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Defocused Emission Patterns from Chiral Fluorophores: Application
to Chiral Axis Orientation Determination
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ABSTRACT: Experimental defocused ﬂuorescence emission patterns from single chiral
molecular systems are compared to semiclassical simulations as a means for a priori
determination of chiral axis orientation in single-molecule systems. Using a coupledoscillator model as a radiation source, we show that the basic features of defocused
emission patterns from chiral ﬂuorophores can be recovered and suggests the feasibility of
chiral axis orientation determination (within some limits) in single-molecule systems.
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nderstanding the orientational dependence of molecular
chiroptical response is the key to next-generation photonic
devices operating on circular polarization states1-4 and explaining chiroptical responses from achiral sources, such as water.5
Additionally, understanding the eﬀects of solvation and local
dielectric environment6-8 on chiroptical response is greatly
complicated by the entanglement with orientation.9,10 In dyedoped crystals11,12 and molecular systems immobilized at a
surface, orientational contributions, related to oﬀ-diagonal elements of the rotatory strength tensor, can dominate the measured chiroptical dissymmetry. Thus, a great deal of experimental
eﬀort has been focused recently on experimental probes of
molecular chirality in systems with well-deﬁned orientation.
Single-molecule spectroscopy provides an opportunity to probe
these heterogeneities; however, in order to disentangle orientational and dielectric contributions to the net chiral dissymmetry,
it is critical to develop tools enabling nondestructive orientation
determination independent of the chiral dissymmetry measurement. In this Letter, we describe an adaptation of the method of
defocused emission pattern imaging to the problem of orientation determination of single chiral ﬂuorophores immobilized at a
surface. We show that simulations using a coupled-oscillator
model13-15 as an electrodynamic source recover the qualitative
features of experimentally observed defocused emission patterns
from single (chiral) helicene molecules. Interesting similarities
and diﬀerences with respect to 2D degenerate dipole systems
(quantum dots) in terms of observed spatial asymmetry are
discussed. These results demonstrate the feasibility of defocusing
techniques for determining chiral axis orientation in the laboratory frame.
Emission pattern imaging of single-molecule ﬂuorescence
with a defocusing depth on the order of 1-2 optical wavelengths
(500-1000 nm) has become a well-established technique for
probing transition dipole orientation of molecular species in
condensed phases.16,17 For molecules having a single dominant
r 2011 American Chemical Society

transition moment component polarized along a body-ﬁxed axis,
the introduction of a small optical phase aberration (achieved
through defocusing of the objective) reveals distinct spatial
intensity patterns characteristic of linear “antenna”-like behavior.16-22 Orientation information (speciﬁcally the two Euler
angles that describe the antenna orientation in the laboratory
frame) is typically obtained by matching the experimental
image with a simulation and ﬁtting procedure. Recently, defocused emission pattern techniques have been applied to
quantum dot systems to reveal information on quasi-degenerate
circular transition moments23,24 and the orientation of the
hexagonal symmetry axis of individual quantum dots. In this
Letter, we examine the problem of chiral axis determination of
single chiral molecules using similar radiation pattern imaging
methodologies.
As has been demonstrated previously, calculations of circularly
polarized emission anisotropy involving the rotatory strength
tensor25 of helicene molecules predict a signiﬁcant contribution
from the electric quadrupole transition moment, a contribution
that is averaged away for rotating molecules. These calculations
predict a distinct absorption and emission anisotropy that is
dependent on molecular orientation. Future studies hoping to
investigate the connection between molecular orientation and
observed chiroptical properties will need a way of conﬁrming
molecular orientation. Success with determining the molecular
orientation of linear molecules and CdSe quantum dots via
defocused emission pattern imaging led us to consider using this
method for determining the molecular orientation of chiral
molecules. Our previous work26 has shown that experimentally
measured defocused emission patterns from single helicene
molecules27 are qualitatively diﬀerent from linear dipole systems
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Figure 1. (a) Simulation from a 2D-DD model. For the c axis, an
inclination angle of 60° and a polar angle of 60° were used. In this case,
μ2 = μ1, and the dipoles are added incoherently. (b) An asymmetric
emission pattern based on a coupled oscillator model. In this case, the
two dipoles are added coherently and the parameters are Δθ = -10°,
Δj = 120°, and μ2/μ1 = 0.4 with chiral axis Euler angles of θ = 0° and
j = 210°. (c) Experimental defocused emission pattern of a single
helicene.

