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Abstract: Circularly polarized (CP) light has shown great potential in quantum computing, optical
communications, and three-dimensional displays. It is still a challenge to produce high-efficiency
and high-purity CP light. Herein, we proposed a strategy to design chiral organic small molecules for
CP light generation. These kinds of chiral molecules are formed by achiral light-emitting groups and
achiral alkyl chains through conformational lock, which indicates that chirality can also be introduced
into achiral light-emitting groups through rational molecular design. The chirality of these molecules
can be further tuned by changing the length of the alkyl chains connecting the diketopyrrolopyrrole
unit. The chiroptical properties of these molecules are confirmed by calculated electronic circular
dichroism and chiral emission spectra, and further confirmed in experiments. The strategy developed
in this work will greatly enlarge the candidate library of chiral luminescent materials.

Keywords: circularly polarized luminescence; chirality transformation; light emission; conformation
lock; density functional theory

1. Introduction

Chirality is a fundamental geometric property of an object, from elementary particles
to amino acid, protein, DNA, and human hands. Artificial chiral materials have been
widely used in biopharmaceuticals and artificial proteolytic catalysis [1]. Recently, chiral
materials have become a hot research topic [2-7] since they have promising applications in
circularly polarized organic light-emitting diodes (CP-OLEDs) [8,9], chiral switches [10]
and chiral sensors [11-13].

Circularly polarized (CP) light has tremendous potential applications in encrypted
data transport [14], quantum computing [15], optical communication for spintronics [16,17],
and three-dimensional displays [18]. Traditionally, CP light is produced by filtering a non-
polarized light with structures or devices [19,20]. Cai et al. demonstrated a silicon-based
compact optical CP laser emitter, which embedded multiple angular grating structures into
the whispering gallery mode (WGM) resonance. The WGM resonance gives the incident
laser a refined orbital angular momentum [21]. However, in these devices, the laser needs
to go through several extra elements, which consume extra energy and then decrease the
efficiency of luminescence. Besides, the laser device structure is difficult to simplify due to
these extra optical elements. The other method is generating CP light directly from chiral
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materials, which could remove the bulky optical elements and then decrease the production
cost. Additionally, the removal of optical elements will diminish energy loss and improve
power conversion efficiencies [22]. Due to structure variety, only limited inorganic materials
can produce CP light [23]. Thus, chiral organic or organic-inorganic hybrid materials are
developed. However, organic-inorganic hybrid materials must improve the stability [24,25].

Recently, using organic light-emitting diodes (OLEDs) to generate CP light has been
emerged and successfully realized [2,4]. In order to fabricate the CP-OLEDs with a high
g-factor (the dissymmetry factor of CP light, includes g,,,s and gjym Which are the circularly
polarized absorption dissymmetry factor and the photoluminescence dissymmetry factor,
respectively) and high brightness, three strategies have been applied. The first strategy
is generating CP light using polymers or oligomers that bear pendant chiral side chains
on achiral conjugated polymer backbones [26,27], as shown in Figure 1a. By synthesizing
and characterizing a series of co-polymer with chiral or achiral side chains, Kulkarni found
that chiral side chains on fluorene units are the key to forming cholesteric liquid crystalline
phase after annealing, which leads to strong chiroptical properties, with dissymmetry factor
of electroluminescence (ggr ) reaching —0.62 [26].

light emitting center
(b)

chiral center
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Figure 1. Typical CP light-emitting materials: (a) conjugated polymer with chiral side chains; (b) mix-
ing an achiral light-emitting molecule with chiral molecules; (c) small molecule with light-emitting
center overlaps with the chiral center; and (d) the proposed chiral materials by adding an achiral side
chain to the achiral light-emitting core, then the chirality is introduced.

The second strategy is adding chiral additives into a conventional achiral luminescent
polymer to achieve CP light. As illustrated in Figure 1b, Yang et al. blended helicene enan-
tiomer into the conventional polymer LED, and successfully fabricated high-performance
CP-OLED. The helicene dopant introduces chirality into the achiral polymer without a
dramatic decrease in the LED performance, and the gg factor of this CP-OLED can be
increased to 1.0 [28]. The chiral additive induces the non-polarized light emission into
right-handed or left-handed light emission [29]. However, there is a trade-off between the
g factor and the device efficiency in the first and second strategies. A high g factor usually
results in low performance.

