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H
ybrid organic/inorganic materials
have been investigated exten-
sively as active layers in photovol-

taic materials.1,2 Devices based on blends of
semiconductor quantum dots (QDs) and
conjugated semiconductor polymers are at-
tractive for several reasons. The broadband
optical absorption and tunable band gap in
CdSe QDs makes them ideal sensitizers for
hybrid photovoltaics; conjugated polymers,
with their high charge mobility3 and adapt-
able morphologies, provide efficient scaf-
folds. However, significant problems are en-
countered in quantum dot�polymer
blends. Engineering nanoscale domains of
the scale of exciton diffusion lengths re-
mains a great challenge, resulting in capaci-
tance effects and radiative recombination.
Even assuming intimate polymer�
nanocrystal contact, structural disorder and
heterogeneity in films leads to ill-defined di-
pole transitions in the polymer and nano-
crystal components, inhibiting transfer of
excitations between the two domains. As a
result, efficient charge mobility in these de-
vices occurs only at large nanocrystal
loadings.2,4 Understanding and controlling
the interaction and energy/charge flow in
both components is critical to improving
performance in this class of materials.

Polarization properties, morphology-
dependent photophysics, and energy and
charge transport have been well studied in
conjugated organic systems. Buratto, for ex-
ample, has described interchromophore in-
teractions in tetrapodal versus single oligo-
mer phenylene vinylene systems.5�7

Peteanu and co-workers have investigated
the spectroscopy of size-selected molecular
aggregates and shown how the photophys-
ics depends on the chromophore align-
ment of the aggregated system.8,9 Barbara
has made extensive studies of the single-

molecule spectroscopy of poly(phenylene
vinylene) derivatives and made important
contributions to understanding the connec-
tion between molecular morphology and
single-molecule photophysics.10 Lupton
and co-workers have made important con-
tributions to the study of chromophore�

chromophore interactions in conjugated
polymers, providing insight into mecha-
nisms for energy and charge migration in
complex molecular structures.11�14 Polariza-
tion anisotropy studies on single organic
chromophores by Ha et al.15 and Macklin et
al.16 provide insight into the transition mo-
ments and dynamics with high resolution,
confirming the polarization of the electric
dipole transition along the conjugation axis
of these chromophores. Our own research
has focused on effects of nanoscale confine-
ment on single-molecules of conjugated
polymers using modified ink-jet printing
techniques. We showed that oriented nano-
structures form readily by confining single
MEH-PPV molecules to subpicoliter liquid
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ABSTRACT We report on linearly polarized absorption and emission from individual (4.3 nm) CdSe quantum

dots whose surfaces are coordinated with monodisperse oligo-phenylene vinylene ligands. Shown previously to

suppress quantum dot blinking, we demonstrate here that the electronic interaction of photoexcited ligands with

the quantum dot core is manifested as a strong polarization anisotropy in absorption (M � 0.5), as well as distinct

linear dipole emission patterns from the quantum dot core. Further, there is a correlation between the quantum

dot emission moment and polarization orientation corresponding to the absorption maxima that is manifested as

fluctuations in emission moment orientation in the X�Y plane. The observed polarization effects can be switched

off by tuning the excitation away from the ligand absorption band. We propose a mechanism based on exciton

dissociation from the photoexcited ligand, followed by the pinning of electrons at the quantum dot surface. The

resulting Stark interaction is sufficiently strong to break the 2D degeneracy of the emission moment within the

dot, and may therefore account for the linear dipole emission character.

KEYWORDS: CdSe quantum dots · dipole transitions · ligand effects · surface
charges · defocused imaging · polarization anisotropy
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droplets, where confinement and droplet evaporation

