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ABSTRACT: Red emission with sharp bandwidth and high quantum yield are desired characteristics for organic chromo-
phores in optoelectronic, spintronic, and biomedical applications. Here, we observe circularly polarized luminescence (CPL)
with these characteristics from a benzo-fused BODIPY-BINOL complex (1). Using time-resolved optical spectroscopy, elec-
trochemistry, and density functional theory calculations, we showed that the emissive excited state of 1 does not have a
charge-transfer character, unlike the regular BODIPY counterpart (2). The rigidity and the lack of charge-transfer character
make this class of molecules an appealing platform for CPL-active molecules in the red spectral region with ample room for

improvement in the dissymmetry factor and brightness.

1. Introduction

Circularly polarized luminescence (CPL) is an emerging
field of research with the potential for material and biolog-
ical applications.!3 CPL emits light with a distinct handed-
ness, either left-handed or right-handed circular polariza-
tion. This unique property provides exciting possibilities
for various fields, including optoelectronics,*® security
devices,” chiral sensing,® and quantum information tech-
nologies.’

The CPL is quantified by the dissymmetry factor g;,m =

2 j'“:r;R where 1 and Ak are the left and right CP components
LTIR

of the emission.!® Adopting the brightness of chromo-
phores (B) that takes into account the extinction coeffi-
cient (1) measured at the excitation wavelength and the
emission quantum yield (®),!! one can define a brightness
for CPL (BcrL)'? as

BCPL =& X O x |gl;1m| =B X |gl;1m| (1)

where Bcp is expressed in terms of M-lcm-1. Replacing & by
the efficiency of light absorption, we can also define a cir-
cularly polarization luminosity (Acr., which takes values
from 0 to 1).13 We can obtain higher BcpL by increasing &,
®, and gum individually. While organic chromophores usu-
ally have lower gum, they tend to have higher & and &,
compared to metal complexes that can exhibit higher gum.
Another consideration for applications is bandwidth. Nar-
row bandwidth is preferred for high purity (e.g., organic
light-emitting diodes) and selectivity (e.g, multiplexed
imaging).1* While m-conjugated organic chromophores
tend to have significantly higher & (a couple of orders

magnitude higher), their bandwidth is generally broader
compared to metal-centered emission (e.g. lanthanides).!>
Therefore, there is a strong push to develop narrowband
organic emitters,'® and with such molecules, one can real-
ize the full potential of CPL-active organic chromophores.

Boron dipyrromethene (BODIPY or BD) dyes are a class of
molecules that can be synthetically modified to emit CPL.
Some advantages of BODIPY dyes include large &x (~ 5 - 10
x 104 M-1cm) and high ®. Their thermal and photochemi-
cal stabilities also make them robust and reliable for mate-
rials and biological applications. The tunability of the opti-
cal and electrochemical properties of BODIPY molecules is
remarkable,17-18 allowing for a wide range of modifications
to tailor their optical properties to specific applications.
While these properties make BODIPY an attractive and
versatile class of molecules for CPL, the number of
BODIPY-based CPL emitting chromophores is still not
large, 12 compared to other types of organic molecules (e.g.,
helicenes'®), and many of them require chiral column
chromatography to isolate enantiomers.2%-?> Some report-
ed compounds with Bcp. are shown in Table S1.

One exception is BODIPY-BINOL complexes, where simple
complexations attach an axially chiral 1,1’-binaphthyl unit
to the BODIPY chromophore.?6-2° This class of molecules
can exhibit electronic circular dichroism (ECD) and CPL
despite the main chromophore being achiral. The emissive
states are largely of charge-transfer (CT) character?6-27
(see below for details), likely making them CPL active.

Here, we disclosed a benzo-fused BODIPY-BINOL deriva-
tive (1, Chartl), where we observed a red-wavelength CPL
with B = 25 M-icm™. In a similar manner to regular



BODIPYs, we can render chirality to a benzo-fused BODIPY
by complexation with BINOL.

Chart 1. Structures of the Molecules Studied.