The third strategy is generating CP light directly from small chiral organic molecules.
For example, Brant et al. fabricated a circular polarized phosphorescent OLED (CP-
PHOLED) by using a chiral platinahelicene complex, which possessed a sufficiently high
geL value of up to 0.79 together with higher luminance (19% higher than that of the conven-
tional OLEDs with antiglare filter). Therefore, such chiral organic molecule can dramatically
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decrease the power consumption and allow devices to operate at a lower voltage [8,30]. This
work raises the promising future of small chiral organic dyes for application in CP laser.

As shown in Figure la,b, the chiral part (side chain) and the light-emitting part
(polymer backbone) are separated in the first and second strategy, which leads to lower
performance or low ggy, factor. In the third strategy, as shown in Figure 1c, small molecules
integrate both the light-emitting center and the chiral center in the same functional group,
overcoming the issue between efficiency and ggy. factor [31]. However, the number of chiral
light-emitting conjugation materials is still limited.

Inspired by pioneer research [32-34], here we put forward a new strategy to design
chiral light-emitting molecules that the chiral center is formed by both the achiral light-
emitting backbone and the achiral side chain. This strategy suggests that most traditionally
achiral luminescent materials could be tuned to chiral luminescent materials, as shown in
Figure 1d. Because the chiral structure is part of the backbone, the chiral part is directly
involved in the light-emitting process. Thus, a high performance with high g},,, is expected.
We confirmed that these molecules have chiral optical properties in both density functional
theory (DFT) calculations and experiments. We also expect that the idea of changing
chirality through alkyl chains flipping may develop a new molecular model for advanced
CP light emission materials.

2. Results and Discussion

Our strategy is achieved by the combination of alkyl chain and diketopyrrolopyrrole
plane: an achiral alkyl chain is employed to connect the two nitrogen atoms in diketopy-
rrolopyrrole (DPP) unit, and a closed-loop structure (CDPP) is formed, as demonstrated in
Figure 2. Both the side chain and the conjugated backbone are achiral, the chiral center is
formed after they are connected. The chiral centers are the two carbon atoms at the ends
of the alkyl chain. Four groups/atoms being connected to the chiral center were sorted
according to the Cahn-Ingold-Prelog priority rule [35]. One hydrogen atom (marked 3 in
Figure 1d) forms a hydrogen bond with the oxygen atom in DPP, which has higher priority
than the hydrogen atom marked 4. Therefore, the absolute configuration of these two chiral
centers is discriminated. Additionally, the chirality of CDPP can be reversed by flipping
the alkyl chain from one side of the DPP plane to the other side. It should be noted that
to keep the molecule in a certain chirality, the alkyl chain should not be flipped. Once the
alkyl chain is too long, it can be flipped at room temperature and the chirality of a molecule
becomes uncertain. Therefore, overall achirality is anticipated.

(S, §-CDPP-n

Figure 2. Molecular structure of (R, R)-CDPP (a); and (S, S)-CDPP (b); (c) The chiral center of (a,b),
(a) can be changed into (b) through flipping the alkyl chain.
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Molecules were labeled according to their chirality and the length of the alkyl chain,
as shown in Figure 2. For example, the molecule with alkyl chain of 16 carbon atoms,
under the R configuration, is labeled as (R, R)-CDPP-16. Molecular models were built
by Gaussview6 and optimized at the B3LYP/6-31G* level by Gaussian09, and frequency
analysis was performed to ensure that the fully optimized stationary point was found.
Then, the electronic circular dichroism (ECD) and absorption of these molecules were
calculated at the B3LYP/6-311++G* level.

