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Featured Application: Fluorescence-detected circular dichroism in novel molecules.

Abstract: Chirality, the absence of mirror symmetry, governs behavior in most biologically impor-
tant molecules, thus making the chiral recognition of great importance in the pharmaceutical and
agrochemical industries, as well as medicine. Chiral molecules can be characterized by means of
optical experiments based on chiro-optical excitation of molecules. Specifically, chiral absorptive
materials differently absorb left- and right-circular polarized light, i.e., they possess circular dichroism
(CD). Unfortunately, the natural CD of most molecules is very low and lies in the ultraviolet range.
Fluorescence-detected CD is a fast and sensitive tool for investigation of chiral molecules which
emit light; ultralow CD in absorption can be detected as the difference in emission. In this work, we
perform fluorescence-detected CD on novel chiral amide compounds, designed specifically for visible
green emission; we synthesize two enantiomeric fluorescent compounds using low-cost starting
compounds and easy purification. We investigate different solutions of the enantiomers at different
concentrations, and we show that the fluorescence of the intrinsically chiral compounds depends on
the polarization state of the penetrating light, which is absorbed at 400 nm and emits across the green
wavelength range. We believe that these compounds can be coupled with plasmonic nanostructures,
which further shows promise in applications regarding chiral sensing or chiral emission.

Keywords: chirality; amide; chiral molecules; fluorescence-detected circular dichroism

1. Introduction

Chirality, the lack of the mirror symmetry, is a general property found in nature,
governing biochemical reactions of most important molecules. Chiral molecules come in
two types, R- and S-, and these are called enantiomers. Even though the two enantiomers
have the same atomic formula and the same physical properties, their interaction with the
environment (e.g., human body) can be dramatically divergent. Indeed, they can follow
different metabolic pathways; while one enantiomer acts as a drug, the other one can be
inactive or even induce serious side-effects [1,2]. The intrinsic lack of mirror symmetry
leads to the differential absorption when the chiral molecule is excited by left- and right-
circular polarized light (LCP and RCP, respectively); this property is called electronic
circular dichroism (ECD). ECD spectroscopy is conventionally used in investigations of
configurational and conformational properties of organic molecules [3–7]; specifically,
it was shown to be a powerful tool for probing the 3D structure of proteins and their
secondary-structure analysis [8]. Unfortunately, a vast majority of biochemical systems
exhibit low ECD in the ultraviolet range; specifically, pharmacologically relevant small
chiral molecules such as naproxen [9], thalidomide, ibuprofen, methamphetamine [10],
and ephedrine [11] have circular dichroism (CD) bands between 200 and 300 nm, which
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practically complicates the ECD measurements. Moreover, in complex systems containing
more chiral molecules, addressing the ECD target of interest can be challenging.

In attempt to increase the sensitivity of CD measurements and extend the signal
detection to the more practical visible and near-infrared range, researchers have developed
methods which involve CD revelation through fluorescence. In chiral compounds exhibit-
ing fluorescence, CD coming from differential absorption of circular polarizations can be
measured as a differential fluorescence intensity resulting from that differential absorption.
This technique is called fluorescence-detected circular dichroism (FDCD), and it is based on
the fact that the amount of the light emission directly depends on the light absorption [12].
Therefore, it is an indirect measurement of the absorption CD at the wavelength which is
used for the excitation of fluorescence. Being a fluorescence-based characterization, FDCD
was expected to offer higher sensitivity and specificity of chiral detection. It was previously
applied in the detection of structural change in the tertiary structure of metmyoglobin [13],
as well as in exciton-coupled stereochemical analysis [14,15], and it was proposed for
measurements of the enantiomeric excess in substances containing randomly orientated
absorbing molecules [16]; moreover, FDCD was used in attempts to detect single-molecule
chirality [17–19]. Another application of FDCD was to study the CD of chiral Eu(III)
complexes, where conventional CD would require high concentrations and high material
volume [20].

