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ABSTRACT: The direct generation of efficient, tunable, and switchable
circularly polarized laser emission (CPLE) would have far-reaching
implications in photonics and material sciences. In this paper, we describe
the first chiral simple organic molecules (SOMs) capable of simultaneously
sustaining significant chemical robustness, high fluorescence quantum yields,
and circularly polarized luminescence (CPL) ellipticity levels (|glum|)
comparable to those of similar CPL-SOMs. All these parameters altogether
enable efficient laser emission and CPLE with ellipticity levels 2 orders of
magnitude stronger than the intrinsic CPL ones.

■ INTRODUCTION

Circularly polarized luminescence (CPL) accounts for the
differential emission of left-handed and right-handed circularly
polarized (CP) light.1−6 The interest in this phenomenon lies
in the higher resolution that CP light brings to the applications
where it is used, leading to the development of smarter
photonic materials for advanced technologies, such as three-
dimensional (3D) displaying,7 information storage and
processing,8,9 communication of spin information (spin-
tronics-based devices),10 or ellipsometry-based tomogra-
phy.11,12 Going one step beyond, the virtually unexplored
direct emission of circularly polarized laser light (CPLE) has a
huge potential in the improvement of many of these
applications13,14 as well as in other advanced fields such as
the accurate study of biological processes involving chiral
products;15,16 the efficient promotion of light-induced asym-
metric processes in confined systems, such as zeolites,17,18

nanostructured surfaces,19 or polymeric matrixes;20−23 or the
control of chiral morphologies in nanostructures.24 Therefore,
the development of new materials enabling CPLE should be a
top priority objective in materials science research.
Currently, organic lasers directly generating visible (vis),

tunable, and circularly polarized laser radiation are scarce and
rely on intracavity conversion to CPLE by means of optical
retardation. This effect has been achieved so far by using either
chiral liquid crystals as hosts for the chromophores13,25−28 or
dynamic chiral gratings induced by interference of circularly

polarized beams.29 Besides, it has been demonstrated that it is
possible to generate CPLE in achiral solutions in random
lasers30 or by means of pump-induced birefringence in
transversely pumped Fabry−Perot cavities.31 In this last case,
it was studied how the pump polarization influenced the
polarization state of the generated laser light. The strong and
polarized pump light excites preferentially the molecules whose
absorption dipole moments are properly aligned with the pump
electric field. This excitation selectivity leads to a ground and
excited state molecular orientation anisotropy, i.e., to an
absorption and emission anisotropy. The presence of an
absorption orientation anisotropy is causally translated into a
refractive index orientation anisotropy; i.e., an optical
birefringence is induced. This birefringence exerts a phase
delay between the two transverse cavity modes, providing the
generated laser beam with elliptical polarization. Depending on
the chosen pump polarization, the birefringence can be made
stronger, weaker, or even to disappear.
In the development of smart optical materials endowed with

vis, tunable, and efficient CPL emission, chiral organic laser
dyes arise as very attractive candidates, mainly owing to the
properties associated with their strong absorption and efficient
emission in the vis spectral region, small size, and excellent
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organic-solvent solubility.32−39 These characteristics confer on
them unique capability for the direct generation of CPLE in
solution and in confined systems.
Considering their huge potential, it is noticeable that chiral

organic dyes enabling intrinsic CPLE are unknown to date. It is
in this context that we demonstrate for the first time laser
emission from a CPL compound and run the first study on the
CPLE properties of a newly and specifically designed
enantiomeric couple of model simple organic dyes, assessing
the possible transfer of their fluorescent CPL ability into
circular (or elliptical) polarized laser light emission (free of
optical retardation artifacts) with controlled handedness.