drive collapse transitions to form nanostructures with a

high degree of internal order and interesting photo-

physical properties.17�20

Unlike the strictly linearly polarized transitions in

conjugated organic molecules described above, the

band-edge transitions in colloidal QDs are, to a good

first approximation, unpolarized in emission due both

to intrinsic (electronic) as well as extrinsic (random ori-

entation) effects. The nature of intrinsic electric dipole

transitions in CdSe nanocrystals continues to be a topic

of great interest. Detailed theoretical models21,22 of

wurtzite CdSe nanocrystals predict a manifold of transi-

tions, of which the |1L� is the lowest energy optically ac-

tive transition. This |1L� state is characterized by a tran-

sition moment “disk” orthogonal to the crystal axis and

appears in most reports to be degenerate for spherical

nanocrystals, thus often referred to as a 2D degenerate

dipole. Deviations from this degenerate behavior so far

have been limited to studies on asymmetric QDs at

cryogenic23 and ambient24 temperatures and asymmet-

ric CdSe structures (i.e., nanorods),25 largely because

the energy splittings of the orthogonal components of

the |1L� transition are small (�3 meV). This difficulty in

enforcing directionality in the transition moment of in-

dividual nanocrystals is a primary reason for the current

focus on self-assembled QDs in optoelectronics and

spintronics as opposed to individual or isolated quan-

tum dots.

We recently reported enhanced spectral stability

and suppressed fluorescence intermittency (blinking)

in CdSe nanocrystals coordinated with paraphenylene

vinylene oligomers (CdSe-OPV).26 In these nanostruc-

tures the OPV ligands serve as a surface passivating

layer on the quantum dots, and are spectrally posi-

tioned as energy donors in Forster excitation transfer

to the nanocrystal acceptor. We speculated that the

presence of the capping ligands, in which excitons are

generated under continuous wave (cw) illumination,

transfer charge carriers to the nanocrystal surface and

passivate localized trap sites, thereby also reducing resi-

dence times in so-called “dark states” in photolumines-

cence. In this scheme, one would expect the polariza-

tion characteristics of the organic ligands to be

superimposed on the QD in absorption. Here we show

that, when excited in a wavelength region where both

OPV and CdSe absorb, individual CdSe-OPV nanostruc-

tures display both strong linear dichroism and linearly

polarized emission (manifested in dipole emission pat-

tern imaging), in addition to the previously reported

blinking suppression. By tuning the excitation closer to

the CdSe band edge and away from the OPV absorption

band, these effects are strongly suppressed. We pro-

pose a mechanism based on a directional Stark interac-

tion caused by photoproduced excitons in the organic

ligands that break the symmetry of the nanocrystal

core. These results provide strong evidence of transfer

of the linearly polarized transitions of OPV molecules to

pseudospherical CdSe QDs, resulting in hybrid struc-

tures that display the polarization properties of conju-

gated organic molecules and the robust photolumines-

cence of nanocrystalline quantum dots.

BACKGROUND
Numerous theoretical21,22 and experimental27,28

studies on colloidal QDs have examined the character

of the transition dipole moment in CdSe nanocrystals

capped with passive surface ligands and/or a ZnS shell.

The splitting of the band edge 1Se�1S3/2 exciton in

CdSe nanocrystals into a five-state manifold has been

predicted by perturbation theory and verified

experimentally27,29 (see Figure 1, left). The so-called

“bright exciton” |1L� state with angular momentum F

� �1 has been the focus of several recent experiments,

in which the structure of the so-called 2D degenerate

dipole moment of wurtzite nanocrystals has been veri-

fied. This circularly symmetric dipole moment can be

represented as an equatorial disk about the minor axis

of slightly prolate nanocrystals in the plane perpendicu-

lar to the crystalline c-axis. This transition dipole mo-

ment structure has been confirmed by polarization ani-

sotropy measurements30,31 as well as imaging of the

defocused photon distribution patterns of single

crystals,32,33 which appear as the summed intensity of

two orthogonal, independent emitters. These experi-

ments have been used to rapidly determine the

laboratory-frame orientation of the crystal c-axis of indi-

vidual nanocrystals.