However, it can be noted that, since the first FDCD experiments [12], there has only
been a limited number of papers reporting on FDCD applications. This is due to the experi-
mental problems including instrumentation artefacts and, again, the very low absorption
CD, which would induce the fluorescence difference. Only very recently, Prabodh et al.
proved that FDCD offers chiral characterization of supramolecular host–guest complexes
at much lower concentrations compared to ECD [21]. On the other hand, the nanophotonic
community proposed the use of resonant nanostructured materials as substrates for chiral
sensing, where the near-fields at the resonances enhance the molecular absorption. By
electromagnetic confinement at the nanoscale, nanostructures can enhance and control
chiral near-fields [22–27], potentially providing the enantioselective enhancement of the
absorption rates of nearby molecules. After a number of numerical proposals, this idea was
experimentally demonstrated very recently by Solomon et al. [28], using background-free
FDCD to demonstrate the enhancement of intrinsic molecular CD due to the coupling of
chiral molecules with a resonant metasurface based on Si nanodiscs. These recent studies
will surely contribute to the revival of FDCD-based characterizations and the sensitivity
improvements by means of combination with nanophotonics.

In this work, we report on FDCD measurements done on novel chiral amide com-
pounds. We specifically design chiral compounds to exhibit circular dichroism in the
ultraviolet range and emit in the visible green range. The choice of this design is due to two
reasons; firstly, proof-of-concept FDCD measurements of new solutions are experimentally
easier in the visible range, and, secondly, we were led by the recent reports of chirality in
nanostructured substrates in the visible range [29,30], which have potential for coupling
with emitting molecules in future. The synthesis is based on affordable starting compounds,
mild reactions, and easy purification, which result in two pure enantiomeric compounds
R-FA1 and S-FA1. We then investigate different solutions and mixtures of the enantiomers
by means of a FDCD setup. Different polarization states of a laser light at 400 nm are
differently absorbed, and the according difference is monitored through the intensity of
green fluorescence. We believe that the reported FDCD signals of these compounds can
be further investigated via coupling with plasmonic nanostructures, thus opening new
pathways toward enhanced chiral sensing applications.

2. Materials and Methods

All reagents (9-oxo-9H-fluorene-2-carboxylic acid, 1,1′-carbonyldiimidazole CDI, (R)-
1-phenylethanamine, (S)-1-phenylethanamine), solvents (ethyl acetate AcOEt, petroleum
ether), and deuterated solvents (dimethyl sulfoxide DMSO-d6, dimethyl formamide DMF-
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d7) were of high analytical grade and were purchased from Sigma-Aldrich (St. Louis,
MO, USA).

1H- and 13C-NMR spectra were acquired on AVANCE400 Bruker spectrometer, oper-
ating at 400 and 100 MHz respectively, in DMSO-d6 and in DMF-d7 at 27 ◦C; chemical shift
values are given in δ (ppm) relatively to TMS as internal reference. Coupling constants
are given in Hz. The following abbreviations are used: s = singlet, d = doublet, t = triplet,
m = multiplet.

IR spectra were recorded on a FT-IR Perkin-Elmer Spectrum One equipped with an
ATR system; signals are given as ν (cm−1).

GC–MS analyses were performed using a Perkin-Elmer GC Clarus 500 system and
gas chromatograph interfaced to a mass spectrometer (GC–MS) equipped with a Restek
RTX-1, fused silica capillary column (60 m × 0.25 mm ID, 0.25 µm df, composed of 100%
dimethylpolysiloxane). For GC–MS detection, an electron ionization system with ionizing
energy of 70 eV was used. Helium gas was used as the carrier gas at a constant flow rate of
1 mL/min, and 1 µL of a 10−5 M sample solution in DMF was injected. The inlet line and
the ion-source temperatures were 200 ◦C and 180 ◦C, respectively. The oven temperature
was programmed from 70 ◦C for 1 min, with an increase of 10 ◦C/min up to 180 ◦C for
6 min, then 10 ◦C/min up to 270 ◦C, ending with a 43 min isothermal hold at 270 ◦C.

Optical rotations were measured on a Jasco DIP-370 digital polarimeter. The c values
are expressed in g/100 mL. αobs was registered 10 times per sample, and [α]20

D was
calculated considering the mean value. The cell length was 0.10 dm.

