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ARTICLE INFO ABSTRACT

Circular dichroism (CD) and circular polarized luminescence (CPL) are useful for various applications. However,
it is difficult to achieve excellent CD and CPL in differently polar solvents simultaneously. This work provides a
simple but efficient way to construct violet-blue fluorescent and water-soluble chromophore through the con-
struction of rigid conformation of the alkyne architecture. By introducing proline pendants into alkyne archi-
tecture, the chromophore exhibits reasonable CD and CPL properties in the lowly and highly polar solvents.
More importantly, even in water, the chromophore displays effective CD anisotropy factor (g.ps ~ 1 X 10™%)
and luminescence dissymmetry factor (gium ~ 2 X 10>), as well as high fluorescence quantum yield (® up to
35%). Additionally, the chromophore exhibits large two-photon CD according to the theoretically calculated
results. The excellent chiroptical properties from the simple organic fluorophore enables its future applications
in miniatured optoelectronic devices and CPL-based bioimaging.
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1. Introduction

Recently, chiroptical phenomena, including circular dichroism (CD)
and circularly polarized luminescence (CPL), have received growing
interest due to the development of smart photonic materials for ad-
vanced technologies [1-9]. CD measurements are used to reveal the
chirality of ground state molecules, while applications of CPL have
primarily been used to obtain structural information about molecular
excited states [10]. More importantly, there has been a growing interest
in developing optical materials that are capable of emitting CPL be-
cause of their potential applications in information storage and pro-
cessing, 3D displays, spintronics-based devices, biological probes and
signatures, security tags, CPL lasers, enantioselective CPL sensors and
CPL microscopes [1,2,11-14].

So far, there have been lots of reports on various CD and CPL ma-
terials, such as lanthanide complexes [15], conjugated polymers [16],
metal nanoparticles [17], semiconductor quantum dots [18], simple
organic molecules [19], and so on. Although there are numerous ex-
amples of optical materials that show reasonable chirality in organic
solvents or solid state, previous literatures reported their chiral
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behaviors in only one or two media [20,21]. The influences of solvent
polarity on CD and CPL of materials have been rarely explored. Even
though there are occasional chiral materials investigated in different
two solvents, they suffer from serious attenuation of chiroptical beha-
viors in highly polar media, especially in water [22]. It is not beneficial
for extending their chiroptical applications.

From the viewpoint of applications, chiral optoelectronic devices
are likely to be exposed to complicated environments, so the robust
chirality of materials again environmental alteration, such as solvent
polarity, should be extremely important. Therefore, there is an urgent
requirement to develop simple molecules with reasonable or robust
chirality in differently polar solvents. To the best of our knowledge,
there are few chiral materials exhibiting reasonable CD and CPL dis-
symmetry factors (> 1 x 10~ ) in different media ranging from lowly
to highly polar solvents. Except aggregation induced chiral molecular
self-assembled structures [23,24], scarce organic simple molecules
shows effective luminescence quantum yield (QY, ® > 30%) in water.
The development of such kinds of simple molecules is of great im-
portance, since they would be active chiral materials for various po-
tential applications. Therefore, research guidelines directed toward the
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expansion of organic molecules enabling excellent CD and CPL in var-
ious organic solvents are urgently needed.

In this work, we report the design and synthesis of one novel chiral
alkyne architecture, which is covalently tethered by two identical chiral
proline pendants. Interestingly, the chromophore shows efficient CD
and CPL behaviors in differently polar solvents. Especially, no obvious
attenuation of CPL properties has been observed in water, which we
believe should have a broad range of potential applications.
Additionally, the theoretically calculated results indicate the
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Scheme 1. The synthesis protocol of the chiral alkyne architecture (4,4’-(1,4-phenylenebis(ethyne-2,1-diyl))bis(benzoyl))diproline).

chromophore exhibits large two-photon CD (TP-CD), which is defined
as the difference between two-photon absorption (TPA) for left and
right circular polarization light, respectively. Therefore, the chromo-
phore is a useful TP-CD probe and has unique fingerprinting function-
ality for chiral species.
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Fig. 1. Normalized absorption and fluorescence emission spectra of the chiral alkyne
architecture in different organic solvents.