Recent low-temperature experiments by Klimov

and co-workers23 have uncovered a slight degeneracy

breaking in asymmetric CdSe/ZnS nanocrystals. In these

experiments, the |1L� state is further resolved into lin-

early polarized, orthogonal sublevels

Figure 1. (Left) State diagram of the lowest energy transitions in a
CdSe nanocrystal. The band-edge is the 1Se�1S3/2 transition. (Right)
Splitting of the 1Se�1S3/2 transition arising from crystal field and ex-
change splitting, as well as shape defects. The lowest allowed transi-
tion, F � �1L, is depicted as its two orthogonal, linearly polarized com-
ponents in the equatorial disk.
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|X 〉 ) (1 ⁄ √2)(|+1 〉 + |-1 〉 ) and

|Y 〉 ) (1 ⁄ √2)(|+1 〉 -|-1 〉 )

These sublevels split the 2D degenerate dipole into mu-
tually orthogonal components, resulting from small dif-
ferences in the exciton exchange interaction at the el-
liptical equator,23,27,33 shown schematically in Figure 1,
right. These components were shown in approximately
10% of the nanocrystals sampled to have a nonzero en-
ergy splitting on the order of 1�2 meV, scaling with
nanocrystal volume.

Until now, direct visualization of any splitting of
this equatorial transition moment has been in the form
of modified 2D transition dipoles34,35 (i.e., 3 1D dipoles,
2D � 1D dipoles). Such modified transition moments
likely arise from sample-to-sample heterogeneities, be-
cause the ratio of oscillator strengths between the |1L�

(degenerate) and |0UL� (linear) transitions depends
strongly on crystal shape.22,27 In this report, we indepen-
dently access the orthogonal components of the |1L�

transition at room temperature, which is manifested as
a discontinuous jump between two emission moment
orientations under rotating pump polarization in the
X�Y plane. The modifications to the nanocrystal elec-
tronic structure by the conjugated OPV oligomers, we
believe, arise from asymmetrically Stark-modified |X�

and |Y� QD states from charge separated ligands. In the
case of a pinned charge at the surface of the nanocrys-
tal, these shifts have been calculated to be on the order
of 70�75 meV.

RESULTS
Linear Dichroism. Linear dichroism is a measure of the

polarization response of a single molecule to a rotat-
ing excitation field and has been used extensively to ex-
amine the nature of the transition dipole moment in or-
ganic chromophores.15,16,36 Conjugated organic
molecules, which have transition moments polarized
along the conjugation axis normally show very strong
linear dichroism. These measurements can thus be used
to determine the laboratory-frame orientation of the
molecular absorption moment. The modulation depth,
given here by M � (Imax � Imin)/(Imax � Imin) where Imax

(Imin) corresponds to the maximum (minimum) detec-
tor counts in a single polarization rotation, ranges from
0 to 1. Isotropic absorbers, such as dye-doped polysty-
rene beads containing hundreds of randomly oriented
linear chromophores within a diffraction limited spot,
exhibit a negligible modulation depth, while single lin-
ear absorbers such as DiI show near-unity modulation
depths. Such polarization anisotropy experiments have
also been carried out on CdSe/ZnS core�shell nano-
crystals by Bawendi and co-workers,30,31 showing a
modulation depth centered around M � 0.5 for an en-
semble of single nanocrystals dispersed in polymethyl-
methacrylate. This value was attributed to the large col-

lection angle of the high-NA objective used, the

intrinsic nanocrystal transition moments, and the modi-

fied dipole radiation patterns in the proximity of the di-

electric (glass) surface.31

In the 2D degenerate picture, the ellipse projected

onto the sample plane determines the modulation

depth for a single randomly dispersed QD, depicted

schematically in the inset of Figure 2A. We denote the

orientation of the nanocrystal by the polar coordinates

(�, �) made by the crystal c-axis relative to the z (optic)

axis of the experiment. The intensity of excitation (and

therefore emission) I2D as a function of (�, �) and the

angle of the linearly polarized excitation field �ex is

therefore

I2D ) I0[cos2 θ+ sin2 θ cos2(�ex -�)]

Figure 2. (A) Experimental polarization modulation traces
for 2 CdSe-OPV nanostructures. The phase offset of 60° is
real, showing no experimental polarization bias. The fitting
parameters for each particle are M � 0.58, � � 59° (�) and M
� 0.45, � � 52° (9). The dashed lines are fits to cos2(�) func-
tions. Inset: Schematic representation of a 2D transition di-
pole moment with normal crystal c-axis at polar angle � and
azimuthal angle �. (B) Histogram of M parameters for 200
CdSe-OPV nanostructures, with M̄ � 0.47.
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For a single cycle of a polarization anisotropy measure-
ment, the angle �ex is swept out over 2	 radians (al-
though the polar angle � is not measured directly, it is
calculated as discussed below). Figure 2A shows traces
for two single CdSe�OPV nanostructures, which are av-
eraged over 10	 cycles of the pump polarization to
mitigate fluorescence intermittency. M values are ob-
tained by fitting to a � b cos2 � (dashed lines in Fig-
ure 2A); from these M values, the orientation of the crys-
tal c-axis is calculated as (see Appendix)

