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We report simultaneous patterning and alignment of semiconductor nanorods (NRs) in nanorod-polymer films by
using photolithographic polymerization-induced phase separation (PIPS). Exposure of the nanoparticle-monomer
mixture to UV irradiation through a mask resulted in the site-specific photoinitiated polymerization of the monomer,
which was followed with flow of the NRs from the areas rich in polymer to the areas rich in monomer. The orientation
of NRs in the direction of flow was trapped in the polymerized films and characterized in polarization absorption
experiments.

Introduction

Alignment of semiconductor and metal nanorods (NRs) allows
one to exploit the collective optical and electronic size- and
shape-dependent properties of individual nanoparticles. Moreover,
the micrometer scale patterning of aligned NRs can lead to
interesting properties of the NR arrays, which arise from bridging
the nano- and micrometer size regimes. Polarization-dependent
absorption properties of aligned NRs in patterned arrays have
potential applications in displays,1 cryptography, and cell tagging.2

Current methods used for the alignment of anisotropic
nanoparticles include heating and stretching of the composite
NR-polymer films,3 electric field-assisted orientation of semi-
conductor NRs,4,5 end-to-end NR self-assembly,6 and assembly
of NRs on templates such as carbon nanotubes and DNA
moolecules.7,8 These methods either produce small-size NR
arrays, require multistep procedures, or have not been combined
with patterning. On the other hand, laser writing selectively
suppresses anisotropic properties of an initially ordered array of
nanorods.9

In the present work, we report a preliminary experimental
study of the simultaneous alignment and patterning of semi-
conductor NRs in polymer films by using polymerization-induced
phase separation (PIPS). The method exploits the miscibility of
the system (e.g., a monomer and a liquid crystal) prior to

polymerization and phase segregation of the system (e.g., a
polymer and a liquid crystal component) during polymerization.
PIPS is a robust method that is extensively used for producing
polymer-dispersed liquid crystal films and composite thermo-
plastics.10-13 Recently, PIPS was successfully exploited for the
photolithographic patterning of semiconductor quantum dots in
polymer films.14 Exposure of the nanoparticle-monomer mixture
to UV irradiation through a mask resulted in the localized
photoinitiated polymerization of the monomer, which was
followed with flow of nanocrystals from the areas rich in polymer
to the areas rich in monomer, due to the favored interactions of
nanoparticles with the monomer phase.

Here, we hypothesized that the NRs flowing from the regions
exposed to UV light to the light-protected regions are oriented
in the direction of flow and upon complete polymerization of the
monomer become trapped in that orientation. The preferential
orientation of NRs was characterized in polarization absorption
experiments. Since the alignment did not rely on the chemical
nature of NRs, we expect that the results of this work can be
applied to other types of NRs with comparable aspect ratios to
produce large area patterned films comprising aligned NRs.

Experimental Section

Materials. The monomer 2-ethylhexyl methacrylate (EHMA,
99%), the photoinitiator 1-hydroxycyclohexyl phenyl ketone (HPCK),
cadmium oxide (99.99%), zinc oxide powder (99.9%), sulfur powder
(99.98%), selenium powder (100 mesh, 99.999%), tributylphosphine
(TBP, 97%), trioctylphosphine (TOP, 97%), 1-octadecene (ODE,
90%), oleic acid (OA, 90%), trioctylphosphine oxide (TOPO, 90%),
octadecylamine (ODA, 90%), and trichloro(1H,1H,2H,2H-perfluo-
rooctyl)silane, (97%) were purchased from Aldrich Canada. Oc-
tadecyl phosphonic acid (ODPA) was purchased at PCI Synthesis.
All chemicals were used without further purification. The surfactants
TBP, TOP, and TOPO were used in the synthesis of CdSe cores,
and ODA, ODE, and OA were used in the synthesis of the ZnS
shells.
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Methods. Synthesis of Core-Shell CdSe/ZnS NRs and Their
Patterning. Synthesis of CdSe NRs was accomplished using the
protocol described elsewhere.15 Following the synthesis of cores,
the ZnS shells were synthesized.16,17 For CdSe nanocrystals, their
wurtzite structure results in a broken symmetry along the c-axis,
which is the direction of growth and is also the polar axis.18 The
growth of the ZnS shell did not significantly alter the aspect ratio
of the NRs.17 We note that the utilization of CdSe/ZnS NRs was
not critical for their alignment: very similar results were obtained
for CdSe nanorods. The use of core-shell CdSe/ZnS nanorods was
motivated by their strong photoluminescence in the polymer matrix,
in contrast with quenched luminescence of CdSe. The NRs were
mixed with 2-ethylhexyl methacrylate comprising 1 wt % photo-
initiator, 1-hydroxycyclohexyl phenyl ketone. The mixture of a
monomer, nanorods (1-4.5 vol %), and a photoinitiator was
introduced in a 100 µm thick cell with UV-transparent quartz glass
windows. The thickness of the cell and the corresponding thickness
of the composite film were optimized to favor PIPS and suppress
Rayleigh-Bénard convection resulting from temperature gradients.14