2. Methods and characterization techniques
2.1. Material synthesis

The synthesis protocol of the chiral alkyne architecture is depicted
in Scheme 1. The detailed processes and characterizations are described
as follows. Methyl 4-ethynylbenzoate (2.0 g) was dissolved in triethy-
lamine (300 mL) by stirring. The obtained solution was degassed for
10 min. After that, 1,4-diiodobenzene (2.0 g), bis(triphenylphosphine)
palladium(II) dichloride (0.3g) and copper(I) iodide (0.1g) were
added. The reaction mixture was stirred at 50 °C for 12 h under N,
atmosphere. After cooling to room temperature, the product was col-
lected by filtration and was washed with hexane for two times to afford
white solid compound I (2.1 g). The compound I was dissolved in
MeOH/THF (V/V = 1:1). The resultant solution was allowed to reflux
overnight at 85 °C. After cooling to room temperature, the product was
precipitated by addition of 5M HCL. The slightly colored solid com-
pound II (1.7 g) was obtained by filtration and washing with water.

The compound II (0.9 g) was then dissolved in dry DCM (100 mL)
and one drop of DMF was added. The resultant solution was degassed
with N, for three times. Subsequently, oxalyl chloride (4 equiv.) was
added slowly and the obtained solution was stirred for 2 days at 25 °C.
After the solvent was evaporated, dry DCM (100 mL) and triethylamine
(10 equiv.) were added. Then methyl L-prolinate hydrochloride (2.1
equiv.) was added after the reaction solution was degassed with N,. The
reaction mixture was stirred overnight under room temperature. After
evaporating solvent, white solid was obtained, which was washed with
water for three times and was dissolved in MeOH/THF/H,O (V/V/
V = 1:1:1). LiOH (1.05 equiv.) was then added to the obtained solution
and was stirred for 1 h at 0 °C. After that, 5 M HCl was dropped into
reaction mixture until the pH = 7. White solid was received through
filtration and was washed with water for three times. Finally, the ob-
tained solid was purified by recrystallization to afford white power
0.6 g (43%) as the target product chiral alkyne architecture ((4,4’-(1,4-
phenylenebis(ethyne-2,1-diyl))bis(benzoyl))- diproline, abbreviated as
CAA). NMR and HRMS spectra were then recorded (Figs. S1-S3).

H NMR (400 MHz, DMSO-de): 6 12.60 (s, 2H), 7.66 (d, J = 8.3 Hz,
6H), 7.59 (d, J = 8.1 Hz, 4H), 7.44 (d, J = 8.0 Hz, 1H), 4.40 (dt,
J = 16.5, 8.1 Hz, 1H), 3.65-3.55 (m, 1H), 3.55-3.44 (m, 2H), 2.28 (d,
J = 8.7 Hz, 1H), 2.03-1.75 (m, 4H).

13C NMR (100 MHz, DMSO-dg): 8 173.16, 167.36, 136.43, 131.81,
131.29, 127.07, 123.57, 122.39, 90.83, 90.21, 59.00, 49.43, 28.93,
25.00.

HRMS-ESI (m/z) caled for CsqHagN2Og ([M + H]'): 561.2026,
found 561.2028.

2.2. Photophysical methods

The measurements of linear absorption, fluorescence and QYs. The
solutions were filled into quartz cuvettes with 1 cm path length. UV-vis
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absorption and fluorescence spectra of the samples were measured by
using a Lambda 950 UV/Vis spectrometer (PerkinElmer, Inc.) and a
Zolix fluorescence spectrophotometer (SENS-9000), respectively. The
absolute QYs of targeted compound in different solvents were de-
termined by using an integrating sphere equipped Zolix fluorescence
spectrophotometer.

Lifetime measurements. The values of lifetime were determined at
room temperature using Hamamatsu compact luminescence lifeline
spectrometer C11367 with a C11367-11 photomultiplier tube. A LED
light source (365 nm, 1 MHz repetition rate) was used as the excitation
source.