θ) sin-1 � 2M
1 + M

The resulting fits for the traces in Figure 2A yield M �

0.58, � � 59° (black dot) and M � 0.45, � � 52° (black
square). By fitting these parameters, we can accurately
determine the laboratory-frame orientation of the ab-
sorption moment of individual nanostructures.

We calculated analytically a normalized histogram
of M values for randomly dispersed, perfectly degener-
ate 2D dipole QDs (see Appendix for details), resulting
in a mean of value of modulation depths M̄ � 0.4 pre-
dicted for this system. In comparison, Figure 2B shows
an experimental histogram of modulation depths for
200 single CdSe�OPV nanostructures with an average
value M̄obs � 0.47, consistent with absorption from the
nanocrystal core. This absorption behavior is attributed
to the large mismatch in absorption cross sections be-
tween the CdSe nanocrystal (
5 � 10�15 cm2)37 and
OPV ligands (1 � 10�16 cm2);38 the absorption profile is
dominated by the QD core at this wavelength. We note
that fluorescence intermittency, which might manifest
as an artificially large modulation depth, is effectively
eliminated here by cyclic averaging, thus preventing
blinking from dominating the measured M values.

Defocused Emission Patterns. In addition to probing dich-
roic PL intensity response with linearly polarized excita-
tion, we sought to probe the nature of the emission mo-
ment and its correlation with the excitation
directionality. For organic dyes such as Cy5 and DiIC12,
the absorption and emission moments have been
shown to be nearly, but not completely, collinear.16,36

Defocused imaging of spatial distributions of emitted
photons through high numerical apertures has been
used extensively to characterize single molecules39,40

and quantum dots.33�35 By introducing slight spherical
aberration, anisotropies in the resulting images contain
information on the transition dipole axis (or axes). This
technique is useful because it allows for transition mo-
ment imaging while simultaneously monitoring photo-
luminescence dynamics. For single dye molecules, this
method has been applied to determine rotational diffu-
sion rates in porous media41 and to verify modifica-
tions in radiative lifetime in relation to emitter orienta-
tion.42 In single quantum dot studies, this technique has
been applied to determine the orientation of the nano-

crystal on the substrate surface. In this case, the image

resulting from the 2D degenerate disk is the sum of two

orthogonal linear dipoles (see Figure 3A), although

groups have reported success in modeling experimen-

tal photon distributions using three linear dipoles34 or a

2D � 1D scheme.35

Unlike organic chromophores, where the emission

dipole is typically fixed, the emission transition dipole

of the nanocrystal core in a CdSe�OPV nanostructure

displays complex behavior. Figure 3B shows a typical

defocused emission pattern (DEP) from a single nano-

structure with a fixed pump polarization characteristic

of a linear transition dipole (dipole axis parallel to the

major axis). All defocused images were spectrally fil-

tered to exclusively collect emission from the CdSe core.

During the linear dichroism runs, the DEP was ob-

served to fluctuate as a function of the pump laser po-

larization for a significant fraction of the nanostructures

imaged (reorientation of the major emission axis). As

the samples were cast from THF onto neat glass and

dried under dry N2 flow, physical reorientation of the

nanostructure throughout the course of the experiment

is unlikely.

