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Limits on Fluorescence Detected Circular Dichroism of Single Helicene Molecules
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Fluorescent imaging of single helicene molecules is applied to study the optical activity of chiral fluorophores.
In contrast to the previous report by Hassey et al. (Science 2006, 314, 1437), the dissymmetry factors of
single chiral fluorophores are found not to differ significantly from the bulk value of Igl < 107* at 457 nm.
Linear dichroism and birefringence of the dichroic mirror inside the fluorescence microscope change the
polarization state of the incoming laser beam significantly; i.e., circular polarized light sent into the microscope
becomes highly elliptically polarized after reflection from the dichroic mirror. Compensation for this effect
should be made to avoid artifacts brought by linear dichroism in single immobilized molecules.

Single-molecule measurements have been used to probe the
states and dynamics of a huge variety of biophysical and
condensed matter systems,” * and often yield information that
is missed by bulk, ensemble-averaged techniques. In particular,
measurements at ambient and low temperatures provide detailed
information about the interactions between single fluorescent
molecules and their local environment. The heterogeneously
broadened lines visible in bulk often resolve into much narrower
single-molecule lines, which show spectral diffusion,>® blinking,’
and polarization fluctuations®’ that indicate complex interactions
with the host.

Chiral molecules of a single enantiomer show differential
absorption of left and right circularly polarized light (CPL). The
degree of circular dichroism (CD) at a particular frequency is
measured by the g-value:

20— 1)

87 " +1)

where T' £ is the rate of excitation in right (+) or left (-) CPL.
The g-value varies between —2 < g < 2. For most small organic
molecules, peptides, nucleic acids, and sugars, Igl < 1073 in the
visible.!” The smallness of g arises from the small size of
molecules relative to the helical pitch of CPL: the electromag-
netic field undergoes a nearly imperceptible twist over a distance
of molecular dimensions.

At the quantum mechanical level, CD arises through an
interference between electric dipole and either electric quadru-
pole or magnetic dipole transitions.!! The Hamiltonian relevant
to CD for a chiral molecule in an electromagnetic field is:'?~ !4
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where p is the electric dipole operator, @ is the electric
quadrupole operator, and m is the magnetic dipole operator; E
is the electric field, and B is the magnetic field. The rate of
excitation from an initial state i to a final state f involves the
expression KfIHIi)?, as specified by Fermi’s golden rule. This
expression contains a term proportional to lu%, as well as cross-
terms containing g and @ or g and m (the remaining terms are
small enough to be neglected). The term containing lu;*
represents electric dipole absorption, and is not sensitive to
molecular chirality. The signs of the two cross-terms, however,
depend on molecular chirality, so these terms are responsible
for circular dichroism. Both cross-terms depend on the orienta-
tion of the molecule relative to the incident field. Upon averaging
over all molecular orientations, the electric quadrupole contribu-
tion to the differential absorption averages to zero while the
magnetic dipole term remains.”* Thus, electric quadrupole
transitions do not contribute to bulk CD, while magnetic dipole
transitions do contribute.

In light of the increased information available from single-
molecule measurements, it is interesting to compare the chi-
roptical response of a single chiral molecule to the ensemble-
averaged response. One can measure chiroptical effects in small
samples by using fluorescent chiral molecules.'>!® The rate of
fluorescence emission is proportional to the rate of excitation,
and thus, fluorescence detected circular dichroism (FDCD)
provides a possible probe of chiroptical effects at the single-
molecule level. Single-molecule FDCD might differ from bulk
FDCD for several reasons:

(1) Electric quadrupole and magnetic dipole matrix elements
of orientationally fixed single molecules may differ from their
rotationally averaged values in bulk systems.'!”

(2) Local interactions with the host could modify the oscillator
strengths or frequencies of the electric quadrupole or magnetic
dipole transitions, to induce molecule-to-molecule variations in
CD, i.e., heterogeneous broadening of CD lines.

