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ABSTRACT: High-performance circularly polarized luminescent

(CPL) materials have received wide attention recently by virtue of

broad application in circularly polarized light-emitting diodes, 3D f:‘r(
display, and encryption. Reaching both high luminescence M

efficiency and strong luminescence dissymmetry factor (g,) is

¥ f:f
jassedl

! ) - ] u (-)-[41CAN, 4B\~ (PHAJOC, 5-4BN
still a challenging goal that requires continuous efforts. Herein, we g Gum s 956
performed a systematic theoretical investigation on the chiroptical /]
properties of helical cylindrical molecules (—)-[4]cyclo-2,6-
anthracene [(—)-[4]CA,4] and (P)-[4]cyclo-2,8-chrysenylene
[(P)-[4]CCy4], and found that the unique and symmetric » A %?(*
cylindrical structure could make the transition dipole moment - ’ —

. g () [4]CAn25 " —_—— (Py[41CCyq
components offset along the cylindrical surface but concentrated B0 N LG SR TIORE B ¥ Te

along the vertical central axis. This structural superiority

contributes the collinear electric and magnetic transition dipole moment vectors and thus the large gj,,. Based on the results of
decomposed transition dipole moment vectors to individual atoms, an effective strategy to enhance the g, through introducing
intramolecular short-range charge transfer by embedding B,N atoms is proposed. The decreased electric transition dipole moment
and well-kept magnetic transition dipole moment enable the gj,,, of B,N-embedded designed molecules (—)-[4]CA, c-4BN and (P)-
[4]CC,5-4BN up to —0.31 and —0.56, respectively. This molecular-insight investigation deepens the understanding of the
structure—property relationship and provides efficient guidance for improving g, of CPL materials.

( : ircularly polarized luminescent (CPL) materials, with the Comgutational Methods)," !

ability of directly emitting left- or right-handed circularly 2,121

polarized light,"” have a broad foreground in 3D displays, data 4 e lcos O

storage, biological probes, and asymmetric photosynthesis.”~’ _ TR, 08T

Benefiting from the superiorities of high-performance and lum |lle|2 + |llm|2 ()
simple device architectures, circularly polarized organic light-
emitting diodes (CP-OLEDs) have attracted enormous
research interests.”” To achieve the high-performance of fast
exciton conversion and a high degree of circular polarization, it
is critical to simultaneously obtain both high photolumines-
cence quantum efficiency (®;) and strong luminescence
dissymmetry factor (gum). In quantum chemistry, @y is
determined by the radiative and nonradiative transition rates
(k, and k,,) as in eq 1,

and g, is quantified as eq

where g, is the magnetic transition dipole moment vector and
0 is the angle between g, and g, vectors. In the traditional
achiral molecule system, g, is always perpendicular to the
plane determined by the displacement vector (r) and g, due to
the right-hand rule (Figure 1a). In this instance, cos 6 is always
zero (p.Lp,,), leading to the invalid CPL. While in the chiral
system, the helical trajectory of electron motion enables the
induced p., to possess nonzero collinear projections relative to
the g, (Figure la). This is the main origin of the circularly
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strong correlation of ®p and g, can be achieved with the
electric transition dipole moment (g,) due to the simplified
relationship of k, o 7* X |u l* (¥: emission energy, details in
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Figure 1. (a) Hlumination of the electric transition dipole moment
() and magnetic transition dipole moment (4,,,) in achiral and chiral
systems. (b) The optimized S; geometries of (—)-[4]CA,, (P)-
[4]CC,5 (—)-[4]CA,¢-4BN, and (P)-[4]CC,4-4BN.

polarized luminescence presented by chiral molecules.
However, most light emitting materials are magnetic dipole
forbidden with small lu,"" making |gy,.,| generally within the
range of 107#=1072*%%° Thus, effective molecular design
strategies for achieving both large g, and high @y, are urgently
needed.