By combining linear dichroic and DEP measure-

ments, we investigate the correlation between the ab-

sorption moment, emission moment, and excitation E

Figure 3. (A) Defocused image of ZnS-capped CdSe QD. The
central node and side lobes are indicative of a 2D dipole with
c-axis parallel to the sample plane. (B) Defocused emission
pattern of CdSe�OPV, showing a distinct linear dipole emis-
sion pattern.
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field for single nanostructures. Figure 4 shows simulta-
neous time trajectories of both the in-plane emission di-
pole orientation (A) and the PL intensity (C) from a
single CdSe�OPV nanostructure under rotating pump
polarization. The dashed line in panel C represents the
rotating laser polarization, where the maxima (minima)
correspond to V (H) polarization. The transition dipole
orientations in panel A were determined by fits to the
major axis of the DEP at a defocus depth �z  1000 nm
(toward the sample plane). Figure 4D shows the
laboratory-frame phase-averaged emission from the
trajectory in panel C along with a sine-squared fit
(dashed line). Comparison to a histogram of laboratory-
frame emission orientations over 100 s in Figure 4B
shows two discrete linear emission orientations at
roughly 45° and �50°, which correspond to the maxi-
mum and minimum absorption points in the phase-
averaged emission curve. The discontinuous “jump” be-
tween two distinct orientations of the transition
moment orientation was typical of the nanostructures
displaying this behavior. The nanostructure shown in
Figure 4 exhibits such a jump from �50° to �50° (with
respect to the horizontal axis) between t � 23 and t �

30 s, after which it immediately returns to the previous
mean value. As indicated in Figure 4, the jumps in emis-
sion orientation do not follow the laser polarization di-
rectly for the nanostructure, but rather “lag” the excita-
tion field in time for 1�2 s. This was observed in almost
all of the CdSe�OPV particles sampled.

Excitation Wavelength Dependence. To further verify the
electronic interaction of surface ligands with the polar-
ization properties of the CdSe core, we examined the
linear dichroic and DEP behavior of CdSe�OPV using
514 nm excitation, where ligand absorption is negli-
gible. While the absorption profiles of CdSe and the
OPV ligands do not permit exclusive excitation of each
moiety individually, excitation near the CdSe band edge
completely avoids ligand excitation. In this way, the be-
havior of the hybrid system without ligand excitation
is interrogated. Photoluminescence from single nano-
structures was spectrally filtered to monitor QD emis-
sion strictly. At this wavelength, fluorescence intermit-
tency becomes pronounced, providing further support
for the role of photoexcited ligands in blinking suppres-
sion reported earlier.26 The linear dichroism observed
at 405 nm becomes less pronounced at 514 nm, and is
complicated by the increased blinking at this wave-
length. We make use of autocorrelation analysis to
probe linear dichroism signatures that avoid these
complications.

Figure 5 shows intensity trajectories I(�) and corre-
sponding autocorrelation functions C(�) for single
CdSe�OPV nanoparticles illuminated at 405 nm (Fig-
ure 5A,B) and 514 nm (Figure 5C,D) over a 4	 rotation
of the excitation electric field. The dashed lines indicate
the laboratory-frame electric vector in the X�Y plane
(maxima (minima) correspond to V(H) polarization). Au-

tocorrelation analysis was performed to identify peri-
odic fluorescence intensity peaks while simultaneously
averaging over short dark periods. The linear
polarization-dependent intensity autocorrelation func-
tions are given by

C(γ) )∑
θ

I(θ) I(θ+ γ)

where I(�) is the measured fluorescence intensity at a
given electric field orientation, and � is a stepped polar-
ization offset. For linear absorbers with intensity
maxima I(�)max  cos2 �, this results in maxima in C(�)
at intervals of 	, which is clearly seen in Figure 5B un-
der 405 nm excitation. The intensity trajectory in Figure
5A, taken using 100 ms integrations over 250 frames,

Figure 4. (A) Emission moment trajectory for a single CdSe�OPV un-
der polarizer rotation (shown as dash in panel C) with respect to
laboratory-frame horizontal axis. (B) Histogram of emission moment
orientations for 100 s of collection. The Gaussian fits to the two fea-
tures indicate an angle of 82° between |X� and |Y� axes. (C) Intensity
trajectory for the same particle; the dashed line indicates the excita-
tion polarization (see text). (D) Intensity for a single polarizer cycle av-
eraged over 10 cycles (points), along with a cos2 � (solid line). Corre-
sponding fitting parameters are M � 0.57, � � 58°.