2.1. Chemical Synthesis of Enantiomeric Amide Compounds

Two new enantiomeric fluorescent compounds (R)-9-oxo-N-(1-phenylethyl)-9H-
fluorene-2-carboxamide (R-FA1) and (S)-9-oxo-N-(1-phenylethyl)-9H-fluorene-2-carboxamide
(S-FA1) were specifically synthesized for this work, following the reactions represented
in Figure 1. In particular, 9-oxo-9H-fluorene-2-carboxylic acid was activated using 1,1′-
carbonyldiimidazole (CDI), and then the opportune enantiomeric amine was added to
obtain the corresponding enantiomeric amide, which was purified by classical procedures.
The detailed synthetic procedures, as well as the analytical and spectroscopic data of the
synthesized compounds, are reported in the Supplementary Materials and are in agreement
with the proposed structures.
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In Figure 2, we report on the unpolarized absorption spectra of the two compounds. It
can be seen that the absorption reaches its maximum at ~260 nm, but its tail extends to longer
wavelengths, encompassing 400 nm (which is of interest for our experimental possibilities).
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photos of the DMF solutions of R-FA1 and S-FA1 in daylight (top) and under UV light excitation at
365 nm (bottom).

2.2. Fluorescence Spectroscopy Setup

To excite the enantiomers and measure their fluorescence, we used the FDCD setup
shown in Figure 3. We used a near-infrared laser (Chameleon Ultra II by Coherent Inc.,
Santa Clara, CA, USA), with a pulse duration of 140 fs and a repetition rate of 80 MHz.
The laser gave maximum power (>3.5 W) at 800 nm, and the spot size had a diameter
of 1.2 mm high collimated, M2 < 1.1. Then, the beam at this wavelength was directed
toward a beta barium borate (BBO) crystal through a lens whose focus was 75 mm. In
order to prevent any damage, the BBO crystal was positioned out of focus with respect to
the lens of 15 mm. The incident angle of the laser on the BBO was set to optimize phase
matching in order to produce a linear polarized second harmonic beam at 400 nm. The
400 nm beam, with 0.1 mW of average power, passed through a short pass filter (SPF) filter
(<700 nm), which filtered the strong fundamental beam. The light then passed through a
linear polarizer (LP) and quarter wave plate (QWP); QWP rotation defines the polarization
state of the excitation, which can be LCP, RCP, or linear (Lin). A further SPF (<450 nm)
removed any residual of the fundamental beam. We prepared cuvettes with different
relative concentrations of S- and R-enantiomers in dimethylformamide (DMF) solvent.
The cuvette was placed in a holder which was well isolated from the environmental light
fluctuations. The laser light at 400 nm impinged on the cuvette with a 2 mm diameter spot
on one side of the cuvette, in a way that it was normal to the longer side of the cuvette
volume (see Figure 3). From the lateral side of the cuvette, we detected the fluorescence
using a Hamamatsu compact spectrometer (200 nm–800 nm range), with a lens whose
focus was 20 mm and a UV graded fiber with a 200 micron core. The spectrometer was set
to a 5000 ms acquisition time per spectrum in order to acquire a clear luminesce signal. In
this way, the detection was always done at the same point (half of the cuvette side) and
under the same conditions. Moreover, choosing the shorter side of the cuvette volume
for 400 nm light absorption ensured that we obtained a stable fluorescence signal from
that part of the excited substance. Before each measurement, the “dark” signal from the
environment was measured and subsequently subtracted from the signal coming from the
fluorescence in the cuvette. During the single spectrum acquisitions, part of the laser light
was continuously monitored in time using a photodiode (not represented in the scheme)
and used as a reference for the luminescence intensity normalization.
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Figure 3. Experimental FDCD setup. Laser light at 800 nm impinges on the BBO crystal, which
generates the second harmonic. The high-intensity fundamental beam is filtered by two short-pass
filters, while the second harmonic is polarized by a linear polarizer and quarter waveplate. This
beam excites the cuvette with molecules. Fluorescence is laterally caught by a fiber and sent to
the spectrometer.