■ RESULTS AND DISCUSSION

An enantiomeric couple of organic dyes showing high
fluorescence quantum yields, enabling CPL, and sustaining
efficient laser emission was necessary for this study. Thus, we
took our recently reported new design for CPL-SOMs (simple
organic molecules) as a starting point (see BODIPY (R)-1 in
Figure 1).40 As we reported, this molecule shows CPL levels

falling in the same range as most CPL-SOMs. However, we had
found a decrease in the fluorescence of this chiral O-BODIPY
dye when compared with the corresponding parent F-BODIPY
PM567 (0.45 vs 0.80 in CHCl3, see Figure 1). On the other
hand, we had also observed that, in the case of O-BODIPYs
involving carboxyl units attached to the boron, those having
electron-withdrawing (EW) substituted carboxyls showed
higher fluorescence quantum yields.41 Therefore, we decided
to introduce EW bromine groups in the BINOL moiety of (R)-
1 and (S)-1 to generate new chiral dyes (R)-2 and (S)-2
(Figure 1). The introduced bromines are expected to have a
triple effect on the dye properties. First, they should increase
the chemical stability of the boron-chelate-based BODIPY
chromophore, by enhancing the electrophilic character of the
dioxyboron rest by means of negative electronic inductive effect
(as we have observed for other O-BODIPY dyes), which is
essential for laser dyes. Second, they should improve the
fluorescence quantum yield of the dyes,41 which is necessary for
an efficient laser emission. Third, the large volume of the
bromine atoms would amplify the chiral perturbation that the
BINOL moiety exerts over the BODIPY chromophore.40 It is
expected that this effect would enhance the chiroptical
properties of the dye, in both absorption and emission of
circularly polarized light (circular dichroism and CPL,
respectively).
Synthesis and Photophysics. The synthesis of (R)-2 and

(S)-2 was carried out following the same procedure described
for the synthesis of related (R)-1 and (S)-1,40 using the

corresponding enantiopure 3,3′-dibromo-1,1′-bi(2-naphthol)
(3,3′-dibromoBINOL, see Supporting Information (SI) for
details) in yields comparable to those reached for enantiomers
1 (60% for (R)-2 and 64% for (S)-2). The handling of the new
dyes showed them to be more chemically stable than their
counterparts 1. As a matter of fact, enantiomers 2 are robust
enough to be purified by flash chromatography on silica gel
without significant decomposition. This is not the case for
enantiomers 1, which require less reactive neutral alumina as
the chromatographic stationary phase.40 Besides, as it was the
case for 1, the 1H NMR spectrum of 2 shows clear
diastereotopicity for the protons of the isochronous methylene
groups (ABX3 spin system, see SI). This diastereotopicity is
indicative of the expected chiral perturbation of the BODIPY
moiety, at least on the magnetic properties of the mentioned
proton nuclei.
Regarding the photophysical properties of the new dyes 2,

conventional steady-state UV−vis photophysical measurements
(see SI) revealed identical parameters for both enantiomers
(R)-2 and (S)-2, as it was otherwise expected (Table S1 in the
SI). Compared to the nonbrominated counterpart 1, the
absorption and fluorescence peak wavelengths of 2 remained
almost unchanged (527 and 547 nm, respectively), whereas the
quantum yield significantly increased from 0.45 to 0.69
(chloroform as solvent; see SI for experimental details). This
result confirms, once again, the positive influence of EW groups
attached to the O-moiety over the fluorescence of the O-
BODIPY.41

Chiroptical Properties. Optical rotation and, mostly,
circular dichroism (CD) are important sources of information
about the existence of helical (or pseudohelical) structures in
solution. Thus, high optical rotation values and, especially, high
Cotton effects in CD are usually indicative of a high helical
character. In turn, a high helical character is an essential feature
when it comes to reaching high CPL values.42 Therefore, both
optical rotation and CD were measured for new dyes 2 before
studying their CPL behavior.
Analogously to dyes 1 {|[α]D