Figure 5. (A) Intensity trajectory (solid) as a function of laser polariza-
tion (dashed; maximum (minimum) corresponds to V(H) polarization)
under 405 nm (ligand � QD) excitation. (B) Intensity autocorrelation
C(�) for the trace in panel A, showing clear maxima at � intervals. (C)
Intensity trajectory and laser polarization under 514 nm (QD only) ex-
citation. (D) Corresponding autocorrelation analysis for the trajectory
in panel C. The structure in C(�) arises from fluorescence bursts, with
no features at �.
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shows discrete fluorescence intermittency superim-
posed on a cos2 � polarization response. From this, the
laboratory frame orientation of the absorption dipole
moment can be obtained, although this information is
not needed for these comparisons.

Both the intensity trajectories and autocorrelation
functions for individual CdSe�OPV nanostructures
showed distinct differences under 514 nm excitation
compared with 405 nm. The intensity trajectory in Fig-
ure 5C consists of 65 1-s integrations over a 4	 E field
rotation. The fluorescence intensity required 10� bin-
ning due to the significantly lower absorption at this
wavelength, characteristic of “bare” ZnS- or TOPO-
capped CdSe QDs. The autocorrelation features are
not present at 	 intervals, which indicates a lack of lin-
ear polarization response to the rotating field. The ob-
served structure in C(�) arises from the fluorescence
bursts and is not related to the polarization response.
This was common for nearly all of the observed
nanostructures.

To quantify the intermittency, we computed fluores-
cence duty factors (FDFs), which correspond to the per-
centage of the total experiment time a single nano-
structure spends above a 2� noise threshold (“on”
state), at both 405 and 514 nm excitation wavelengths.
Although these quantities have the disadvantage of be-
ing inherently dependent on both total experiment
time and time binning �t, the suppressed blinking in
these hybrid systems renders traditional “power law”
blinking statistical analysis extremely difficult, hence
motivating statistical analysis through both autocorre-
lation and FDFs. Histograms of these FDFs are shown in
Figure 6. To accurately compare the two FDFs, data col-
lected using 405 nm excitation were rebinned 10�

from 100 ms up to 1 s. The dashed bars show the nor-
malized histogram of FDFs from 160 CdSe-OPV nano-
structures under 514 nm excitation, with an average
value �FDF�514nm � 0.60. This largely unstructured distri-
bution of FDFs is similar to that measured in this labo-
ratory for ZnS-capped QDs.26 The solid bars show the
FDF distribution for 163 CdSe�OPV nanostructures ex-
cited at 405 nm (ligand � QD) with �FDF�405nm � 0.74.
This measured distribution is strongly peaked near 1, in-
dicating a large degree of blinking suppression at this
wavelength.

It is clear from these data that the role of the photo-
excited ligands is central to the observed modification
in photophysical behavior for CdSe�OPV. Exciting the
hybrid system to the red edge of the ligand absorption
band results in fluorescence behavior similar to both
CdSe/ZnS and CdSe-TOPO, including long excursions
into dark states and largely degenerate 2D absorption
behavior at thermal temperatures. By tuning to the tail-
ing edge of the ligand absorption band, we gain ac-
cess to a high degree of blinking suppression and
highly linear absorption behavior. We believe the cause
of this abrupt change in fluorescence properties at

these wavelengths arises from photoinduced charge
separation in the surface-coordinated oligomers, which
is only accessed at higher photon energies. These ef-
fects are discussed below.

DISCUSSION
The small (
3 meV) splitting observed between the

|X� and |Y� states in CdSe/ZnS nanocrystals at cryogenic
temperatures observed by Htoon et al.23 is greatly en-
hanced by the presence of the OPV oligomers at the
nanocrystal surface in the present experiments. The
subset of ligands efficiently excited at a given pump po-
larization (proportional to |E||�| cos �, with � the angle
between the pump polarization and oligomer transition
moment �) generates excitons in the organics local-
ized near the nanocrystal surface. The difference in elec-
tronegativities between QD and semiconductor or-
ganic layer43 drives electron transfer from ligand to QD
across the saturated P�O linker, resulting in charge
separated oligomers with a static charge distribution.