A shadow mask with a periodic pattern of opaque and transparent
regions was placed on the top of the window. The shielded 900 µm
wide regions of the mask were separated by the 100 µm wide
transparent lines. Printing resolution of the masks was 2400 dpi,
corresponding to a nominal resolution of 11 µm.

Characterization of NRs and Patterned Films. Transmission
electron microscope (TEM) images were acquired with a Hitachi
HD-2000 scanning transmission electron microscope. Samples for
TEM imaging were prepared by depositing a droplet of nanorod
solution on a 400 mesh carbon-coated copper grid (Electron
Microscopy Sciences). The concentration of the NRs in toluene was
chosen such that after evaporation no more than a monolayer was
left on the surface. Transmission and photoluminescence images of
the patterned hybrid films were acquired with a Roper Scientific
photometric CCD mounted on an Olympus EX51 microscope with
a 4× magnifying lens. Fluorescence imaging was accomplished
with an EXFO X-Cite 120PC XL light source system with a 535
nm/50 excitation filter and a 610 nm/75 fluorescence filter.

Polarization-dependent measurements of absorption and transmis-
sion of the hybrid films were conducted using a Varian Cary 5000
UV-vis-near-IR spectrophotometer with polarizing and depolarizing
UV-vis optics. All experiments were repeated five times. (Prior to
these measurements, with the use of a Harrick crystalline quartz
depolarizer, we ensured that the excitation beam exhibited even
intensity throughout all linear polarization angles.) A manually
operated Bruker polaroid sheet polarizer (positioning accuracy(3.5°)
was placed in front of the depolarized excitation beam. To account
for the contribution of the polymer in the optical properties of the
hybrid film, we examined the NR-depleted regions. The birefringence
of these regions for the PIPS film mounted on a glass slide resulted
in a 30° polarization of light. In order to prevent artifacts in the
detector output, which could arise from the differential detector
sensitivity and interference phenomena in its detector-side optics,
a second depolarizer, identical to the first, was placed in the beam
path after the polymer film. Transmission measurements were
conducted for the NR-rich and NR-depleted regions of the film at
various polarization angles by using a 0.3 × 10 mm mask. Absorption
spectra of the NRs in the films were obtained by relating the
transmission spectra of the NR-rich regions to those of the NR-
depleted regions via the Beer-Lambert law at a particular polarization
angle. The generalized absorption equation at a given polarization
angle θ is given by

Aθ )-log(Tθ
NR-rich ⁄ Tθ

NR-depleted) (1)

where Tθ
NR-richand Tθ

NR-depleted represent transmission spectra of the

NR-rich or NR-depleted regions of the film, respectively.