Among the investigated chiral organic molecules, helical
chiral single -wall carbon nanotube (SWCNT) molecules of
(—)-[4]cyclo-2,6-anthracene [(—)-[4]CA, ] and (P)-[4]cyclo-
2,8-chrysenylene [(P)-[4]CC, ] were reported, which showed
particularly high g, of —0.103 and —0.152."*"> The excellent
chiroptical properties of these two molecules called our
attention to further explore the structure—property relation-
ship and effective improvement strategy. Herein, we performed
a detailed theoretical study and unveiled the origin of the
strong g, values of these cylindrical molecules. According to
the profound investigation of the transition dipole moment,
the unique and symmetric cylindrical structure contributes not
only the colinear vectors of electric and magnetic transition
dipole moments but also the amplification of magnetic
transition dipole moments, leading to excellent lg,|. Addi-
tionally, an intramolecular short-range charge transfer
(SRCT)'® strategy by embedding B,N atoms into these
cylindrical structures was performed, leading to a reduced
electric transition dipole moment and promoting g, of the
designed (—)-[4]CA, 44BN and (P)-[4]CC,4-4BN up to
—0.31 and —0.56, respectively. This research offers a new
guideline for developing high g, organic CPL materials.

The special cylindrical structures of these molecules show a
close correlation with the circularly polarized luminescence
properties. As shown in Figure 1b, the optimized S, geometries
of both (—)-[4]CA,¢ and (P)-[4]CC,4 are regular cylindrical
structures with diameters of 11.03 and 13.56 A, respectively.
There are four equivalent segments enclosing the cylinder
possessing homogenic dihedral angles of 44.25° for
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(—)-[4]CA,4 and 35.78° for (P)-[4]CC,; (Figure S1),
which enables the electrons symmetrically and uniformly
spreading along the sp*-carbon molecular skeleton (as the
electrostatic potential maps shown in Figures 2 and S2). Both

HOMO

(F4ICA %

(PY41CC5q

Figure 2. HOMO and LUMO distributions (isovalue = 0.02), the
overlap (Oy.), and charge density difference (CDD) of hole and
electron for (—)-[4]CA, ¢ and (P)-[4]CC,; in the §; — S, transition
(isovalue 0.001, green/blue parts indicating the increased/
decreased electron density).

the highest occupied molecular orbital (HOMO) and the
lowest unoccupied molecular orbital (LUMO) are located at
the 7 orbital of the curved part, which would result in the
distinct spiral contributions during the electronic transition
(vide infra). Hence, the modifications on the individual
segment or tuning the curvature of the cylinder should be an
effective strategy to improve the performance of the circularly
polarized luminescence.

The detailed S; — S, transition information is summarized
in Table S1. The calculated fluorescence wavelengths are
565.82 nm for (—)-[4]CA, and 443.56 nm for (P)-[4]CC,,
which are in good agreement with their correspondl ng
experimental results of 336 and 443 nm, respectively.'"'
Combined with the natural transition orbital (NTO) analysis
(Figure S3), it is obvious that the fluorescence emissions in
both (—)-[4]CA,s and (P)-[4]CC,g are characterized as
localized excitation, even though there are several transition
contributions for (P)-[4]CC,z. The complicated components
make the overlap of hole and electron (Oy,) in (P)-[4]CC,;
(0.8024 au) much smaller than that of (—)-[4]CA,¢ (0.8509
au) (Figure 2), which is also responsible for the smaller electric
transition dipole moment and oscillator strength (f) in (P)-
[4]CC,s (Table S2). This is due to Oy significantly
influencing the magnitude of Iu| based on the following
relationships:'*'7"®

il = [[ A Db0Ir = rid ()eh () by

) =

Then, the charge density differences (CDDs) between the
hole and electron of the S; — S, transition are obtained and
shown in Figure 2, clearly showing that gaining and losing
electrons take place along the inner wall of the cylindrical
skeleton. This is also direct evidence that the curvature
seriously influences the transition dipole moment and further
the luminescence dissymmetry factor.'”*°

According to eq 2, the chiroptical properties are closely
associated with g, and p,,. Here, we decompose the transition
dipole moment density into the contributions from X, Y, and Z
coordinate axes (as shown in Figures 3 and S4). In quantum
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Figure 3. Breakdown analysis of electric transition dipole moment
density (isovalue = 0.001) and magnetic transition dipole moment
density (isovalue = 0.007) of (—)-[4]CA, . Positive parts are shown
in blue, and negative parts are shown in red.