and the “2D-degenerate dipole” (2D-DD) patterns seen for
quantum dots.28 Quantum dot emission patterns can be modeled
approximately as an incoherent superposition of electron-hole
recombination transitions with left and right circular polarization. The defocused emission patterns from single QDs generally
display bilateral symmetry, a symmetry that is independent of the
hexagonal symmetry (c) axis orientation.
Figure 1 shows a comparison of two simulations in which (a)
the two transition dipoles are degenerate and coplanar (2D-DD)
and (b) in which a noncoplanarity of the dipoles is enforced by a
spatial phase-diﬀerence between the two dipoles. Figure 1c shows
a typical experimental defocused emission pattern from a single
helicene molecule showing a characteristic spatial asymmetry.
For simulations, diﬀerences in inclination angle between dipoles
(Δθ), diﬀerences in azimuthal angle between dipoles (Δj),
relative dipole magnitudes (μ2/μ1, where μ1 is the strength of the
ﬁrst oscillator and μ2 is the strength of the second oscillator), and
chiral axis Euler angles are all considered. To match experimental
conditions, a defocus depth of 700 nm, numerical aperture of 1.4,
magniﬁcation of 400, and pixel area of 25  25 pixels was used for
all simulations discussed here. On the basis of these parameters
from the coupled oscillator model, we have matched defocused
emission patterns of bridged triarylamines (helicenes) to simulated emission patterns. Figure 1 parts (b) and (c) show a
qualitative ﬁt between an experimentally observed defocused
emission pattern from a chiral source (M2) and a simulated
defocused image. The simulated image, Figure 1b, with parameters Δθ = -10°, Δj = 120°, and μ2/μ1 = 0.4, and chiral axis
Euler angles of θ = 0° and j = 210° produced a qualitatively
similar emission pattern to the one observed for this particular
M2 helicene molecule. From the comparison in Figure 1, it is
apparent that the coupled oscillator model successfully mimics
the emission patterns from an inherently chiral source.
Asymmetric emission patterns29,30 from individual quantum
dots have been observed as well, which can be attributed to
structural defects that break the symmetry of the left circularly
polarized and right circularly polarized transitions, resulting in a
net ellipticity in the ﬂuorescence emission. For single (chiral)
helicene molecules,26,31 the defocused emission patterns show a
signiﬁcant distortion in the bilateral symmetry normally observed in emission patterns from achiral systems. Chiral chromophores such as triaryl amine helicenes have a transition
moment possessing (in general) some ﬁnite electric quadrupole
and magnetic dipole character. In principal, one can estimate the
order of magnitude of these higher multipoles from measured
chiroptical dissymmetries provided that the orientation is known.

Figure 2. (a) Schematic of the relationship between the dipole source
and the image projected onto the CCD camera. Note that δz is the
defocusing depth. (b) Schematic of coupled oscillator in the object
plane. Each dipole may be rotated in the polar (j) angle and the
inclination (θ) angle.