To get an estimate of the expected Stark shifts in
CdSe�OPV, the electric field E(r) in the nanocrystal inte-
rior due to a single charge separated oligomer was cal-
culated as44

E(r) ) 3
[εNC ⁄ ε0 + 2]

q
4πε0

[ 1

r2
- 1

(r + a)2]
where r is the distance from the nanocrystal surface,
�NC/�0 is the ratio of dielectric constants of CdSe (taken
to be 6 from Guyot-Sionnest et al.45) and free space, q is
a unit charge, and � is the ligand length. The screen-

Figure 6. Histograms of fluorescence duty factors (fraction
of time “on”) under 405 nm (ligand � QD; solid bars) and 514
nm (QD only; dashed bars) excitation. The average com-
puted FDFs were 0.74 (405 nm; sample size 163 nanostruc-
tures) and 0.60 (514 nm; 160 nanostructures).

A
RT

IC
LE

VOL. 3 ▪ NO. 2 ▪ EARLY ET AL. www.acsnano.org458



ing effect of the hole remaining localized on the ligand

is included in the parameter �. This results in large in-

ternal fields near the coordinated ligand, which are on

the order of 103 kV/cm at the nanocrystal interior. Com-

parison to bulk measurements by Empedocles et al.46

shows that these field strengths are more than suffi-

cient to cause Stark shifts on the order of 75�100 meV

along the polarizable axis of the photoexcited ligand.

Pseudopotential calculations by Wang47 on the ef-

fects of pinned charges near the QD surface support

the above observations. The presence of a localized

charge near the coordination site of the OPV ligand,

generated by photoinduced charge separation when

the organic excitation is efficiently driven, causes Cou-

lombic separation of the internal QD electron and hole

wave functions, and hence strong degeneracy breaking

between |X� and |Y� states) along the axis defined by

the conjugated ligand backbone. The rotation of the la-

ser electric field in the X�Y plane sequentially excites

ligands with a large projection of their transition mo-

ments onto the laser electric vector, resulting in the

fluctuation in emission moment described above. This

effect is not as obvious in absorption, where intermit-

tency and shot noise obscure secondary structure in the

polarization anisotropy measurements.

CONCLUSION
We have studied the modified transition dipole mo-

ment characteristics of CdSe�OPV nanostructures us-
ing both polarization anisotropy and defocused wide-
field imaging techniques. These nanostructures exhibit
the absorption characteristics of essentially 2D degen-
erate absorbers randomly distributed in a plane, albeit
with a higher-than-expected average modulation
depth (M̄obs � 0.47) compared to that predicted for an
ideal, randomly distributed ensemble of 2D degenerate
absorbers. However, the observed emission dipole tran-
sition obtained from widefield imaging appears as a
fluctuating linear transition moment, which until now
has not been observed in these so-called 2D degener-
ate systems. These effects are greatly diminished when
the excitation wavelength is tuned away from the ab-
sorption band of the conjugated organic ligands coor-
dinated to the QD surface. We attribute this effect to a
large ligand-induced splitting of the orthogonal equa-
torial transition moment components. This splitting
arises from a directional Stark shift from localized
charges generated in the organic capping layer. This
work presents an important first step toward the incor-
poration of single colloidal nanocrystal structures into
device applications, where directionality in control is
crucial.

METHODS
Details of synthetic procedures and characterization of

CdSe�OPV nanostructures were reported previously.48 Briefly,
tri-n-octylphosphine-oxide (TOPO)-capped CdSe quantum dots
of radius 2.1 nm were subjected to ligand exchange with OPV
ligands consisting of 1.5 phenylene vinylene repeat units. The
OPV ligands used show an absorption maximum (�max � 355 nm)
superimposed on the typical CdSe absorption band structure
(Figure 7). The composite nanostructures used in these experi-
ments show a narrow photoluminescence emission spectrum
at 580 nm (ca. 30�35 meV fwhm, Figure 7, inset) centered at the
1Se�1S3/2 CdSe transition (see Figure 1 and Figure 2, inset). Par-
ticle diameters were measured by dynamic light scattering and
AFM in tapping mode (Digital Instruments Bioscope) to confirm
the presence of surface ligands, with average particle sizes of