Unlike the regular BODIPY counterparts, our experimental
and computational results show that the emissive excited
states do not have a CT character and are instead local to
BODIPY, maintaining a rather sharp-emission bandwidth,
measured as the full-width half-maximum (fwhm)~ 25 nm
of the 0-0 vibronic transition, and very high ® (~1.0). Be-
cause of the relative ease of synthesis of benzo-fused BOD-
[PYs30-32 and as we don't need to use chiral HPLC for isola-
tion, this family of molecules can be a unique platform for
red-emitting CPL-active molecules. Highly emissive CPL-
active molecules in the red and near-infrared regions are
particularly promising for biological sensing and
imaging33-34 as well as quantum information technologies.’

2. Methods
2.1. General

All reagents and solvents were sourced from standard
commercial chemical supply companies, unless noted oth-
erwise. Silica gel (pore size 60 A, 230-400 mesh, SiliCycle
Inc.) was used in manual flash column chromatography.
The 'H and 3C NMR spectra were recorded via a Bruker
Avance III spectrometer, operating at 400.14 and 100.62
MHz, respectively. The mass spectra were obtained via
QStar Elite (AB Sciex) conducted at the Laboratory of Mass
Spectrometry and Omics Analysis of the University of Con-
necticut Department of Chemistry. UV-vis absorption
spectra were recorded by a Cary 60 Scan UV-vis spectro-
photometer (Agilent).

2.2. Optical Spectroscopy

A FLS1000 photoluminescence spectrometer (Edinburgh
Instruments) was used to record the steady-state and
time-resolved emission. Fluorescence lifetime measure-
ments were performed using a TCSPC system of the
FLS1000 equipped with a TCSPC/MCS/counter module
(TCC2), a Hamamatsu H10720-01P, and a pulsed diode
laser (EPL-405 or EPL-510) as the excitation source that
provided 405 or 506 nm excitation with a pulse duration of
55 or 85 ps. Using the FLS1000 equipped with an integrat-
ing sphere, absolute measurements were conducted to
obtain quantum yields of fluorescence (®). Circularly po-
larized luminescence measurements were conducted with

a CPL accessory of the FLS1000 spectrometer. The concen-
tration of the solutions for CPL measurements was kept <
0.5 uM. All the photophysical characterizations were con-
ducted at room temperature (20 °C).

Femtosecond transient absorption (fsTA) measurements
were conducted by using a system based on the HELIOS
FIRE (Ultrafast Systems) coupled with a femtosecond laser
system (Coherent). The details were reported elsewhere.35

2.3. Electrochemistry

Cyclic voltammetry (CV) measurements were conducted
on all three samples based on a 600E Electrochemical Ana-
lyzer/Workstation (CH Instruments). This system was
equipped with a standard three-electrode cell comprised
of a pseudo-Ag reference electrode, a Pt wire counter elec-
trode, and a 3 mm glassy carbon-disk working electrode in
acetonitrile (MeCN) solution of 0.1 M tetrabutylammoni-
um hexafluorophosphate (TBA+PF¢’). Datasets were pro-
cessed and analyzed with the software CHI600e (CH In-
struments). Potentials measured are referenced vs. Fc*/9;
ferrocene was introduced before measurements.

2.4. Computational Chemistry

Computations were carried out with Gaussian16.3¢ The
geometries were optimized with B3LYP37-38 functional in
density functional theory (DFT) calculations. The 6-
314+G(d) was used for the geometry optimization and
TDDFT single-point energy calculations. The polarizable
continuum model (PCM)3%4! was used as implemented in
Gaussian. The excited state analysis was performed by
using the Multiwfn software.*2.

2.5. Synthesis

1la (Chart 1) was synthesized by using the method devel-
oped by N. Ono,3? and (R)- and (5)-2 were synthesized
from the precursor BODIPY 2a (PM567, Chart 1) as de-
scribed.?¢ 2a was purchased from Sigma Aldrich.

1. A mixture of 1a (90 mg, 0.23 mmol) and aluminum chlo-
ride (75 mg, 0.56 mmol) in anhydrous CH2Cl: (6 ml) was
stirred for 10 min at room temperature under a nitrogen
atmosphere. A solution of the enantiopure (5)-BINOL or
(R)-BINOL (300 mg, 1.0 mmol) in anhydrous MeCN (15
ml) was added dropwise. The resulting mixture was
stirred for 2 hours. Then, deionized water (2 ml) was add-
ed, and the mixture was stirred for a further 30 min. Then,
the reaction mixture was extracted with CHzCl;, dried over
anhydrous MgSO4, filtered, and evaporated. The crude
compound was purified by silica gel chromatography
(CHzClz/hexanes) to afford the desired product as a dark
blue solid.