2.1. Absorption Analysis

Figure 3a shows the calculated absorption spectra of these (R, R)-CDPP molecules.
A series of absorption peaks are located at 200~400 nm and the highest absorption peak
at around 530 nm. Through orbital analysis, it is found that the absorption at 530 nm
originates from the transition of the highest occupied molecular orbitals (HOMO) to the
lowest unoccupied molecular orbital (LUMO), whose contributions are both resulted from
the electron delocalization of the whole DPP conjugated plane and part of the chiral center,
as shown in Figure 3c. The absorption at 350 nm is attributed to the HOMO-2—LUMO
transition. Figure 3d shows that the HOMO-2 is delocalized on both the DPP plane and the
whole chiral center. These results indicate that the chiral center is indeed involved in the
light absorption, especially the peak around 350 nm.
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Figure 3. (a) calculated absorption spectra of (R, R)-CDPP molecules; (b) calculated ECD spectra of
(R, R)-CDPP molecules; (c) the contour surfaces of frontier molecular orbitals (FMOs) involved in the
absorption peak of (R, R)-CDPP-11 at 530 nm; and (d) the contour surfaces of FMOs involved in the
absorption peak of (R, R)-CDPP-11 at 350 nm. The chiral centers are highlighted with light purple.

For further chiroptical properties, we calculated the rotatory strengths and ECD spectra
of (R, R)-CDPPs. As shown in Figure 3b, the curves show two main positive peaks at 244
and 340 nm, and two negative peaks at 300 and 530 nm. The Cotton effect is also very
obvious near 250 and 290 nm, which indicates good chiral optical properties [36,37].

The ECD curves of these (S, S)-CDPPs are basically the mirror images of (R, R)-CDPPs
(Figure S1b). Butitisn't for the (S, S)-CDPP-24. It shows a different pattern comparing to the
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(R, R)-CDPP-24 curve. This is due to the overlong alkyl chain, in which the conformation
lock fails. The conformation of the chiral center is not fixed for overlong chains. One chiral
center of the built (S, S)-CDPP-24 becomes R state after relaxation as shown in Figure S10.
This also suggests that to design a conformation lock chiral center the length of alkyl chain
should not within a proper range.

2.2. Emission Analysis

The emission spectra of (R, R)-CDPP-(11, 16, 18, 20, 22, 24) were then calculated at
B3LYP/6-311++G* level with time dependent DFT (TD-DFT), as shown in Figure 4a. CDPPs
have two main luminescence regions, in which the three main emission peaks are 300, 340
and 608 nm. CDPPs show high luminous ability, and the intensity at 600 nm is relatively
higher than that at 300 and 340 nm. The calculated Circularly Polarized Luminescence
(CPL) spectra of (R, R)-CDPP-(11, 16, 18, 20, 22, 24) and (S, S)-CDPP-11 are also presented
in Figure S8, which revealed circularly polarized emission ability in CDPP molecules.

_ 4|p||m|cosd

lum = 1)
Slam =P & mP?

The calculation of gy, of (R, R)-CDPPs and (S, S)-CDPP-11 was then carried out
according to equation 1, where m and p represent the magnetic and electric transition
dipole moments, and 6 stands for the angle between m and y. The resulting data were then
processed with Gaussian broadening and summarized in Figures 4b and S7 and Table 1.
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Figure 4. (a) calculated emission spectra of (R, R)-CDPP molecules; (b) calculated g, (after Gaussian
broadening) of (R, R)-CDPP molecules and (S, S)-CDPP-11; (c) the contour surfaces of FMOs involved
in the emission of (R, R)-CDPP-11, corresponding to the gj,, peak at around 392 nm; and (d) the
contour surfaces of FMOs involved in the emission peak of (R, R)-CDPP-11, corresponding to the
Slum peak at 265 nm.
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Table 1. The g}, of (R, R)-CDPP.