20| ca. 5000 (c 0.1, CHCl3)},
40

enantiomers 2 showed huge specific optical rotation values {|
[α]D

20| ca. 4000 (c 0.1, CHCl3)} (see the SI). On the one hand,
these values are in agreement with the expected high
pseudohelical character of the dye, imposed by the conforma-
tionally restricted C2-symmetric BINOL moiety. On the other
hand, the fact that the optical rotation remains unaltered over
the concentration (see the SI) demonstrates that there are no
aggregates in solution, which is a crucial factor for their use as
laser dyes.
The CD spectra of 2 show strong dichroic signals in the vis

region, with maxima at the maximum absorption wavelength of
the BODIPY chromophore, as occurred in the case of 1 (Figure
2). This dichroic signalization has been quantified in terms of
the absorption anisotropy factor (Kuhn dissymmetry ratio)
gabs(λ) = 2Δε/ε = 2((εL − εR)/(εL + εR)) = (θ)/(3298ε),
where εL and εR refer, respectively, to the molar extinction
coefficients of left and right circularly polarized light, (θ) is the
molar ellipticity in deg·cm2·mmol−1, and ε is the global molar
extinction coefficient. Contrary to what we had predicted, we
have not observed any improvement in the maximum gabs
values in relation to 1, nor any significant decrease (−8.6 ×

10−4 for (R)-2 vs −9.4 × 10−4 for (R)-1, and +8.8 × 10−4 for
(S)-2 vs +7.4 × 10−4 for (S)-1, see Table S2 in SI). As was the
case for 1, the detected strong Cotton effect demonstrates that
the achiral BODIPY chromophore is chirally perturbed by the

Figure 1. Dyes synthesized for this study (2), based on previously
described CPL-SOMs 1 and parent achiral dye (PM567). Only the R
enantiomers are shown.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b00654
J. Phys. Chem. C 2017, 121, 5287−5292

5288

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.7b00654/suppl_file/jp7b00654_si_001.pdf
http://dx.doi.org/10.1021/acs.jpcc.7b00654


BINOL moiety, at least at its ground state. Therefore, an
analogous perturbation can be expected for the excited state,
which would lead to CPL from enantiomers 2.
Analogously to gabs for CD, the degree of CPL is given by the

dissymmetry factor, glum(λ) = 2ΔI/I = 2(IL − IR)/(IL + IR),
where IL and IR refer, respectively, to the intensities of left and
right circularly polarized emissions.44 Indeed, as expected from
the results obtained for the optical rotation and CD, together
with the fact that dyes 2 follow the CPL-SOM design
exemplified by 1,40 almost mirrored spectra with opposite
maximum glum values (−0.6 × 10−3 for (R)-2 and +0.8 × 10−3

for (S)-2) were obtained (Figure 3, see Table S3 in SI). These
values are similar to those from the nonbrominated counter-
parts 1 (|glum| ca. 0.7 × 10−3),40 being in the range of other
CPL-SOMs.32 These all-in-one characteristics of enantiomers 2
when compared to 1 (improved chemical stability, similar and
acceptable CPL activity, and, especially, enhanced fluorescence)
make them suitable candidates for analyzing their CPLE
behavior.
Circularly Polarized Laser Study. The previous photo-

physical results suggest that BODIPYs 2 should be capable of
sustaining efficient laser emission. In a transversally pumped
cavity configuration (Figure 4a) and at an optimized dye
concentration of 1 mM, ethyl acetate solutions of the new dyes
emit laser light at 575 nm with efficiency (output/input energy
ratio) as high as 68%. These results represent the first
demonstration of coherent radiation from any CPL compound
so far, becoming a most relevant result of this paper. This
efficiency is slightly higher than that of the parent dye PM567.
This enhancement, which ultimately comes from an improve-
ment in the chromophore planarity and aromaticity,41 is
expected for BODIPY dyes whose fluorine atoms have been
substituted by oxygen pendant groups (i.e., O-BODIPYs
instead of F-BODIPYs), such as the carboxyl groups reported
in ref 41 or the 3,3′-dibromoBINOL groups in the present
work.
To check whether the CPL shown by enantiomers 2, both in