CD and CPL measurements. CD and CPL spectra were recorded at
room temperature using JASCO J-1500 and CPL-300 spectrometers,
respectively. Quartz cuvettes with a 1 cm path length, which are filled
with solutions with concentration of 1 x 10> M, are used for all CD
and CPL experiments. Each CD or CPL spectrum was measured with an
average of at least 15 scans.

2.3. Theoretical calculations

The molecular structure was optimized using density functional
theory (DFT), employing B3LYP hybrid functional and the 6-31G* basis
set in Gaussian 09. The TP-CD spectrum of the optimized molecular
structure was obtained with the same correlation exchange functional
and basis set in DALTON 2011.

3. Results and discussion

3.1. Steady-State spectroscopic measurements of the chiral alkyne
architecture

To examine the electronic structure of chiral alkyne architecture,
absorption spectra of the chromophore were measured in differently
polar solvents, such as toluene, CHCl3, THF, acetone, DMSO and water.
It is noteworthy that the water solubility of chiral alkyne architecture
can be up to 1 x 10~* M. The normalized absorption and emission
spectra of the chromophore in different solvents are shown in Fig. 1. It
could be known that the shapes of the absorption spectra of the com-
pound were very similar and displayed intense absorption bands lo-
cated around at 328 and 350 nm. Compared with the experimental
results, the spectral lineshape of absorption spectrum can be well pro-
duced by the theoretical computation except for a red shift of 57 nm
(Fig. S4). It was found that both the absorption and emission spectra
were a little sensitive to the changes in the polarity of the environment,
with wavelength shift of several nanometers. It is worth noting that the
chromophore exhibits dual absorption and emission wavelengths in
different solvents, which should originate from vibrionic bands (0—0',
0—1"). Additionally, the emission spectra display more pronounced dual
emission bands and the QYs of the chromophore decrease as the solvent
polarity increases. However, it still remains a high value in water, as
high as 35%. The photophysical parameters for the chromophore in
different solvents, such as absorption and emission wavelengths, as well
as QYs, are listed in Table 1. The high QYs of the chromophore in
different solvents are mainly caused by strong structural rigidity, which
is further confirmed by molecular small Stokes shifts. Actually, the in-
fluences of solvent polarity on the photophysical properties of chro-
mophores, such as emission wavelength and QY, have been widely
studied. There are various chromophores exhibiting efficient in-
tramolecular charge transfer (ICT) and displaying broad tunability of
fluorescence wavelength and QY. The related values of many chromo-
phores can change by more than 100 nm and one order of magnitude,
respectively [25-30]. However, in our case, the tunability is much
smaller, that is, several nanometers and 30%. Therefore, compared to
previous chromophores, the ICT properties of our chromophore are
much weaker.

We have calculated various frontier orbitals of the chromphore
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Table 1
Experimental photophysical properties of the chiral alkyne architecture in different sol-
vents.

Solvent”  Aaps’ Aems’ T (ns) O (%) Babs' Sum®
(nm) (nm)

Toluene 325,345 360,384  1.63 79 15x107% 36x 1073
CHCl; 326,345 361,384  1.49 72 1.6 x107° 1.9x 1073
THF 328,350 365,386  1.24 30 0.6 x107% 0.4 x107°
DMSO 331,353 370,390 1.25 33 01x10"% 0.7 x1073
H,0 333,355 365,380  1.23 35 1.0 x 1073, 2.0 x 1073

-0.8x 1073

@ Concentration was estimated as 1 X 10~ M in related measurements.

> Absorption maximum.

¢ Fluorescence emission maximum; The dual absorption and emission wavelengths of
the chromophore in different solvents originate from vibrionic bands (0-0’, 0-1").

4 Fuorescence lifetime under the excitation of 365 nm.

¢ Absolute QY values measured by using an integrating sphere.

f Dissymmetry ratio of CD.

¢ Dissymmetry ratio of CPL.
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Fig. 2. Optimized frontier HOMO/LUMO of chiral alkyne architecture calculated with
DFT at the B3LYP/6-31G(d) level by applying the Gaussian 09 program. The color dots
represent electron cloud.
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Fig. 3. Fluorescence decay profiles of chiral alkyne architecture (Aey = 365 nm).