Here, we present a comparison of experimental results and
computational simulation where the source radiation ﬁeld was
modeled as two coherently coupled noncoplanar one-dimensional electric dipoles, the Kirkwood model.15 The Kirkwood
model of a chiral system involves coherent coupling of two
achiral systems (linear dipoles). In order to generate a chiral
response, the two dipoles must be noncoplanar. In the simulations, we mimic this distance between dipoles as a phase shift;
while the model shows two coplanar dipoles, it is emulating two
noncoplanar dipoles through use of the phase shift. We ﬁnd that
the resulting simulated defocused images yield emission patterns
similar to experimental observations on single chiral molecules
and quantum dots showing strong ellipticity in ﬂuorescence
emission. Such a combination of dipoles allows the defocused
emission patterns to be ﬁt to three adjustable parameters corresponding to physical properties of the individual oscillators
(i.e., dipole strength and orientation) and the two Euler angles of
the chiral axis.
Figure 2 shows a schematic of the geometry used in our
numerical simulations. The chiral electrodynamic source is based
on a coupled-oscillator model of optical activity that parametrizes
the optical response of an inherently chiral ﬂuorophore in terms
of two or more transition dipoles.32 Our simulations are based on
a formulation similar to the one that Bohmer and Enderlein17,33
used to simulate emission patterns from 2D-DD systems. In
recent work, we used a similar model to describe the incoherent
superposition of 2 or 3 linear dipoles as a source to model the
emission patterns of semiconductor CdSe/ZnS quantum dots
and successfully applied this model to explain experimentally
observed emission patterns and polarization properties. The
transition from quantum dots to chiral molecules involves
coherent coupling of the two main transition moments (which
are incoherent superpositions in quantum dots) and enforcing
a noncoplanarity in the transition dipole components (via a
phase shift) to account for the circular dissymmetry. Each dipole
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Figure 3. Eﬀects of chiral axis orientation on simulated emission patterns. (a) Rotation of the chiral axis along azimuthal angles (j) from 0 to 120° in
steps of 30°. Note that the chiral axis remains ﬁxed along the optic axis. (b) Illustration of the dipole conﬁguration used to generate the corresponding
emission pattern in (a). The dipoles are red, and the chiral axis is blue. (c) Rotation of the chiral axis along inclination angles (θ) from 0 to 120° in steps of
30°. Note that the chiral axis rotates away from the optic axis. For all images, the parameters Δθ = -10°, Δj = 120°, μ2/μ1 = 0.4, ξ = -π/2, and δz =
700 nm were used. (d) Illustration of the dipole conﬁguration used to generate the corresponding emission pattern in (c). The dipoles are red, and the
chiral axis is blue.

component was assigned two (s and p) unit vectors characterized
by a speciﬁed azimuthal (θ) and polar (j) angle. Emission
patterns were simulated by integrating the Poynting ﬂux from the
electric and magnetic ﬁelds.
Instead of adding the Poynting vectors of each dipole source,
as in the 2D-DD case, a phase factor was incorporated into the
addition of the electric and magnetic ﬁelds.
E ¼ E1 s cos θ1 þ E1 p sin θ1 þ e-iξ ðE2 s cos θ2 þ E2 p sin θ2 Þ
B ¼ B1 s cos θ1 þ B1 p sin θ1 þ e-iξ ðB2 s cos θ2 þ B2 p sin θ2 Þ
ð1Þ

Figure 4. Comparison of simulations with identical relative orientations
between dipoles. The azimuthal orientation of the chiral axis is 120° in
(a) and 300° in (b).

where s and p refer to the polarization states parallel to the glass
interface of the microscope and the number speciﬁes a particular
dipole; an imaginary phase shift, ξ, is applied to dipole 2. The
justiﬁcation for the prescription in eq 1 is that it represents a
simple way in which to mimic the net ensemble polarization of
photons emitted by the chiral ﬂuorophore; in essence, the second
dipole, if given a phase factor of ξ = -π/2, would approximate
the ﬁelds radiated by the eﬀective magnetic dipole and electric
quadrupole transition moments of the radiating system. Note
that in the model presented here, the two dipoles share a
common center, and this phase shift eﬀectively approximates a
displacement between the two dipoles.
A prominent feature of the chiral emission patterns in
Figure 1b is the lack of bilateral symmetry, which recreates very
well the observed emission patterns from a chiral molecule. The
chiral emission patterns also appear tilted oﬀ axis when compared
to the 2D-DD simulation; this is due to the combination of the
phase shift and diﬀering polar angles of the two dipoles. Figure 3
demonstrates the eﬀect of rotation of the chiral axis through both
inclination and azimuthal angles; as shown in Figure 2, the chiral