(R)-1 (70 mg, yield 47%). 'H NMR (400 MHz, CD:Cl;) &
7.89 (d, 2H), 7.80 (d, 2H), 7.75 - 7.66 (m, 3H), 7.65 - 7.58
(m, 2H), 7.44 - 7.34 (m, 4H), 7.31 - 7.25 (m, 2H), 7.24 -
7.15 (m, 4H), 7.05 - 6.93 (m, 4H), 6.16 (d, 2H), 2.07 (s,
6H). 13C NMR (101 MHz, CD2Clz) 6 154.28,151.47, 135.76,
134.87, 133.86, 133.75, 130.80, 130.21, 129.58, 129.45,
129.22, 129.17, 128.40, 128.05, 126.96, 125.47, 125.39,
123.56, 123.45, 121.88, 121.47, 121.13, 53.95, 53.68,
53.41, 53.14, 52.87, 29.69, 13.12. HRMS (ES+) m/z: [M]*
calcd 642.2481, found 642.2476.

(5-1: (17 mg, yield 12 %). HRMS (ES+) m/z: [M]* calcd
642.2481, found 642.2472.



Table 1. Photophysical Characteristics?

Aabs £ Aem P fwhm fwhm T Knr |gtum|c BepL
(nm) (M-1em1) (nm) (cm-1)b (nm)b (ns) (s1 (M-1em1)c
1 606 103000 619 0.97 653 25 6.2 4.2 x106 5.1 x 10-4 25
la | 606 123000 615 0.97 608 23 5.7 5.3 x106 NA NA
2 525 53000 558 0.44 2322 72 4.5 1.3 x108 6.2 x 104 7
2a | 523 58000 540 0.90 1753 51 6.0 1.7 x107 NA NA

aReported in chloroform. b fwhm of the 0-0 vibronic transition. ¢ Reported as the average of (R) and (S) enantiomers.

Results

The absorption and emission spectra of (5)-1 and (5)-2 in
chloroform are shown in Figure 1, and some basic photo-
physical characteristics are reported in Table 1.
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Figure 1. Normalized absorption and emission spectra of (a)
($)-1 and (b) (5)-2 in chloroform.

The linewidth of 1, measured as fwhm, is ~3.5 times small-
er than 2. The extinction coefficient of 1 is about two times
higher than that of 2, and 1 maintains a very high ® = 0.97
and, therefore, a low nonradiative decay rate (kr ~ 4.2 X
106 s1) even with the complexation with BINOL. Overall, 1
retains the key photophysical characteristics of the precur-
sor 1a3%? even after complexation, while we see the changes
between 2 and 2a. The radiative decays (&) of all four
compounds are 1-1.5 X 108 s’ in chloroform.

ECD and CPL of (5)- and (&)-1 in chloroform are shown in
Figure 2, along with those of (5)- and (R)-2. We also meas-
ured the CPL of (R)-1 and (A)-2 in toluene and MeCN,
which are reported in Figure S1. Please note that Sanchez-
Carnerero et al. reported the sign change between ECD and
CPL for (S5)- and (K)-2,%¢ but we did not observe such a
change in our study. While the previous computational
study*® suggested that the different conformations of flexi-
ble ethyl groups at the £ position may result in the oppo-
site sign of the CPL, it is unclear if one can have significant-
ly different populations of one conformer or the other un-
der similar conditions (in solution at room temperature).
Nevertheless, our results show that the CPL of 2 exhibits
the same sign as ECD.

We also recorded the emission spectra and lifetimes of 1
and 2 in toluene (nonpolar solvent) and MeCN (polar sol-
vent). While the emission properties of 1 are relatively
insensitive to solvent polarity, the lifetime of 2 becomes
shorter in MeCN. The decay is biphasic, with short and long
lifetimes being = = 0.56 and 5.8 ns, respectively (Figure
S2). This reduction in lifetime is accompanied by a signifi-
cant decrease in quantum yield (& = 0.06 in MeCN), sug-
gesting enhanced nonradiative decay.
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Figure 2. ECD spectra of (a) 1 and (b) 2 in chloroform. CPL
and emission spectra of (c) 1 and (d) 2 in chloroform.

To clarify the photophysical pathways, we performed the
fsSTA spectroscopy. The decay-associated spectra (DAS)
spectra in chloroform are shown in Figure 3.