Results and Discussion

Figure 1 schematically shows the approach to the alignment
of semiconductor NRs in polymer films. A layer of the mixture
of EHMA, CdSe/ZnS NRs, and photoinitiator is exposed through
a mask to UV irradiation (Figure 1 (top), t ) 0), which passes
through the light-transparent regions of the mask and initiates
polymerization of the EHMA in those regions. Since mixing of
NRs with the monomer EHMA is favored in comparison with
the polymer, NRs diffuse away from the advancing polymer
fronts to the UV-shielded regions (Figure 1, t > 0). When
polymerization occurs in the light-protected regions (resulting
from of a combination of thermal initiation and lateral diffusion
of polymerizing molecules), the entire film becomes solidified.
We hypothesized that the NRs orient in the direction of flow, so
that their long axes are colinear to the diffusion path, and that
this alignment can be trapped in the solidified film.

Figure 2A shows the TEM images of the core-shell CdSe/
ZnS NRs used in the present work. The NRs had a mean length
and width of 23.7 and 3.8 nm, respectively, so that the aspect
ratio was 6.2. The optical properties of the core-shell CdSe/ZnS
NRs (as well as CdSe NRs) are presented in Figure 2B. A strong
primary absorption peak is centered at 608 nm; a shoulder on
a rising background, corresponding to a secondary transition
state, is located near 520 nm. The core-shell NRs have
dramatically stronger photoluminescence than CdSe rods, which
indicated that a ZnS shell had formed around the CdSe core.17

These properties are consistent with those reported previously
for the NRs synthesized under similar conditions.15-17 In the
next step, we ensured that absorbance and emission properties
of the core-shell NRs did not change when they were mixed
with the 2-ethylhexyl methacrylate monomer or the corresponding
polymer.

We first examined the evolution of the PIPS-induced patterns
of the NRs as a function of the UV exposure time. Figure 3
shows a series of fluorescence images of the composite film
taken after 15, 20, 50, and 120 min of UV exposure. In these
images, dark and bright regions represent NR-depleted and NR-
rich zones of the film, respectively. For reference, we positioned
a representation of the shadow mask above each of the
fluorescence images of the hybrid film. The detectably brighter

(15) Peng, A.; Peng, X. J. Am. Chem. Soc. 2002, 124, 3343.
(16) Xie, R.; Kolb, U.; Li, J.; Basché, T.; Mews, A. J. Am. Chem. Soc. 2005,

127, 7480.
(17) Mokari, T.; Banin, U. Chem. Mater. 2003, 15, 3955.
(18) Hu, J.; Li, L.; Yang, W.; Manna, L.; Wang, L.; Alivisatos, A. P. Science

2001, 292, 2060.

Figure 1. Approach to orientation of semiconductor NRs via PIPS. For
simplicity, molecules of the photoinitoator are not shown. Note that the
NRs and the mask are not shown to scale.
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fluorescent NR-rich regions were in anticorrelation to the pattern
of the mask.

Noticeable PIPS-induced patterns of NRs evolved 20 min after
the beginning of UV illumination (Figure 3). The image shows
two dark NR-depleted regions, each surrounded by two noticeably
brighter NR-rich fronts. As can be seen after 50 min, these fronts
advanced into the UV-shielded regions toward each other and
merged in a single bright region. Further increase in irradiation
time resulted in NRs being in an increasingly concentrated and
narrow bright zone near the center of the light-protected region.

The top and middle panels of Figure 4 show the transmission
and fluorescence images of the ultimate patterned film, respec-
tively. The periodic variation in concentration of NRs in the film
is shown in the bottom panel. The images are in anticorrelation:
the NR-rich regions appear dark under visible light (transmission)
and bright when fluorescence was excited with λ ) 535 nm. The
local concentration of the NRs was calculated from the high-
resolution fluorescence image of the film in which pixels were
characterized by I(x,y,t), that is, the digital intensity registered

by the CCD camera at position (x,y) and time t. Our rationale
was as follows. The average intensity I(t) should be the same at
any stage of the PIPS process because when NRs diffuse to the
light-protected regions of the film, their total numbers, and hence
the average fluorescence intensity, should be conserved. First,
we correlated the total NR concentration, C0, in the film of 1 vol
% to the average intensity of the fluorescence of the film at t )