The smallness of the electric quadrupole and magnetic dipole
contributions to the Hamiltonian is purely geometrical in origin,
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a consequence of the small size of a molecule relative to the
wavelength of light. Orientational averaging reduces the strength
of the electric dipole/magnetic dipole interference by a factor
of 3 relative to its peak value.'* Electric quadrupole transitions
average to zero in bulk, so bulk measurements provide no
guidance on their magnitude. Geometrical considerations,
however, indicate that the electric quadrupole term should be
of the same order of magnitude as the magnetic dipole term.
Density functional simulations of single helicene molecules
support the prediction that single-molecule g-values are of the
order of 1073, of the same order as in bulk at the same excitation
wavelength.'®

Nonetheless, theoretical models may be wrong, so there was
considerable interest in the report from Hassey et al.! that single
molecules of bridged triarylamine helicenes show g-values
ranging from +2 to — 2, while in bulk the two enantiomers
have Igl < 107 at a probe wavelength of 457 nm. Furthermore,
they reported that both enantiomers of this compound show very
similar broad distributions of single-molecule g-values, and that
the wavelength dependence of the single-molecule g-values does
not correspond to the bulk, even when averaged over many
single molecules.®

We attempted to replicate the experiments of Hassey et al.
and initially saw similar broad distributions of g-values.
However, after correcting for the linear birefringence and linear
dichroism inherent to the dichroic mirrors used in single-
molecule FDCD experiments, the distribution of g-values
collapses to a sharp distribution around g = 0. The uncertainty
in the measurements does not allow us to distinguish the
g-values of opposite enantiomers.

Methods

Triarylamine helicenes M-2 and P-2 (Figure la) were
synthesized following literature procedures'*?’ with modifica-
tions. (2-Methoxyphenyl)-naphthalenylamine was synthesized
using (1,1”-bis(diphenylphosphino)ferrocene)PdCl, - CH,Cl, as
the amination catalyst,?! and deprotection of the helicene methyl
ether was accomplished using BBrs;.2 The molecules we
prepared are identical to the ones Hassey et al. used in ref 1.

The products were characterized by '"H NMR, '3C NMR, and
mass spectrometry; all data match the literature spectra. The
circular dichroism (Figure 1b) and fluorescence (not shown)
spectra are identical to earlier reports.'® Both enantiomers show
strong FDCD in bulk when excited with light at 355 nm, with
g-values of +8.0 x 1073 for M-2 and —8.1 x 1073 for P-2. At
457 nm, the wavelength used in the experiments of Hassey et
al., the g-values are Igl < 1074,

Following the procedure of Hassey et al., we made solutions
of the helicenes at 107® M in methanol and drop-cast these
solutions onto a Zeonor film (ZF-14 ZEONEX/ZEONOR). A
fused silica coverslip was cleaned in Piranha solution (3:1
H,SO,: Hy,O,, Caution: highly corrosive). The Zeonor film was
placed, helicene side down, onto the coverslip, and the samples
were imaged in an inverted single-molecule fluorescence
microscope.

The optical setup is shown in Figure 2a. The setup is built
around an Olympus IX71 inverted fluorescence microscope. The
light source is a Melles Griot argon-ion laser operating at 457
nm (0.4 mW at the sample). A narrow-band excitation filter
(D457/10x Chroma) is used to remove plasma emission at other
wavelengths. The light is polarized by a Glan Thompson
polarizer (10GL0O8 Newport), passed through a liquid crystal
variable retarder (LCVR, LRC — 200 — VIS, Meadowlark
Optics), and then through a quarter wave Fresnel rhomb retarder
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Figure 1. Bridged triarylamine helicenes. (a) Structure of the P-2
enantiomer. The camphanate group is used as a chiral resolving agent
and renders the M-2 and P-2 species technically diastereomers.
However, the camphanate group has no detectable effect on the optical
properties of either species. (b) Circular dichroism spectrum of M-2
and P-2, measured with a JASCO CD spectrometer. The spectrum of
the P-2 was scaled by a constant factor to correct for a slight difference
in concentration between the two samples.

(FM600QM Thorlabs). The LCVR is driven with a 2 kHz square
wave. An arbitrary state of ellipticity is generated by adjusting
the LCVR drive voltage. We have mirrors between the polarizer
and the microscope, to avoid introducing spurious phase shifts
onto the beam. The only reflection after the initial polarizer is
off the dichroic mirror.

A lens with a focal length of 15 cm (LA1433-A Thorlabs)
brings the light to a focus at the back focal plane of the objective.
After passing through the lens, the light is deflected upward by
a dichroic mirror. We performed experiments using either of
two dichroics: DC1, 460 nm long pass; DC2 (Olympus DM500),
500 nm long pass. Our objective lens is a 60x, N.A. 1.45, oil
immersion, plan apochromat (1-U2B616 Olympus). Fluores-
cence from the sample is collected by the same objective, passed
through the dichroic mirror, and separated from the excitation
light by a 470 nm long-pass emission filter (HQ470LP Chroma).
Images are collected on an Andor iXon™ electron-multiplying
CCD (DU-897E-CS0-#BV), cooled to —50 °C.