3. Results

We investigated the following combinations of the S- and R-solutions in DMF solvent:
100% S, 75% S/25% R, 50% S/50% R, 25% S/75% R, 100% R, and pure DMF. In Figure 4,
we show the luminescence properties when these substances were excited with 400 nm
light with linear polarization. As expected, DMF showed no fluorescence. All mixtures
had a broad green fluorescence, starting around 430 nm and peaking at around 510 nm.
It can be noted that the broadband fluorescence spectral shape almost did not depend
on the relative enantiomer concentrations in the solutions; this is in accordance with
chirality being the property of the absence of mirror symmetry, while keeping the molecular
constituents equal.
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Figure 4. Fluorescence for different relative concentrations of enantiomer solutions in DMF, under
linearly polarized excitation at 400 nm. The fluorescence intensities are normalized to their own
maximum value and translated by a factor of 0.2 in order to increase the curve visibility. As a
reference, we also report the measurements for DMF alone, which, as expected, did not produce
any luminescence.

We next rotated the QWP and measured the intensity of the fluorescence for enantio-
pure solutions (100% S and 100% R). In Figure 5a, slight differences can be noted in the
fluorescence signal under the excitations with LCP and RCP states of light. Such a difference
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reversed sign by changing the enantio-pure solutions from 100% S to 100% R. Finally, we
calculated FDCD as the normalized difference in intensities emitted with LCP and RCP
excitation (ILCP and IRCP, respectively).

FDCD[%] = 100
ILCP − IRCP
ILCP + IRCP

. (1)
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Figure 5. (a) Fluorescence spectra of DMF solutions with (red, blue curves) 100% S and 100% R (cyan,
magenta curves), under LCP and RCP excitation. (b) FDCD spectra of the two solutions.

Figure 5b plots the FDCD for the two pure enantiomers. Due to the low luminescence
signal in the spectral region where the wavelengths were shorter that 470 nm or larger
than 570 nm, we report the FDCD only in the spectral region 470–570 nm, where the signal-
to-noise ratio resulted to be larger than one. While the solution with 100% R molecule
gave a rather flat negative FDCD (−1.1% ± 0.3%) signal from 470 nm to 570 nm, the
opposite enantiomer gave a positive FDCD in this range. The difference in CD for opposite
enantiomers was around 1.5%, well beyond the sensitivity of the system of 0.3%.

Figure 6a plots spectra of the mixtures, i.e., 75% S/25% R solution, 25% S/75% R
solution, and 50% S/50% R racemic solution. The difference in luminescence between LCP
and RCP excitation was noticeably smaller with respect to the pure solutions, as can be
evidenced by calculating the FDCD (Figure 6b). As expected, the 50% S/50% R racemic
solution gave a negligible FDCD, whereas S- and R-enantiomer excess in a mixture led to a
negative and positive FDCD signal, respectively.
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Figure 6. (a) Fluorescence spectra of DMF solutions with relative enantiomer concentrations of 75%
S/25% R (blue, red), 50% S/50% R (black, green), and 25% S/75% R (cyan, magenta), under LCP and
RCP excitation. (b) FDCD spectra of the three solutions.

Lastly, it can be noted that FDCD signals of 10 mmol enantiomer concentrations
reached an absolute value of 1.1% in the green range. As previously stated, chiral detection
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at much lower concentrations is needed in the industry, and the authors in [31] managed
to detect enantiomer concentrations down to zeptomole levels by coupling them with
the resonant nanostructured materials and monitoring the transmission changes in the
near-infrared range. Here, our molecules were designed to emit in the green range, which
overlaps with resonances of plasmonic nanostructures such as nanohole arrays [29,30,32].
In future work, we will cover plasmonic nanostructures with the presented solutions
and measure both FDCD and passive extinction changes. We believe that the coupling
with properly designed nanostructures which have resonance overlap in the excitation
or emission range of our enantiomer could lead to new discoveries and pathways to
higher FDCD, thus leading to the possibility of stable signals at lower concentrations, i.e.,
enantioselectivity enhancement.

4. Conclusions

In this work, we synthesized new chiral amide compounds which emit green light.
We then performed FDCD characterization, i.e., we reported how the fluorescence intensity
depends on the circular polarization state of the excitation light at 400 nm. The results
are promising in terms of FDCD demonstration, which is tunable with different relative
concentrations of the enantiomers in the solution. The chiral compounds exhibited circular
dichroic behavior in the blue part of the visible spectrum, as could be revealed in the
more suitable green part by measuring the fluorescence. The overlap of these regions with
resonant properties of the plasmonic nanostructures could open new pathways toward
enhanced enantioselectivity.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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