0. The uniformity of the fluorescence intensity across the sample
(based on image analysis) was experimentally confirmed, so that
I(xi,yj,t ) 0) ) Ij(t0), where xi and yj are any arbitrary positions
in the x- and y-directions and Ij(t0) is the averaged pixel intensity
at t ) 0. Next, we experimentally determined that Ij(t0) ) Ij(t120),
where t0 and t120 correspond to the beginning (t ) 0 min) and
end (t ) 120 min) of the PIPS process, respectively. We related
Ij(t120) to C0 and converted the local pixel intensity at 120 min
to local concentration according to eq 2

C(xi, yj, t120)

I(xi, yj, t120)
)

C0

Ij(t120)
(2)

where NR concentration and image fluorescence intensity at any
particular position in the film after 120 min are given by C(xi,yj,t120)
and Ij(xi,yj,t120), respectively. By following these calculations, we
produced a two-dimensional concentration map of the NR-
polymer patterned film, which was then averaged along the
y-direction to obtain a one-dimensional concentration profile
along the x-direction. The bottom panel of Figure 4 shows that
the NR-poor and NR-rich regions of the film exhibited local NR
concentrations ranging between 0.5 and 2.0 vol %, respectively.

To determine the orientation of NRs in the nanoparticle-rich
regions of the film, we conducted two polarization-dependent
spectroscopy experiments. In the first series of experiments, we
measured the polarization-dependent transmission of the NR-
rich regions of the film. Our convention was that the angle, θ,
between the linearly polarized light and the direction of NR flow
(and hence their alignment) is θ ) 0° (Figure 5, inset). For
comparison purposes, this is the same direction as the x-axis in
Figure 4 (middle). Conversely, at θ ) 90°, the polarization of
light was perpendicular to the direction of NR flow.

Figure 5 shows the periodic variation in intensity of the
transmission, T(θ), between -90° e θ e 90°. The value of T

was lowest when the incident light was polarized parallel to the
direction of flow of NRs (θ ) 0°) and highest when it was
perpendicular (θ ) (90°). For comparison, we plotted the
sinusoid Test(θ) ) -A cos(2θ), which represents the expected
variation in transmission for angle θ changing from +90° to
-90°, where A is the measured amplitude of T(θ) of ∼0.007%.
The two transmission curves, T(θ) and Test(θ) were phase-shifted
by 15°, corresponding to half the measured birefringence in the
system (see the section titled Characterization of NRs and
Patterned Films). Assuming the measured birefringence in the

Figure 2. (A) TEM image of the CdSe/ZnS core-shell nanorods used
in PIPS experiments. (B) Absorbance (s) and fluorescence, PL, spectra
(- - -) of CdSe (red) and CdSe/ZnS (black) nanorods dispersed in toluene
solution for PL λex ) 430 nm.

Figure 3. Evolution of the fluorescence patterns in the NR-polymer films with increasing UV irradiation time. The scale bar refers to all images.
The width of the transparent regions of the shadow mask is exaggerated for eye guiding.
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system was due to the flow-oriented polymer,19 we note that a
15° phase-shift corresponds to the average angle through which
linearly polarized light is rotated as it traverses the sample.

In the second series of experiments, we determined alignment
of NRs in the NR-rich regions of the film by measuring the

orientation-dependent absorption of polarized light. We measured
four transmission spectra at θ ) 90° and θ ) 0° for the NR-rich
and NR-depleted regions of the film. Intensities of polarization-
dependent absorption (A90 and A0) were determined using eq 1
as

A0 )-log(T0
NR-rich ⁄ T0

NR-depleted) (3)

A90 )-log(T90
NR-rich ⁄ T90

NR-depleted) (4)

where T0
NR-rich and T0

NR-depleted are the transmission spectra at θ )

0° polarization for the NR-rich and NR-depleted regions,
respectively. Similarly, T90

NR-richand T90
NR-rich are the transmission

spectra at θ ) 90°.
Next, we determined the order parameter, S, of the nanorods

in the NR-rich region as20,21

S) (A0 -A90) ⁄ (A0+A90) (5)

The electronic absorption spectrum of CdSe nanorods involves
the sum of absorption into each of the five optically bright exciton
fine structures.22-24 The vast majority of the dipole transition
strength is attributed to those states designated as F ) (1b and

(19) Tsvetkov, V. N. Rigid-Chain Polymers: Hydrodynamics and Optical
Properties in Solution; Consultants Bearing: New York, 1989.