12 nm. For single molecule imaging and polarization measure-
ments, CdSe�OPV nanostructures were cast from dilute THF so-
lution onto plasma-cleaned glass coverslips, resulting in a mean
square distance between particles of 4 �m2. Imaging was per-
formed on an inverted microscope (Nikon TE300) through a
1.4-NA 100� objective onto a 16-bit CCD camera (Princeton In-
struments PhotonMax). A linearly polarized GaN laser (405 nm)
was focused at the back aperture of the objective for widefield
imaging of 
20 individual nanostructures in a single run; CW
epi-illumination with a nominal excitation intensity of 2 W/cm2

at the sample was used, resulting in excitation of both the CdSe
nanocrystal and the OPV ligands. For excitation of only the QD
core, a linearly polarized 514 nm Ar� laser line (Coherent Innova)
was used at similar intensity. A combination of dichroic and
long pass filters was employed to eliminate scattered laser light
and to exclusively collect fluorescence from the CdSe core
(580�30 band-pass). The filters were tested and showed a neg-
ligible polarization bias. For single molecule spectral measure-
ments, fluorescence light was passed through a 430 nm long-
pass filter to a calibrated spectrograph/CCD camera (Acton
Spectrograph/Princeton Instruments Pixis).

For polarization anisotropy experiments, a computer-
controlled broadband quartz half-wave (�/2) retarder was used
to rotate the polarization of the pump laser at a fixed angular fre-
quency in the X�Y sample plane at 0.1	 rad/s (for emission mo-
ment tracking) and 0.04	 rad/s (for modulation depth experi-

Figure 7. CdSe�OPV absorption spectrum showing OPV ab-
sorption (	max � 355 nm) and CdSe band-edge absorption in
CHCl3. The laser lines at 405 and 514 nm are shown by the
vertical lines. Inset: Magnified band edge absorption (black)
along with single CdSe-OPV emission spectrum (gray). For all
experiments, only emission from the QD channel was col-
lected (gray box; 580�30 band-pass).
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ments). For experiments requiring tracking of the polarization
of the excitation laser in the laboratory-frame, the polarizer was
synchronized with exposure times to extract phase information
from the timing electronics. As a control for the polarization re-
sponse experiments, 20 nm polystyrene spheres cast from
semiconductor-grade methanol (FluoSpheres, Invitrogen Corpo-
ration) were subjected to excitation through the rotating polar-
izer, showing negligible polarization response.
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APPENDIX
We derived the expected probability density of modulation

depths in an epi-illuminated sample of quantum dots, assum-
ing (1) that the dots are completely spherical and have no pref-
erence of orientation and (2) that the transition moments of the
dots are 2D degenerate in the plane perpendicular to the crys-
tal c-axis of the nanocrystal. Again, we denote the orientation of
the nanocrystal by the angular coordinates (�, �) made by the
crystal c-axis relative to the z-axis (optic axis of the experiment,
see inset of Fig. 2A). The intensity of excitation (and therefore of
emission) I2d as a function of (�, �) and the azimuthal angle of
the linearly polarized excitation �ex is therefore

I2D ) I0[cos2 θ+ sin2 θ cos2(�ex -�)]

In the course of a cycle of an anisotropy measurement, the angle
�ex is swept out over 2	 radians. The maximum and minimum
intensity through the rotation will be

Imax ) I0 Imin ) I0 cos2 θ

so that the modulation depth M becomes

M )
Imax - Imin

Imax + Imin

) sin2 θ
2 - sin2 θ

For a uniform orientation distribution � of the nanocrystal c-axis,
we can write the differential probability P over � (and therefore
over values of modulation depth) as

dP
dM

∝ dθ
dM

) d
dM[sin-1 � 2M

1 + M] )
√2
2

1

√1 - M[ 1

√M + M2
- 1

1 + M� M
1 + M]

Normalization gives

∫
0

1

d
dM[sin-1 � 2M

1 + M] dM ) π
2

so that we can write a normalized probability density over
modulation depths as

F(M) )
√2
π

1

√1 - M[ 1

√M + M2
- 1

1 + M� M
1 + M]

Measurement of M for a nanostructure allows determination of
the c-axis orientation by

θ) sin-1 � 2M
1 + M
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