Slum 392 nm 608 nm
(R, R)-CDPP-11 —3.38 x 1072 —3.39 x 1074
(S, S)-CDPP-11 4.50 x 1072 3.78 x 1074
(R, R)-CDPP-16 —7.04 x 1072 —4.34 x 107*
(R, R)-CDPP-18 —9.20 x 1072 —5.06 x 107*
(R, R)-CDPP-20 —5.08 x 1072 —4.13 x 1074
(R, R)-CDPP-22 —9.73 x 1072 —5.06 x 107*
(R, R)-CDPP-24 —7.69 x 1072 —4.28 x 1074

As shown in Figure 4b, the curves of the calculated gy, can be roughly divided
into three sections. The first one ranges from 200 to 350 nm. In this section, the gjym
peaks (around 270 nm) of (R, R)-CDPPs change from positive high value (selectively
emit left-handed circularly polarized light) to negative (selectively emit right-handed
circularly polarized light), as the length of alkyl chain increases. Orbital composition
analysis has been performed by the Hirshfeld method with Multiwfn 3.0 to explore the
factors that influence these gy, peaks [38]. The emission of the g1,m peaks of (R, R)-CDPPs
at 200-350 nm involves multiple orbital transitions, as shown in Figures 4d and 54-56.
The DPP unit is divided into a chiral part and an achiral part, as illustrated in Figure S3.
During the optical transition near 270 nm, the proportion of the orbital occupied on chiral
parts (including the alkyl chain and the DPP chiral part) changes. For (R, R)-CDPP-11,
51.8% orbital is on chiral parts before transition. It becomes 99.4% after transition. Hence,
the orbital chiral proportion increases by 47.6%. This increase gradually decreases and
become —4.7% for (R, R)-CDPP-24, as shown in Table S2, indicating that the change in
the gjum peak of CDPP near 270 nm is influenced by the orbital occupancy on chiral parts.
Detailed results are summarized in Tables S1 and S2. The second section ranges from 350 to
550 nm with peaks around 392 nm. As shown in Table 1, the | g}y, | at 392 nm range from
3.38 x 107210 9.73 x 10~2, which are comparable to state-of-the-art small organic molecule
CPL materials [39-41]. According to the Kasha's rule, this peak may not show as it is not the
lowest excited level. However, the Kasha's rule may be overcome [42,43]. The last section
ranges from 550 to 750 nm. Their | g, | are between 3.39 x 10~ to 5.06 x 10~%, which are
about two orders of magnitude smaller than that around 392 nm. The |gjym, | at 608 nm is
lower because the chiral proportion of orbitals are barely changed during the light-emitting
process. For (R, R)-CDPP-11, the 392 nm peak mainly comes from LUMO—HOMO-§, as
illustrated in Figure 4c. 51.2% of LUMO and 9.5% of HOMO-8 are on chiral parts, the
chiral orbital change is 41.7%. The 608 nm peak attributes to LUMO—HOMO. The chiral
proportions on orbitals alter from 51.2% to 61.8%. The chiral orbital change is only 10.6%.
The details of orbital composition analysis are summarized in Table S1.

2.3. Chirality Transformation

In these molecules, the alkyl chain should maintain on a certain side of the DPP plane
to keep the molecule in a certain chirality. We here investigated the chirality transformation
when the alkyl chain flips. The relative energy and geometry changing from (R, R) state to
(S, S) state were recorded. For CDPP-11, the alkyl chain is too short to flip. For others, at
the beginning of flipping, total energies increased slowly with rotation as no significant
deformation happened. When the alkyl chain approached the DPP conjugate plane and
forces the plane to bend, total energies rapidly increased. The DPP plane recovered, and
the molecular energy dropped to its lowest point after the alkyl chain successfully flipped
to the other side. CDPP-16 has the highest energy barrier of 3.59 eV due to the shortest
alkyl chain length. With increasing length, the energy barrier will decrease to 2.10, 1.23,
0.96 and 0.48 eV for CDPP-18, CDPP-20, CDPP-22 and CDPP-24, respectively. Details of
the flipping process are shown in Figures 5 and S9.
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Figure 5. Geometries and relative energies during the flip of alkyl chains of (R, R)-CDPP-16, (R, R)-
CDPP-18, (R, R)-CDPP-20, (R, R)-CDPP-22 and (R, R)-CDPP-24.