The faster component of DAS is likely associated with vi-
brational cooling*; they are about two times faster in 2
and 2a than in 1 and 1a. The excited state dynamics of 1
and la are similar without apparent observable differ-
ences within the UV-visible spectral region examined (Fig-
ure 3a-b). In contrast, we observed some differences be-
tween 2 and 2a (Figure 3c-d). The most noticeable differ-
ence is the emissive peak in the 520-600 nm region, which
corresponds to the stimulated CT emission, and roughly to
the absorption of BD*- (~ 560 nm).3> We also observed a
new broad peak around 400 nm from 2 in MeCN (Figure
3e). We did not observe any long-lived species (i.e., triplet
excited states). The new species observed in the fsTA
measurements is likely due to the movement of charges
upon photoexcitation.

We determined the reduction potentials by CV in MeCN to
elucidate the energetics of possible photogenerated spe-
cies. The voltammograms of 1 and 2 are shown in Figure
S3. The reduction potentials are reported in Table 2.
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Figure 3. fsTA measurements elucidate the difference be-
tween 1 and 2 upon photoexcitation. DAS of (a) (S)-1 and (b)
1a in chloroform (Aex = 600 nm). DAS of (c) (S)-2 and (d) 2a in
chloroform (Aex = 500 nm). The numbers in the legend corre-
spond to the lifetimes. (e¢) The normalized DAS of the longer
lifetime of (S)-2 and 2a in MeCN (Aex = 500 nm). (f) Decay ki-
netics at 400 nm for (5)-2 and 2a in MeCN (Aex = 500 nm). The
fits are fitted curves to the double exponential decay with the
instrument response function.

Table 2. Electrochemical Properties?

w2t [ e [ e [ Em [ e
1 1.21 0.97v 0.26 -1.60 -2.27
1a 1.17 - 0.32 -1.55 -2.27
2 NDe 0.89b 0.57 -1.73 -2.70
2a NDe -- 0.59 -1.72 -2.68

a Reported V vs. Fct/0. Measured in MeCN with 0.1 M
TBA*PFe. The errors are usually 10-20 mV. bIrreversible. <ND
= Not determined.

1a showed the reduction potentials of the dication (ES>%)
and radical cation (EEP) as well as those of the neutral
(EED) and the radical anion (EE®) of a benzo-fused
BODIPY. EEP and EED agree with those reported earlier.32
In addition, the measurement of 1 revealed the additional
peak that corresponds to the reduction potential of the
radical cation of BINOL (EBINOLY) at 0.97 V vs. Fc+/0 that is
~0.7 V larger than EEP. This is a clear contrast to 2, where
EBINOL i5 only 0.3 V above EEP. Note that the electrochemi-
cal oxidation of the BINOL moiety in 1 and 2 under the
examined condition was irreversible.

4. Discussions

ECD and CPL data show that 1 is chiroptical active, making
1 a CPL-active chromophore with intense absorp-
tion/emission in the red spectral region (Table 1). We ob-

served CPL from 1 and 2 in the three solvents of different
polarity. The 0-1 vibronic band of 1 appears to be more
CPL active, but a more rigorous study is likely necessary
for clarifications. Our discussion below is focused on the
differences and similarities between a benzo-fused
BODIPY 1 and a regular BODIPY 2. Based on the available
data, we present the energy diagrams of 1 and 2 in Figure
4 and use them for the discussions below.
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Figure 4. Energy diagrams of (a) 1 and (b) 2. Please note
that the energy is not in scale, and triplet excited states are
not shown for brevity. bBD = benzo-fused BODIPY and BD
= BODIPY.

The photoexcitation of 2 leads to the formation of the
charge-transfer (CT) state in which charges are not fully
dissociated (BD#-BINOL?®*). Computations support exper-
imental data. TDDFT calculations of 2 show that the first
and second singlet excited states have a CT character with
positive charges primarily on BINOL (Figure 5). The dis-
tance between electron and hole (zn) is only 2.8 A. The
molecular orbital contribution of the first excited state
revealed that HOMO (61%) and HOMO-1 (39%) contribute
to the hole of the first excited state where both HOMO and
HOMO-1 are delocalized over BODIPY and BINOL (Figure
S4), suggesting that it is not a complete charge-separated
state. The contribution of HOMO and HOMO-1 is reversed
for the second excited state (Table S2). The complete
charge-separated state or RP (BD*-BINOL®**) is energeti-
cally higher in all the solvents. Computationally, we can
identify it as the third excited state with ~0.6 eV higher
energy than the first (Table S2). The analysis showed that
HOMO-2 (98%) and LUMO (99%) contribute to hole and
electron distributions, respectively, where HOMO-2 is lo-
calized to BODIPY (Figure S4).