(20) Fritz, K. P.; Scholes, G. D. J. Phys. Chem. B. 2003, 107, 10141.
(21) (a) Acharya, S.; Patla, I.; Kost, J.; Efrima, S.; Golan, Y. J. Am. Chem.

Soc. 2006, 128, 9294. (b) Acharya, S.; Baran Panda, A.; Efrima, S.; Golan, Y.
AdV. Mater. 2007, 19, 1105.

(22) Norris, D. J.; Efros, A. L.; Rosen, M; Bawendi, M. G. Phys. ReV. B 1996,
53, 16347.

(23) Shabaev, A.; Efros, A. L. Nano Lett. 2006, 6, 2856.
(24) Scholes, G. D. AdV. Funct. Mater. 2008, 18, 1157.

Figure 4. Transmission (top) and fluorescence (middle) images of a section of the patterned film after 120 min photoirradiation. The dashed lines
overlaid on the fluorescence image represent the width of the mask used in the polarization-based spectrophotometer measurements. The corresponding
concentration profile (bottom) is shown below the images. Both the transmission and fluorescence images share the same scale along the x-axis shown
in the concentration profile. The width of the transparent regions of the shadow mask is exaggerated for eye guidance.

Figure 5. Variation in transmission of the NR-rich regions of the patterned
film with varying polarizer angle, θ. The dotted sinusoid shows the
estimated transmission, Test(θ). Inset shows schematically how θ relates
to the long axis of a nanorod.
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F ) 0b. The F ) 0b state is linearly polarized along the
crystallographic c-axis and can therefore be used to ascertain the
order parameter S according to eq 5. However, the F ) (1b
states, which contribute the other ∼2/3 of the dipole strength,
follow selection rules for circularly polarized light in the plane
normal to the c-axis. Even when the excitation light is linearly
polarized and propagating normal to the c-axis, the F ) (1b
states are photoexcited by projection. A more detailed discussion
of these selection rules is given elsewhere.25 To obtain an accurate
estimate of the order parameter, we multiplied the value of S

obtained from eq 5 by a factor of 3. Figure 6 shows the spectral

variation of the corrected value of S. In the vicinity of the
absorption peaks of NRs at 530 and 608 nm, the value of S

increased. This effect indicated that a higher population of
nanorods in NR-rich regions than in NR-poor regions was aligned
along the direction of NR flow at θ ) 0°.

In summary, our work shows that photolithographic PIPS
allows simultaneous patterning and alignment of semiconductor
nanorods in NR-polymer composite films. The process can be
used for producing large-area patterned nanostructured films with
moderate alignment of nanorods in light-protected regions of the
film. We stress that the alignment of NRs in the NR-rich regions
occurs solely due to their flow and not because of NR-NR
interactions, which were used previously at significantly higher
NR concentrations.26 Future experiments have to examine the
effect of aspect ratio on NR alignment and patterning. We expect
that further increase in NR concentration in the films, and hence
in light-protected regions, will allow for the combination of flow-
induced and NR-NR-interaction-induced alignment, thereby
enhancing NR alignment. Second, since thermal effects may
suppress NR orientation, further optimization of polymerization
conditions during the PIPS process may prove beneficial in
controlling NR alignment.
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Figure 6. Spectral variation in order parameter calculated from eq 5.
Peaks at 608 and 530 nm correspond to the absorption bands in CdSe
NRs.
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