(Figs. S5 and S6). From the corresponding calculated parameters, it can
be known that the molecular orbitals of the highest occupied molecular
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO)
mainly contribute to the observed absorption spectra, which will then
contribute to the CD or CPL behaviors that will be discussed later.
Therefore, only HOMO and LUMO are displayed, where color dots re-
present electron cloud (Fig. 2). Additionally, we have added the cor-
responding oscillator strength (f) and energy values of HOMO and
LUMO. Obviously, there is a negligible change in the electron density of
HOMO and LUMO, indicating weak ICT behavior. It is consistent with
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Fig. 4. Comparison of CD and absorption spectra for the chromophore in different sol-
vents.

the experimental results. Although the accurate reasons why dual
emission bands vary in different solvents remain unclear, they may be
due to the formation of locally excited state and twisted ICT state
[31,32].

3.2. Measurements of fluorescence lifetimes of the chiral alkyne architecture

To evaluate the excited state dynamics of the compound in different
solvents, fluorescence lifetime measurements were performed. The
fluorescence decay profiles are shown in Fig. 3. The compound exhibits
double-exponential fluorescence decay behavior in all the solvents, thus
indicating strong intermolecular interaction between chromophore and
solvent [33,34]. The shorter lifetime (t) component of decay process
can be attributed to a nonradiative decay pathway. The values of
average fluorescence lifetime were evaluated from exponential fits and
are summarized in Table 1. For the chromophores with efficient ICT,
the lifetime will strongly depend on the solvent polarities. The values of
lifetime can vary by more than one order of magnitude [35-37]. The
lifetime of chiral alkyne architecture in highly polar solvent (1.23 ns in
water) is only slightly shorter than that in case of lowly polar solvent
(1.63 ns in toluene). Again, the obtained results indicated that the
calculated lifetime values correlated with the polarity insensitive
emission behaviors.
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Fig. 5. Comparison of CPL (AI) and fluorescence (Fluo.) spectra for the chromophore in
different solvents, upon excitation at 330 nm.

3.3. CD spectra of chiral alkyne architecture

Fig. 4 depicts the comparison of CD and absorption spectra for the
chromophore in different solvents. It can be seen that the CD spectrum
of the chromophore in water is different from other spectra. To be
specific, the water solution displays a bisignate trace while the spectra
for other solvents don’t exhibit such a behavior. It is also found that in
toluene, CHCl;, THF and DMSO strong Cotton effect was observed for
the chromophore between 300 and 400 nm, demonstrating that the
designed chiral perturbation of proline is indeed acting on the alkyne
architecture, at least in its ground state. There are distinct differences
between experimental and theoretically calculated spectra, such as
spectral lineshape and peak wavelength (Fig. S7), which are due to the
reasons that the environmental factors including solvent effect, tem-
perature and so on, have not been taken into consideration and the
calculations of absorption and CD only employ the vertical excitation
approximation. To evaluate the chiroptical dissymmetry of the alkyne
architecture, we calculated its CD anisotropy factors (gaps). The CD
anisotropy factor is defined as g = Ae/e = (AL — Ar)/A, where A re-
presents the conventional absorbance of nonpolarized light and A; and
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Fig. 6. Luminescence dissymmetric factor (gj,m) for the chromophore in different solvents
as a function of emission wavelength.
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Fig. 7. TP-CD spectrum of the chromophore obtained from theoretical calculations. The
simulated CD spectrum is generated as sums of Lorentz with o = 0.1 eV, in which vertical
bars represent rotational strengths (in arbitrary absolute unit).

Ay are the absorption of left and right circularly polarized light, re-
spectively [38]. The CD anisotropy factor is independent of the con-
centration and path length, since the absorbance of sample is taken into
consideration. The maximum values of g,,s in different solvents were
determined in range from 0.1 X 1073 t0 1.6 x 107>, These g, values
are larger than those of many simple molecules [11,39,40], even
comparable to lots of chiral aggregates [41,42].