A program written in LabView synchronizes the acquisition
of images with the application of voltages to the LCVR. The
LCVR has an ~30 ms response time to a change in the
amplitude of its driving voltage, so each image acquisition starts
100 ms after a change in the voltage on the LCVR. In a typical
experiment, 40 images are acquired, at 400 ms exposure per
frame, with a switch in the polarization state between each
frame. An amplified photodiode detector (PDA36A, Thorlabs)
is mounted on top of the microscope to monitor the intensity
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of the transmitted laser beam. This photodetector allows us to
correct for laser power fluctuations.

Prior to each experiment, we measure the polarization state
of the light entering the microscope and emerging from the
objective. A polarizer (GL10 Thorlabs) is temporarily placed
in the beam path at the point of measurement. The transmitted
intensity is recorded using a power meter (FieldMaxII-TO
Coherent Inc.) as a function of the angle of the polarizer.

Data are acquired under two conditions for each enantiomer:
alternating left- and right-CPL sent into the microscope and
alternating left- and right-CPL at the sample plane. The analysis
for all movies is completely automated using custom software
written in Matlab, with identical parameters for all data sets.
Thus, there is no possibility for bias in selecting molecules or
extracting their intensities.

Results

Figure 2b shows an image of single helicene molecules on
the Zeonor film. We first imaged the molecules with alternating
left- and right-CPL sent into the microscope. For both polariza-
tions, the ellipticity before the microscope is greater than 96%.
Many molecules show strong asymmetries in their brightness,
as shown in Figure 3b, leading to apparent g-values ranging
from —2 to 2. However, under these conditions the light
emerging from the microscope is not circularly polarized.
Ellipticities are 36% for DC1 and 55% for DC2.

To generate CPL at the sample, we measured the Jones
matrices® for the dichroics. They are

10
0 134627

and

10
0 0.97¢""

for DCI1 and DC2, respectively. We solved the matrix equations
to identify the Jones vectors of the input polarization states
which lead to CPL at the sample. These are
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for DC2. These polarizations are generated by applying ap-
propriate voltages to the LCVR. Measurements confirmed
ellipticities >96% above the sample for both right- and left-
CPL.

Figure 3b shows a histogram of g-values measured for single
molecules with CPL before the microscope (using DC1) and
with CPL at the sample (using DC2). The apparent g-values
are broadly distributed in the case where the CPL is generated
before the microscope, using either DC2 (data not shown) or
DCI. In contrast, with CPL at the sample, the g-values are not
significantly different from zero: g = 0.026 4+ 0.27 for M-2
and ¢ = 0.033 £ 0.29 for P-2. The width of the observed
distribution is largely due to statistical uncertainties in the
extraction of single-molecule g-values in the presence of shot-
noise and molecular blinking and photobleaching. Thus, current
experimental techniques cannot detect deviations from 0 in the
g-values of single helicene molecules measured at 457 nm.

Discussion

We have shown that the broad distribution of g-values
observed by Hassey et al. can be explained by linear dichroism**
in the randomly oriented helicene molecules, coupled with
imperfect circular polarization of the illumination. We believe
that such a mechanism is a more probable explanation for their
data than is anomalously large circular dichroism at the single-
molecule level, which would require a hitherto unknown
physical effect. In addition to the dichroic mirrors discussed
above, a third dichroic mirror with a cutoff of 570 nm (Olympus
DM570) also shows strong linear birefringence for 532 nm light.
We conclude that strong linear birefringence is a general feature
of dichroic mirrors. Finding a dichroic with nearly equal
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filter, was subtracted from the raw image to enhance the contrast of the single molecules.
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Figure 2. Imaging of single helicene molecules under light of controlled polarization. (a) Schematic diagram of optical setup for wide-field imaging.
See text for a detailed description. (b) Image of single helicene molecules. A diffuse background image, calculated using a 2-dimensional median

