spacings calculated from
the rings are 3.51, 2.15, and 1.83 A, which correspond to the
lattice planes [111], [220], and [311] of the cubic (zinc blende)
phase of CdSe (Joint Committee on Powder Diffraction Stan-
dards file No. 19-0191). Since the SAED pattern represents
the collective behavior of the crystallites, the intrinsic structure
of CdSe nanowire is further examined by high resolution TEM
(HRTEM) in Fig. 4B. The lattice plane with an interplanar



1552 J. Yuan et al. | Polymer 49 (2008) 1547—1554

A

Fig. 4. (A) SAED pattern of the hybrid of the core—shell CPB [AA,s—nBAg;]1500 and CdSe nanowires (image subtracted by the blank grid), (B) HRTEM image of
the crystals aligned along the CdSe nanowires, and (C) Fast Fourier Transform (FFT) pattern corresponding to the white squares in HRTEM image in (B).

distance of 0.351 nm corresponding to the [111] plane was
directly observable in square d. The same lattice planes in other
areas of the nanowires (squares a, b and c) are somewhat smeared
but can be detected by the FFT pattern, as shown in Fig. 4C. Every
two symmetric and opposite white points define a line, which is
perpendicular to the lattice plane. In this way, the differently
oriented crystals were found along the nanowires, indicating
that the polycrystallinity of the hybrid material actually results
from the intrinsic polycrystallinity of each nanowire itself.
Elemental analysis of the hybrids was achieved by the
energy-dispersive X-ray (EDX) analysis of a scanning electron
micrograph. Fig. 5 shows the EDX spectrum of the second
loaded hybrid of the polymer brush and CdSe nanowires on a sil-
icon wafer, which confirms the presence of cadmium and sele-
nium. The collected EDX results of the two hybrids in Table 2
present the ratios of Cd to Se close to the theoretical value. If
the amount of polymer is calculated from the carbon content
(Fig. 5), and the CdSe from the sum of Cd and Se content,
21.9% and 38.2% of CdSe were embedded in the first and second

Si

Se

Cd
Cd

T T
1 2 3 KeV

Fig. 5. EDX spectrum of the double-loaded hybrid of the polymer brush and
CdSe nanowires.

loaded hybrids, respectively (Table 2). Since there is a consider-
able experimental error due to the weak signals in EDX analysis,
we verified the successful introduction of more CdSe nanopar-
ticles during the double-loading process by UV-—vis
spectroscopy.

In Fig. 6, the weak UV—vis absorption of the polychelate
supports that the strong absorption of the two hybrids comes
exclusively from CdSe nanowires. The double-loaded hybrid
shows stronger absorption than the single-loaded one, confirm-
ing the increase of the CdSe amount during the double-loading
process. It is known that bulk CdSe starts to absorb at about
716 nm [15]. The first loaded hybrid shows an absorption

Table 2
EDX results of the amount of Cd and Se in the first loaded and double-loaded
hybrids

Samples First loading Second loading

Cd/Se 1.18 1.08
CdSe content 21.9+5.9% 382+72%

Absorbance

0.0

400 500 600 700
Wavelength /nm

Fig. 6. UV—vis spectra of the polychelate (dotted line), the first loaded hybrid
(dashed line) and double-loaded hybrid (solid line), the concentration for all is
0.4 g/L (polymer content).
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onset at 679 nm and the double-loaded one at 705 nm. Both
display a blue-shift relative to that of bulk CdSe, indicating the
existence of the quantized transition. According to Murray’s em-
pirical curve [15], the threshold corresponds to CdSe nanopar-
ticles with a rough size of 7 nm and 10 nm, respectively, which
proves the growth of CdSe nanowires by width during the dou-
ble-loading process. These values are close to the nanowire aver-
age width values of 7.6 and 9.3 nm as obtained by TEM, which
indicates that the quantized effect of the nanowire detected
according to the blue-shift of the absorption edge most probably
arises from the width of the nanowires. Besides, a weak transition
for both hybrids at around 550 nm is observed, corresponding to
a nanoparticle size of roughly 3 nm, which becomes more obvi-
ous at higher concentration. The existence of multi-absorption
transitions confirms the TEM analysis because the nanowires
are constructed by a linear interconnection of differently sized
CdSe nanocrystals, which are probably a fusion of two or more
even smaller nanoparticles during the nanowire formation
process. AFM images support this because the height of the
CdSe nanowires is limited to the maximum height of the hybrid
molecules in Table 1. The first loaded hybrid showed a maximum
height of 3.38 nm and the second one of 7.30 nm, both are
smaller than the width of the nanowires and the nanoparticle
size deduced from the UV threshold absorptions. This, in
essence, leads to the flat shape of the nanowires, which are
around 2 nm high and 7.5 nm wide for the first loaded hybrid,
and 2.66 nm high and 10.5 nm wide for the second one. Besides,
the CdSe nanoparticles which were in situ formed in the polymer
brush core and failed to reach the CdSe nanowires also contribute
to the absorption at higher energies.

The photoluminescence (PL) behavior of both hybrids shows
an unusual dependence on the excitation wavelength. For exam-
ple, a lower excitation wavelength results in a blue-shifted wide
emission. This can be understood, since the whole nanowire is
created by the alignment and connection of different sized and
random oriented CdSe nanocrystals, thus a lower excitation
wavelength is able to excite smaller sized nanocrystals. More-
over the aligned CdSe nanocrystals are more similar to the
close-packed quantum dots rather than the usual isolated nano-
crystals embedded in polymer matrix. In such case, the elec-
tronic energy transfer between the small and large quantum
dots is involved through the dipole—dipole interdot interactions
[46—51]. Furthermore, very recently the PL intensity heteroge-
neity along the length of individual nanowires due to all kinds of
disorder like surface/interface roughness and so on, was also
reported by Kuno et al. [52], which suggests that the photolumi-
nescence of the nanowires is governed not only by the building
block like nanocrystals, but also by the disorder caused fluctua-
tions of the exciton potential along the nanowire.

4. Conclusion

CdSe nanowires were successfully fabricated using well-
defined core—shell amphiphilic cylindrical polymer brushes
with PAA core and PnBA shell as unimolecular templates
under mild solution conditions. The products were character-
ized by AFM, TEM, EDX, UV—vis and photoluminescence

spectroscopies. A double-loading of CdSe nanoparticles into
the polymer brush core was carried out and its influence was
examined in detail. The double-loading presents the unique
advantage of the polymer brushes as both nanoreactor and
template. The hybrids from both loadings showed good solu-
bility and stability (one year without any precipitation) in
a concentration below 0.4 g/L. The single CdSe nanowires
protected by the polymer brush shell can be handled in solu-
tion and serve as a candidate for electronic nanoscale devices.
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