It is known that chiroptical properties are sensitive to molecular
environment, owing to the presence of different interactions between
the chromophore and solvent. Additionally, the solubility of chromo-
phore in different solvents can also influence the molecular chiroptical
properties. In some solvents the chromophore can exist as individual
one, while it suffers from slight aggregation in other solvents. As a re-
sult, the molecular conformation will depend on the polarity of the
solvent and the chromophore has a tendency to undergo polarity de-
pendent chiroptical properties [43,44]. In our case, the alkyne archi-
tecture exhibits larger chiroptical properties in lowly polar solvents
compared to the highly polar ones. However, in aqueous solution, the
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chiroptical behavior increases again, probably by virtue of strong in-
teractions between the chromophore and water molecule and sub-
sequent formation of aggregates and exciton coupling effect [45]. It is a
remarkable fact that the chromophore still exhibited efficient fluores-
cence in water, which is scarcely reported in previous literatures. Ad-
ditionally, the chiral perturbation could also act on the involved excited
state of the chromophore, making the emission of CPL possible.

3.4. CPL spectra of chiral alkyne architecture

The CPL (AI) and fluorescence spectra of chromophore in different
solvents are compared (Fig. 5). It can be seen that the chromophore
showed positive CPL signals. The sign of the CPL signal was the same to
the sign observed in the CD spectra. This is the first example of CPL
signals of chiral alkyne architecture. The CPL degrees of the chromo-
phore were estimated by the luminescence dissymmetric factor (gum),
which is defined as gjum = 2(Ip — Ig)/(I, + Ir), where Ij, and Iy are the
intensities of left and right fluorescence emission [45]. The g, values
for the chromophore in different solvents as a function of emission
wavelength are displayed in Fig. 6. Interestingly, the dissymmetric
factors of luminescence were comparable to those of absorption for the
chromophore. This indicates there is no significant geometry change
upon population of the excited state. This is further corroborated by the
small Stokes shifts of the emission wavelengths. Compared to the re-
ported CPL results of many chiral simple chromophores, helical nacre-
like fibres [46] and CdS quantum dots prepared in a protein nanocage
[47], our chiral alkyne architecture demonstrated similar g, values
[2]. Though the g, values of chiral alkyne architecture are smaller
than those of helically chiral 1,1’-bitriphenylenes (~1072) [48], our
results confirm that the constructed simple organic architecture is really
able to produce the searched luminescent phenomenon in various sol-
vents with different polarity, even in water. Additionally, the values of
8abs and gum for chiral alkyne architecture are also summarized in
Table 1.

3.5. TP-CD of chiral alkyne architecture

Combined with increased penetrability of the near infrared excita-
tion light and the confocal nature of TPA, TP-CD will be a useful tool for
biomolecular identification [49]. Compared to one-photon excitation,
two-photon excitation offers significant advantages for the biological
fluorescence imaging and sensing which includes higher spatial re-
solution, less photobleaching and photodamage as well as deeper tissue
penetration [50]. Considering that the alkyne link as st-bridge could
result in efficient TPA and efficient chiroptical properties of our chro-
mophore [51], so we also examined molecular TP-CD using theoretical
calculations. The TP-CD spectrum of the chromophore is shown in
Fig. 7. The first evident observation is that the chromophore indeed
exhibits large TP-CD over most of the spectral range analyzed and the
shape of the TP-CD spectrum resembles the linear absorption. Ad-
ditionally, the TP-CD spectrum remains positive, which mimics the CD
presented in Fig. 4.

4. Conclusions

In summary, we report the first example to achieve efficient CD and
CPL in differently polar solvents from a water-soluble and violet-blue
emissive organic chromophore. The design strategy is based on chiral
perturbation in an achiral part, where the acting chromophore is alkyne
architecture and the chirally perturbing moiety is proline. Although the
reached g, values are in the typical range for simple organic mole-
cules (typical |gm| = 107°-1072), this kind of water-soluble chir-
optical molecule is still scarce but highly interesting family of the CPL
organic molecules. Additionally, the chromophore exhibits large TP-CD
in an wide spectral range from the theoretical calculations. This simple
design opens up new perspectives for the future development of novel
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simple CPL organic dyes, as well as for the improvement of the CPL
properties of the organic molecules spanning their use in photonic ap-
plications.
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