(b)
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Figure 3. Fluorescence of single helicene molecules in CPL. (a) Time-
traces of single helicene molecules with CPL sent into the microscope
(top) and CPL generated at the sample plane (bottom). There is a large
apparent g-value when CPL is sent into the microscope but not when
CPL is generated at the sample. Both molecules show single-step
photobleaching. (b) Histogram of g-values for both enantiomers, under
both polarization conditions. With CPL at the sample, the g-values are
much more narrowly distributed. The number of molecules measured
for each histogram are the following: M-2 CPL in, 303; P-2 CPL in,
173; M-2 CPL out, 169; P-2 CPL out, 234.

reflectivities for s- and p-polarized light (such as our dichroic
DC2) is not sufficient to preserve the polarization state of
incident light; the phase shift between s- and p-polarizations is
important too. An observation of CPL in light back-reflected
from the sample is also not proof of CPL at the sample, because
the back-reflected light has undergone a second phase-shifting
reflection at the dichroic.

If CPL is sent into a fluorescence microscope, the dichroic
mirror converts this light into elliptically polarized light at the
sample, with different principal axes arising from the two input
circular polarizations. The linearly polarized component of this
illumination leads to different rates of pure electric dipole
excitation for each randomly oriented molecule. Many authors
have documented the perils of performing microscopic CD
measurements.'#?>> Claborn and co-workers avoided any
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reflective elements in their optical train and so were not subject
to this source of error.?

Circular dichroism measurements at the single-molecule level
promise important information on molecular structure and local
environmental interactions. However, uncompensated linear
birefringence and linear dichroism in optical elements inside a
microscope can cause linear dichroism to masquerade as circular
dichroism. Caution is advised in performing and interpreting
such experiments.
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Probing the Chiroptical Response
of a Single Molecule

Ruthanne Hassey, Ellen ]. Swain, Nathan I. Hammer, Dhandapani Venkataraman,

Michael D. Barnes*

Chirally sensitive measurement techniques have generally been restricted to bulk samples. Here,
we report the observation of fluorescence-detected circular dichroism (FDCD) from single (bridged-
triarylamine) helicene molecules by using an excitation wavelength (457 nanometers) in the
vicinity of an electronic transition that shows circular dichroism in bulk samples. The distributions
of dissymmetry (g) parameters by analysis of signals from pure M- and P-type diastereomers are
almost perfect mirror images of one another, each spanning a range of both positive and negative
values. In addition, we observe a well-defined structure in the histogram of dissymmetry
parameters suggestive of specific molecular orientations at the polymer interface. These single-
molecule results highlight strong intrinsic circular dichroism responses that can be obscured by
cancellation effects in ensemble measurements of a randomly oriented bulk sample.

ptical probes of chirality in organic sys-
Otems are nearly as old as organic chem-

istry itself, tracing back to the early
1800s in initial studies of chiral natural products.
Optical rotary dispersion and circular dichroism
are now ubiquitous tools for characterizing and
quantifying natural and synthetic chiral systems
(1, 2). More sophisticated gas- and condensed-
phase probes have recently brought fresh in-
sights to the role of solvation and local dielectric
environment in the problem of light-matter in-
teractions with chiral materials (3—5). However,
because conventional techniques for probing
chiroptical properties of molecular systems are
based on scattering or absorption, they neces-
sarily require extensive ensemble averaging,
thus obscuring information on the specific chir-
optical signature for an individual molecule as
well as the heterogeneity of the response asso-
ciated with a particular system. Here, we report
observation of fluorescence-detected circular
dichroism (FDCD) on individual helicene mol-
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Fig. 1. (A) Experimental schematic. Linear-polarized laser radiation is peri-
odically modulated between right- and left-handed circularly polarized light by
rotation of a quarter waveplate. Fluorescence from single M2 or P2 molecules
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ecules deposited on the surface of a polymer
film, and we show how the dichroic response is
distributed for pure P- and M-type diaster-
eomers. The measured distributions—each con-
structed from several hundred single-molecule
measurements—are almost perfect mirror images
of each other and are characterized by significantly
larger average chiroptical response than observed
in bulk solution. Surprisingly, the measured
distributions span a range of dissymmetry param-
eters encompassing both positive and negative
values. In addition, we find a well-defined
structure in the histograms suggestive of specific
molecular orientations at the polymer interface.
The chiroptical response of a molecular sys-
tem is quantified by the dissymmetry param-
eter, g. In terms of fundamental molecular
properties, g is defined as 4R/D, where R =
Im[(g |u| e) (e Im| g)], |e) and |g) are electronic
states involved in the optical transition, p and m
are the electric and magnetic dipole operators,
and D = [(g|uje)? is the dipole oscillator strength,
thus giving the range of possible g values of +2
(6). Experimentally, g is determined by measured
differential absorbance or luminescence intensity
as g =2[gp — er]/[eL * er]; typically, ensemble-
averaged values of g are quite small (0.01 to
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0.001). Recently, significantly higher average
dissymmetry values have been observed in ag-
gregates of conjugated polymers with chiral side
chains (7, &), and experiments probing specific
fine-structure components of Dy — F; tran-
sitions in Europium chelates have shown average
g values between —0.7 and —1.8 (9). The latter
result is particularly interesting in that such a
large ensemble-averaged g value can be ob-
served in such systems primarily because of the
diminished sensitivity of inner-shell electronic
transitions to environmental factors in rare earth
ions. Thus, an important unresolved question is
whether the generally weak chiroptical signature
from molecular systems is a result of intrinsic
molecular properties or the result of averaging
over extrinsic heterogeneities such as molecular
orientation or different local environments.
Answers to these questions are vital to enhanc-
ing the purity of chiroptical response from a
molecule of interest, thus potentially improv-
ing the practicability of such materials in device
applications.