Yet, the stabilization of charges in a polar solvent, MeCN,
makes the RP energetically closer to the emissive CT state.
We experimentally estimated the Gibbs energy difference
of complete charge separation (from CT state to RP) in
MeCN based on

2
AGes = e(EBINOL — EERy - ———— — E¢; )

4TENEST e

where £cr is the energy of CT state, €0 and s are the vacu-
um permittivity and solvent dielectric constant of MeCN,
respectively, and ren is the distance between electron (in
BD) and hole (in BINOL). Note that we measured the re-
duction potential in MeCN. With £cr = 2.34 eV and ren = 6
A, the estimated AGes is + 0.2 eV (CT state to RP). While it



is uphill, AGes in MeCN becomes relatively smaller than in
more nonpolar solvents. This makes the CT state in MeCN
have more of an RP character, which results in the ob-
served reduction of fluorescence lifetime (Figure S2 for
emission and Figure 3f for excited states’ dynamics).

In contrast, we did not observe clear CT or RP states
(bBD*--BINOL*®+) of 1 upon photoexcitation in all solvents
tested. This is also supported by electrochemical meas-
urements as well as computational chemistry. DFT calcula-
tions show that the first excited state of 1 is local to a ben-
zo-fused BODIPY (both electron and hole are localized to
benzo-fused BD) while the second is the RP state (Figure 5,
Table S3).

Figure 5. Electron (green) and hole (blue) distribution for the
singlet excited states of (a) the first and (b) the second excited
state of (R)-1, and (c) the first and (d) the second excited state
of (R)-2. The calculations were performed at the level of
B3LYP/6-31G+(d)/PCM (chloroform).

A lower reduction potential of the BODIPY radical cation
makes the energy gap between EEP and EBINOL significant
enough to prevent a hole delocalization. We can calculate
AGcs for the transition from S1 to RP in a similar manner to
eq. 2; Ecr is replaced by Zsi. The lower singlet excited state
energy of 1 (£1 = 2.07 eV), compared to 2, makes AGcs ~
+0.43 eV, using ren = 5.2 A (Table $3). The value is signifi-
cantly uphill to have the mixing of S1 with the RP,4>47 even
in a polar solvent.

The presented data showed a lesser extent of electronic
communication in 1 than 2 between BODIPY and BINOL.
Nonetheless, we could observe ECD and CPL from 1 (Fig-
ure 2), suggesting the structural perturbation on the
BODIPY core forced by the complexation of BINOL is
strong enough for induction of chiroptical activity of
BODIPY.

5. Conclusions

We present a benzo-fused BODIPY-BINOL molecule (1)
that exhibits strong CPL (Bcr. = 25 M-lcm!) with narrow-

band emission (fwhm ~25 nm or ~650 cm). This is
among the brightest BODIPY-based CPL active chromo-
phores without the need of chiral HPLC (Figure S5 and
Table S1). Rigid structures and a lack of CT character in the
excited state are crucial for developing organic chromo-
phores with narrowband emission that is desirable for
optoelectronic and biological applications.'® A benzo-fused
BODIPY has the required rigidity imparted by a fusion of
benzene rings. We also showed that 1 does not undergo a
photoinduced charge shift/separation process, making it
possible for 1 to preserve the desired nature of its precur-
sor 1la. BODIPY and BINOL are mostly electronically de-
coupled, and the emission of 1 has no CT character. In con-
trast, we demonstrated that the regular BODIPY counter-
part (2) undergoes such charge delocalization/separation
process upon photoexcitation, as previously speculated.?’
In summary, structural perturbation is likely the primary
source of chiroptical activity in 1 and possibly other
BODIPY-BINOL complexes. Our study suggests that we can
further improve the performance of CPL in the red spectra
region with the current platform by appropriate electronic
controls by functionalizing a benzo-fused BODIPY core and
BINOLs while maintaining the rigidity and appropriate
redox properties that warrant high ®.
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