2.4. Calculation Verification

To verify our calculations, we further synthesized (R, R)-CDPP-11 and (S, S)-CDPP-11,
and measured the CD and absorption spectra. The synthetic procedure is summarized
in Supplementary Information. As shown in Figure 6, the CD spectra of (R, R)-CDPP-11
and (S, S)-CDPP-11 are symmetric in the experiment as well as DFT calculations. The CD
peaks of (R, R)-CDPP-11 in the experiments located at 244, 279, 345 and 498 nm, match
very well with the calculated peaks of 244, 305, 343 and 528 nm, respectively. Besides,
the experimentally measured photoluminescence spectrum of CDPP-11, especially in the
range of 500750 nm (Figure S2) is also in good agreement with the TD-DFT calculation
result. The consistency between both the experimental and calculated absorption, CD and
emission spectra confirms the reliability of accurate prediction of the optical properties of
these molecules.
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Figure 6. (a) Comparison between the experimental CD and calculated ECD spectra of CDPP-11; and
(b) comparison between the experimental and calculated normalized absorption spectra of CDPP-11.

3. Conclusions

In this work, a new strategy to design CP light-emitting materials was proposed, by
combining achiral side chains and achiral light-emitting groups. DFT calculated electronic
circular dichroism, absorption spectra and emission spectra of these molecules indeed
show chiroptical properties, with gy, reaching —5.06 x 1074, By flipping alkyl chains, the
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chiroptic of these molecules can be tuned, and a longer alkyl chain leads to a lower energy
barrier during the flip. This strategy was further verified by experiments on a series of
molecules. This combination makes it possible to change numerous achiral light-emitting
materials to potentially high g1y, factor chiral luminescent materials by forming chiral
center within the conjugation plane, allowing chiral center to participate in the emission
progress. This work may provide a promising strategy for constructing high gy, chiral
light-emitting materials.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/photonics9080532/s1, Figure S1: (a) Calculated absorption spec-
trum of (S, S)-CDPP molecules, (b) Calculated ECD spectrum of (S, S)-CDPP molecules; Figure 52:
Comparison between the experimental and calculated normalized emission spectrum of CDPP-11;
Figure S3: The chiral and achiral fragments of the DPP plane; Figure S4: (a) Calculated gy, (after
Gaussian broadening) and emission spectrum of (R, R)-CDPP-16, (b) The contour surfaces of FMOs
involved in the emission peak of (R, R)-CDPP-16 at 359.52 nm; Figure S5: (a) Calculated g, (after
Gaussian broadening) and emission spectrum of (R, R)-CDPP-20, (b) The contour surfaces of FMOs
involved in the emission peak of (R, R)-CDPP-20 at 279.62 nm; Figure S6: (a) Calculated gy, (after
Gaussian broadening) and emission spectrum of (R, R)-CDPP-24, (b) The contour surfaces of FMOs
involved in the emission peak of (R, R)-CDPP-24 at 273.88 nm; Figure S7: (a) Calculated g, (after
Gaussian broadening) and emission spectrum of (R, R)-CDPP-11, (b) Calculated gj,,,,, (after Gaussian
broadening) and emission spectrum of (R, R)-CDPP-16, (c) Calculated g, (after Gaussian broaden-
ing) and emission spectrum of (R, R)-CDPP-18, (d) Calculated g, (after Gaussian broadening) and
emission spectrum of (R, R)-CDPP-20, (e) Calculated g}, (after Gaussian broadening) and emission
spectrum of (R, R)-CDPP-22, (f) Calculated g}, (after Gaussian broadening) and emission spectrum
of (R, R)-CDPP-24; Figure S8: Calculated CPL spectrum of (R, R)-CDPPs and (S, S)-CDPP-11; Figure
59: Geometry deforming of CDPP during the flip; Figure S10: The invalidated conformational lock of
“(S, S)-CDPP-24"; Figure S11: The synthesis of DPP derivative; Figure S12: The synthesis of CDPP-11;
Table S1: The orbital composition analysis of (R, R)-CDPP by Hirshfeld method in Multiwfn; Table S2:
The proportion change of orbital composition during emission at around 270 nm. The chiral part
includes the chiral fragment in DPP plane, and the alkyl chain.
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