The power of single-molecule spectroscopy
to disentangle heterogeneities in a complex phys-
ical system is well known (/0—12). Many elegant
published works on orientational dynamics (/3),
spectroscopy of conjugated polymers (74, 15),
and quantum dot systems (/6), for example, have
shown how a molecule-by-molecule approach can
provide detailed information on the photophysics
of complex systems. Recently, Venkataraman,
Riehl, and co-workers demonstrated the syn-
thesis and bulk chiroptical characterization of
a new kind of helicene molecule based on a
bridged triarylamine structure (Fig. 1B) in
which the right (P)— or left (M)-handed heli-
cal structure is enforced by the presence of a
camphanate group at the indicated position (/6).
This camphanate group serves only to main-
tain chirality and does not absorb or emit light
at the wavelengths used and therefore is not
expected to contribute to the chiroptical proper-
ties of the helicene molecules. A very small
ensemble-averaged circular polarized luminescence
(Ae/e = 0.001) was observed from solution-

(B) was collected in an epi-configuration with a 1.4-NA oil objective and high-
sensitivity CCD camera. (C) Typical (in-focus) fluorescence image and defocused
image (inset) from a M2 sample.
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phase samples of these species (/7), similar in
magnitude to the circular dichroism at the same
excitation wavelengths. Our approach here was
to use ultradilute solutions to immobilize single
helicene molecules at the surface of a polymer
film and image the fluorescence-detected circu-
lar dichroism by using single-molecule spec-
troscopy and imaging techniques.

Figure 1A shows a schematic of our ex-
perimental apparatus, which is similar in many
regards to that described by Kahr and co-workers
for imaging circular dichroism in inorganic
crystals (/8). Using an epi-illumination configu-
ration on a Nikon TE300 microscope with 1.4—
numerical aperture (NA) objective, we delivered
right- or left-handed circularly polarized light
from a CW Ar" ion laser (457 nm; =100 pW
nominal power) to the sample by orienting a
multi-order quarter waveplate (QWP) on a
rotation stage at +45° with respect to the
(horizontal) input polarization axis, with 5 to 10
sequential charge-coupled device (CCD) camera
exposures (Roper Scientific PhotonMax) for
each QWP orientation (/9). The molecules under
study here were pure M- and P-type diastereo-
mers of helicenes [as verified by '"H-nuclear
magnetic resonance (NMR)] derivatized with a
camphanate moiety to enforce a specific chirality
(Fig. 1B). Synthetic details are given elsewhere
(20). For consistency in notation with respect to
previously published work, we refer to the dif-
ferent diastereomers here simply as M2 and P2
(17). The 457-nm excitation wavelength excites
transitions within the lowest electronic absorp-
tion band, where bulk solution and solid-film
circular dichroism for these molecules are ob-
served. Solutions of the two diastereomers were
dissolved in semiconductor-grade methanol or
cyclohexane and diluted to nominal concentra-
tions of 10" M; film-based samples were pre-
pared by drop-casting =200 ul of the ultradilute
solution onto a thin polycylcoolefin (Zeonex)
polymer film. We find that the photochemical