strength and in sign, was translated into CPLE, we performed a
complete polarimetric study of their laser emission with a
homemade polarimeter31 (see Figure S1 in the SI for full details

on the experimental setup and methodology). In order to
detect intrinsic (free of anisotropy artifacts) CPLE with the
current pump and cavity configuration (Figure 4a), one should
ideally reduce as much as possible the contribution from the
laser-induced birefringence.31 In our previous work, we showed
that this happens when the solution is excited with light
polarized in the excitation/detection plane (horizontal linear
polarization in our case).31 However, under these conditions
the emission is highly unpolarized, and the polarimetry
formalism that we use to retrieve the polarization state
struggles to find realistic and reliable solutions.31 To avoid
this uncertainty, one could run many experiments to get as
better statistics as possible, but it would be extremely time-
consuming and the solution would be probably photodegraded
before the experiment is finished due to the intense excitation.
On the other hand, our method works very well when the
signals are partially or fully polarized (pump polarization other
than horizontal), and we rely on this accuracy to detect changes
in the overall CPLE (birefringence effect + intrinsic CPL) due
to the intrinsic contribution of CPL. In any case, the accuracy
in measuring |glum| values in our current setup is ∼0.05. Hence, |
glum| below this value cannot be confidently discerned. In this
sense, our methodology is useful for measuring CPLE levels
(intrinsic or influenced by light-induced birefringence) under
laser pumping and would be complementary to, but never
substitutive for, that used for measuring CPL signals.3,4

The global polarization state of a given arbitrary beam can be
described in terms of the Stokes parameters Si (i = 0, 1, 2, 3),43

but it is more physically insightful to express it with the related
parameters beam energy (Eout), degree of polarization (DOP),
degree of circular polarization (DOCP), and orientation (ψ)
and ellipticity (χ) of the polarization ellipse (Figure 4a). Note
that the DOCP calculated with this method, which in turn is

Figure 2. CD spectra of 1 and 2 in chloroform solution (ca. 10−6 M).

Figure 3. CPL (upper curves; S enantiomer in black, R in red) and
total luminescence (lower curves) spectra of 2 in degassed chloroform
solutions (ca. 10−3 M) at 295 K, upon excitation at 445 nm.
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related to χ, equals minus half the glum defined for CPL.31

However, care must be exercised in comparing CPL glum with
CPLE glum (or DOCP), as they may be radically different. In
fact, the laser glum for PM567 amounted to −0.1 for a CPL glum
of 0.31

The laser light polarization state parameters for solutions of
(R)-2 and (S)-2 were evaluated as a function of the pump
energy and polarization. Figure 4b shows the results
corresponding to a linear vertical pump polarization (those
corresponding to a linear 45° pump polarization can be found
in Figure S2 of the SI). Both the DOP and the polarization
ellipse orientation 2ψ follow the expected behavior for laser
dyes with nearly parallel absorption and emission transition
dipole moments;31 i.e., the emission is highly polarized and
vertically oriented. Analogous results are obtained for a linear
45° polarized pump (Figure S2 of the SI). As explained
elsewhere, this arises from the orientation anisotropy of the
excited state dipole moments induced by the polarized pump.31

Note here that both chiral dyes present a laser emission which
is more polarized than that of the parent dye PM567.31 The
rationale of this increment can be found in the bulkier nature of
the chiral dyes, nearly doubling the size of the parent PM567.