axis is orthogonal to dipole 1 and lies along the optical axis for θ = 0°.
For some orientations, the emission from a coupled-oscillator source
is qualitatively similar to the emission patterns observed in CdSeZnS quantum dots. Figure 3 also shows the orientation of the dipoles
used in the simulation and the respective emission patterns. From this
comparison of emission patterns and dipoles, it is apparent that the
symmetry breaking occurs when the chiral axis lies along the optic axis.
As with emission patterns from CdSe/ZnS quantum dots, the
signal-to-noise of the defocused images was lower when compared to in focus images due to the dispersion of photons over a
larger area. The helicenes’ signal-to-noise was lowered even
further due to faster photobleaching times and an overall smaller
signal budget. The number of ﬁtting parameters resulted in
ambiguity when matching experimental emission patterns. As
shown in Figure 4, rotation around the chiral axis resulted in
mirrored emission patterns, thus allowing either the chiral axis
azimuthal angle or Δj to be adjusted in order to obtain a
reasonable ﬁt.
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Our simulations of defocused emission patterns from chiral
ﬂuorophores recover the spatial asymmetry in observed defocused emission patterns from bridged triarylamine (helicene)
molecules. There are obvious diﬃculties in unambiguous assignment of orientation angles, which derive from the ﬁnite spatial
(k) resolution, the signal-to-noise ratio in the experimental
measurements and the number of adjustable parameters used in
the simulation. The assignment of Euler angles to both the chiral
axis and individual dipole oscillators leads to (in some cases) a
defocused emission pattern that is not unique with respect to
more than one set of parameters, necessarily leading to uncertainty in orientation assignment of the chiral axis of the molecule.
In addition, as observed in quantum dot systems,34 the simulated
defocused emission patterns are quite sensitive to the choice of
model of the electrodynamic source. The basic features of
experimentally observed defocused emission patterns for chiral
molecules are similar to those of quantum dots, but with signiﬁcant deviations that may provide clues as to relative strengths of
the electric dipole and quadrupole character.
In principle, defocused emission patterns can be used to assign
molecular orientations to individual chiral molecules in much the
same way that they can currently be used to assign crystal axis
orientations in CdSe-ZnS quantum dots. This Letter describes a
complication that arises in the case of a chiral source and
describes the observed asymmetry in terms of a coupled-oscillator molecule. In order to establish a more robust explanation of
when this asymmetry occurs, it will be necessary to determine the
dipole magnitude and orientation through another measurement, perhaps polarization, in addition to observing the emission
patterns.
It may be possible, in future studies, to measure the ellipticity
(linear anisotropy) of a chiral molecule in addition to obtaining
an emission pattern. For a linear molecule such as DiIC18, the
ellipticity would give a very clear picture of the molecular
orientation. In the case of a coupled oscillator, the correlation
between orientation and ellipticity is much less obvious. The
ellpiticity would be an eﬀect of the net projection of the two
dipoles along the optic axis. Elipticity may be a useful parameter
to measure in order to establish the ratio μ2/μ1 and may be a
useful quantity to measure in future experiments.
We are currently investigating defocused emission patterns
from surface-tethered helicenes (which constrain the molecular
orientations), thus providing additional information to further
reﬁne the model. This would reduce the parameter space
considerably and allow us to establish a quantitative connection
between the coupled oscillator and the inherently chiral ﬂuorophore model.
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on a Princeton Instruments PhotonMax CCD (charged-coupled
device) camera. Defocused emission pattern images were made
by collecting about 2  106 photon counts over a 50 s exposure.
In image space, the emission pattern is distributed over an area of
about 20  20 pixels (with pixel dimensions of 16 μm  16 μm).
Blinking events occurred on the order of 1 ms to 1s and do
not appear to have aﬀected the observed defocused emission
patterns.
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