Fig. 2. (A) Representa-
tive fluorescence inten-
sity traces as a function
of excitation polarization
state for dye-doped poly-
mer nanosphere (black),
single P2 molecule (blue),
and single M2 molecule
(red). The dissymmetry
parameters extracted
from the P2 and M2
traces shown here were
0.54 and —0.63, respec- 10 4
tively. (B) Normalized 5,
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stability of the helicenes is significantly en-
hanced by the use of a Zeonex supporting film
over clean glass. In a typical fluorescence image
obtained from such a sample, ~50 diffraction-
limited fluorescent spots in a ~300-um? area are
seen, which show temporal instabilities (blinking
and discrete photobleaching) characteristic of
single molecules (Fig. 1C). The defocused image
shown in the inset of Fig. 1C illustrates the
bidirectional nature of the transition moment in
these chiral species. Similar in nature to de-
focused images observed in quantum dot sys-
tems (21), the spatial fluorescence intensity
patterns for the single helicene molecules are
distinctly different from well-known defocused
images of single linear dipoles or multichromo-
phoric systems (22).

Figure 2A shows representative fluorescence
intensity traces from the M2 and P2 helicenes
under excitation with right- and left-handed
circularly polarized laser radiation. In these
examples, the sample is illuminated with al-
ternating right- and left-circular polarized laser
radiation every 10 frames, with a 1-s integration
time per frame. The dissymmetry factor, g, in the
single-molecule FDCD signal was defined as
2[(I. — R)/(I + Iy)], where Iy and I} are the
measured fluorescence intensities associated with
right or left circularly polarized excitation, re-
spectively (23, 24). Single-molecule FDCD dis-
symmetry parameters were determined for each
right and left circular polarization alternation
cycle, and only fluorescent molecules with
sufficient photochemical stability to follow in-
tensity trajectories for at least 1.5 modulation
cycles were used in the analysis. Although some
variations in g are observed within a given single-
molecule intensity trajectory, the gross value of g
appears to be well defined for a given molecule
during the measurement duration, suggesting that
a particular single-molecule g factor is deter-
mined primarily by a predominantly static local
environment.

Probability (arb.)

histograms of FDCD dis- R' |_' RI 1_' R
symmetry parameters

determined from single-

Polarization State

—r—
LR LR -2
Dissymmetry Parameter, g

molecule fluorescence measurements. The red curve with open squares represents data from M2, and the
blue curve with open circles represents data from P2. For comparison, results from our control experiment
with dye-doped 20-nm polymer nanospheres are shown (black curve with crosses). Data from ~500 single
molecules were used in the construction of the histograms.

Plotted as histograms (Fig. 2B), the distribu-
tions of the dissymmetry parameter, g, obtained
from single M2 and P2 molecules are notable
mirror images of one another and appear to be the
sum of a broad symmetric (about g = 0) com-
ponent spanning a range of g = +1.3 and a much
narrower component centered at g ~+0.15. Even
though the compounds were isolated as pure
diastereomers, we considered the possibility that
the unexpected shape of the distributions could
be associated with the opposite diastereomer
formed by partial isomerization in methanol
solution, or by reaction with condensed water
vapor on the film during sample preparation.
However, further experiments starting from pure
M2 powder under strict anhydrous conditions
with cyclohexane showed that the broad dis-
tribution persisted. Thus, we conclude that the
symmetric component present in both M2 and P2
g distributions at 457-nm excitation is a photo-
physical property of the molecular system and
not the result of sample degradation. Our ex-
perimental bias toward molecules with higher
photostability might, however, bias the dis-
tribution of dissymmetry parameters to higher
(absolute) values.

The structure of the histograms is intriguing
and suggests a nonrandom distribution of chiral
axes at the polymer-air interface. Differences
between normalized g distributions for P2 cast
from methanol versus cyclohexane solutions
are subtle and limited to the wings of the two