In this sense, the rotational relaxation rate should be smaller,
preventing the molecules from randomizing their orientation
before the photons were emitted. Time-resolved fluorescence
anisotropy measurements rendered rotational relaxation life-
times for PM567 and (R)-2 ((S)-2 is expected to show the
same lifetime) of 130 ± 10 and 160 ± 10 ps, respectively. In
other words, the chiral dyes need more time to randomize their
orientation, thus confirming our reasoning. The very same
DOP enhancement has been observed in chromophores
dissolved in viscous solvents, where rotational relaxation is
greatly hindered.31

The laser emission from both dyes showed signatures of
polarization ellipticity (2χ ≠ 0 or glum ≠ 0), with values that
oscillate as the pump intensity increases (Figure 4b). Analogous
results are obtained for linear 45° polarized pump (Figure S2 of
the SI). In our previous publication31 we showed that the origin
of this ellipticity arises from the dynamic birefringence induced
in the dye solution by the strong and polarized laser pumping
and the subsequent orientation anisotropy of the excited
molecular dipoles. In other words, the pumping process turns
the active medium into a wave retarder. Once the pulse is over,
the solution recovers its isotropy. The induced anisotropy has a
complex nonlinear dependence on the pump energy, position,
and time, thus the characteristic oscillating behavior shown by
2ψ and 2χ.31 For (R)-2 and (S)-2, 2χ oscillates from positive
(right-handed) to negative (left-handed), reaching CPLE |glum|
values up to 5 × 10−2, 2 orders of magnitude higher than the
CPL glum (dashed lines in bottom plot, Figure 4b).
These results show that the laser polarization ellipticity

originated by the chiral dyes is of the same magnitude as that
originated by the achiral dye.31 Nevertheless, there is no strong
evidence that the enantiomers show a clear and opposite
handedness in CPLE (within experimental errors). This is not
surprising, since even if one could remove the birefringence
contribution, there is no reason by which one should obtain a
relevant difference in magnitude between the CPL and intrinsic
CPLE |glum| values. Hence, the contribution to the polarization
ellipticity of the pump-induced dynamic birefringence, which
has its origin in the anisotropy of the excited state dipole
moments, but not in the intrinsic chirality of the dyes, screens
the CPLE ellipticity contributed by the intrinsic CPL
(maximum |glum| ∼ 10−3).
Thus, in terms of detecting intrinsic CPLE (i.e., amplification

of CPL), both chiral dyes 1 and 2 could be catalogued as
nonsuitable. In terms of extrinsic CPLE (i.e., due to laser-
induced birefringence), they could be seen “as good as an
achiral dye”. In this sense, the dissymmetry factor |glum| due to
the pump-induced effects has an upper value of (5−9) × 10−2.
Therefore, it would be possible to detect, even in the presence
of birefringence “artifacts”, intrinsic CPLE with a definite
handedness from a chiral dye, provided that its CPL
dissymmetry factor |glum| was higher than 5 × 10−2. Work in
progress is directed to design new enantiomeric organic laser
dyes with stronger CPL levels by further increasing, for
instance, their helical (or pseudohelical) character.32

■ CONCLUSIONS

We have generated for the first time laser emission from a CPL
molecular system, and have presented a proof of concept to lay
the foundations for the development of simple organic
molecules capable of emitting circularly polarized laser light.
We have demonstrated that, on the one hand, the described
chiral organic dyes 2 are capable of emitting circularly polarized

Figure 4. (a) Sketch of cavity and pump configuration and polarization
ellipse, and Poincare ́ sphere with representative polarization states. (b)
Laser emission polarization state parameters of 2 as a function of
pump energy for a linear vertical pump polarization. Each point and
error bar in (b) represent the average and standard deviation,
respectively, of the fitting parameters obtained over five sets of
measurements. Lines are guides to the eye. The dashed lines in the
bottom plot mark the values of CPL glum for each dye.
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luminescence (|glum| in the range of other CPL-SOMs) and, on
the other hand, they sustain efficient elliptically polarized laser
emission.
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(40) Sańchez-Carnerero, E. M.; Moreno, F.; Maroto, B. L.;
Agarrabeitia, A. R.; Ortiz, M. J.; Vo, B. G.; Muller, G.; de la Moya,
S. Circularly Polarized Luminescence by Visible-Light Absorption in a
Chiral O-BODIPY Dye: Unprecedented Design of CPL Organic
Molecules from Achiral Chromophores. J. Am. Chem. Soc. 2014, 136,
3346−3349.
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