Fig. 3. Comparison of normalized dissymmetry
parameter histograms for P2 dispersed from cy-
clohexane (dashed blue line and open circles) and
methanol (solid blue line and triangles). The solid
black curve is a fit to the P2/cyclohexane data with
a three-component Gaussian fit. The lower graphic
illustrates three different molecular orientations
at the surface: camphanate-down, tripod, and
camphanate-up.
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distributions (Fig. 3) despite the solubility of
Zeonex in the hydrocarbon but not the alcohol.
Analysis of the M2 and P2 g distributions in-
dicated three distinct components, with similar
amplitudes but opposite signs for the two dia-
stereomers. We propose that these three com-
ponents are associated with three distinct stable
molecular frame orientations at the surface shown
in Fig. 3: camphanate down or up, and tripod
(chiral axis perpendicular to the optical axis).
These configurations correspond to the helicene
frames parallel or perpendicular to the surface. We
speculate that the opposite-handed component is
associated with the “camphanate-up™ orientation
that places the helicene frame in direct contact
with (or solvated by) the polymer film. Thus, the
two in-plane orientations should be distinguish-
able from each other. Similar effects have been
observed by Vaccaro and co-workers in cavity
ringdown polarimetry measurements on (.5)-(—)-
propylene oxide, which show (for this particular
system) that the specific rotation changes sign in
the transition from the gas-phase to solvated
molecule (3), illustrating the sensitivity of the
chiroptical response to molecular environment.
This effect is also analogous to the observation
in crystals of tartaric acid of a variation in optical
activity that is bisignate in nature (25). Here, we
are restricted to molecular orientations induced
by interactions with the substrate and as a result
observe distinct contributions to the average g
value. This result suggests that in solution phase,
the measured g value represents a weighted
average of all possible orientations and inter-
actions with the solvent.

In summary, we observe that for a given
bridged-triarylamine helicene diastereomer, there
exists a significant probability of finding rela-
tively large positive and negative g values whose
distribution appears as a sum of three distinct
components. We hope this result will spark
further experimental and theoretical efforts in
the study of individual chiral fluorophores. Our
work demonstrates the feasibility of interrogating
the fundamental nature of the interaction of light
with chiral molecules at the single—quantum
system level and provides valuable insights into
the photophysics of chiral fluorophores. This
result may also pave the way to the develop-
ment of advanced new materials for efficient
polarized light-emitting diodes (POLEDs) in
next-generation display technologies (26).
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Organic Globules in the Tagish
Lake Meteorite: Remnants of the

Protosolar Disk

Keiko Nakamura-Messenger,* Scott Messenger, Lindsay P. Keller,

Simon J. Clemett,™® Michael E. Zolensky*

Coordinated transmission electron microscopy and isotopic measurements of organic globules in
the Tagish Lake meteorite shows that they have elevated ratios of nitrogen-15 to nitrogen-14 (1.2
to 2 times terrestrial) and of deuterium to hydrogen (2.5 to 9 times terrestrial). These isotopic
anomalies are indicative of mass fractionation during chemical reactions at extremely low
temperatures (10 to 20 kelvin), characteristic of cold molecular clouds and the outer protosolar
disk. The globules probably originated as organic ice coatings on preexisting grains that were
photochemically processed into refractory organic matter. The globules resemble cometary carbon,
hydrogen, oxygen, and nitrogen (CHON) particles, suggesting that such grains were important

constituents of the solar system starting materials.

arbonaceous chondrite meteorites con-
tain rare micrometer-sized mineral grains
from evolved stars (stardust) (/). These
meteorites also contain remnants of interstellar
organic matter, marked by anomalous H and N
isotopic compositions. This material has under-

www.sciencemag.org SCIENCE VOL 314

gone complex histories of processing, dilution,
and isotopic exchange with solar system ma-
terials, obscuring its original chemical and phys-
ical state. Rare microscopic inclusions with
highly anomalous H and N isotopic composi-
tions occur in meteorites and interplanetary dust

particles (IDPs), suggesting that some inter-
stellar organic materials have survived intact
(2—4). However, analytical limitations have left
the nature of these materials poorly known.
Tagish Lake is a meteorite whose chemis-
try and mineralogy are intermediate between
CI and CM2 carbonaceous chondrites (5). It
was collected immediately after its fall was
witnessed, minimizing terrestrial contamina-
tion (5). It has been linked to outer belt as-
teroids from its orbit, reflectance spectrum,
hydrated mineralogy, and abundant carbona-
ceous matter, having 2.6 weight percent or-
ganic carbon (5—7). Tagish Lake organic matter
often occurs as submicrometer, hollow glob-
ules (8). Similar objects were first observed in
meteorite extracts in 1961 (9) and have re-
cently been reported in several carbonaceous
chondrites (/0). However, owing to analytical
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