chemistry, the electric transition dipole moment vector g, is
the product of displace operator and wave function of the
initial (lg;)) and final ((Ip;)) states (u, = (@plerlg;)), and the
magnetic transition dipole moment vector p, is the
corresponding result from angular momentum operator L

(ﬂm = ((piILl(pf> = <(pi‘ﬁr X V|(pf>].u As shown in Figure

3, the central axis of the cylindrical molecule is along the Z-
axis, and the four homogenic segments are symmetric in the X/
Y direction. Thus, the transition dipole moment density along
the X/Y axis positive and negative directions have the same
components, so the final results of g, and ., along the X/Y
direction cancel out each other to zero (Table S2), while the
transition dipole moment contributions on the Z-axis
accumulate continuously, leading to the large values of the
collinear p, and p,. The superiority of the unique and
symmetric cylindrical structure is conducive to tuning g, and
M, to enhance the luminescence dissymmetry factor. The
calculated g, values are —0.10 for (—)-[4]CA, 4 and —0.34 for
(P)-[4]CC, 5, which is very excellent among the chiral organic
fluorescent materials. The structural origins of the strong g,
and improvement strategy are further investigated thereinafter.

According to eq 2, a pair of perfectly matched p, and ., is
decisive for g,,. Based on the homogenic cylindrical structure,
we decompose the transition dipole moment vector into the
contributions of four segments, and further, the atom
contributions in a single segment are also obtained to deeply
investigate the relationship between molecular structure and
chiroptical properties. Here, we take the (—)-[4]CA,4 as an
example (Figure 4); it is obvious that the total transition dipole
moment is along the central axis of the cylindrical framework,
while the separate transition dipole moment segment vector
contributions attach the plane and possess the angles of
28.36°/5.73°, deviating from the total p./p,, vectors. The
across segment vector contributions orient the opposite
directions and cancel out each other at the X or Y axis,
which is in accordance with the result of transition dipole
moment density analysis. Then, the contributions from atoms
of an anthracene segment are also obtained. The atom
contribution for p,. is nearly perpendicular to the curved
plane while that of g, is closely in parallel (as shown in Figure
4). The almost vertical oriented g, and p,, vectors of each
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atom’s contribution give intuitive expression of the right-hand
rule. Then, a vector projection exploration is carried out for the
atom transition dipole moment vector onto the total transition
dipole moment vector. It is evident that almost all g, vectors
form carbon atoms accumulating together, resulting in the
large lu,l, while some opposite p, vectors form atoms lower
down the total |g,l. In contrast with a similar transition dipole
moment investigation of (P)-[4]CC, 4 (Figure SS), a reduced
M. is found due to the more symmetrically positive and
negative contributions of carbon atoms and then offsetting in
the segment. Compared to the transition dipole moments of
(-)-[4]CA,4 the decreased lu.| together with a slightly
increased |p,| is responsible for the three times larger g, for
(P)-[4]CC,4 (Table S2).

Improving the lgj,,| up to the highest limit value of 2 is a
continuous challenge for chiral organic fluorescent molecules.
The above-mentioned transition dipole moment investigation
arouses some effective structural design principles for these
kinds of cylindrical molecules. As shown in eq 2, g, is
determined by the g, and p, vectors, and the value of |u,l is
generally evidently larger than |u,| (details in Computational
Methods). The effective design strategy is decreasing g, while
increasing ||, namely, increasing lp,|/lp.] under the
simplified relationship of Ig,,| o lpyl/Ipl. To our knowledge,
the charge transfer transition generally holds a smaller electric
transition dipole moment than that of localized excitation
transition due to reducing the overlap of hole and electron
wave functions.'”?" As for the (—)-[4] CA, 4, the contributions
from the numbered 2, 4, 6,9, 11, and 13 C atoms for g, can be
further reduced (the vector projection from atoms depicted in
Figure 4). It is noteworthy that these atoms are also the main
contributions of Oy _, as shown in Figure 2. Inspired by efficient
reduction of Oy_, via intramolecular short-range charge transfer
(SRCT), the molecular engineering regulated by using the lone
pair electrons of N atom and empty orbit of B atom might be a
valid way to decrease the electric transition dipole mo-
ment.”>™*°

Herein, we introduce the SRCT through symmetrically
embedding the B and N atoms in the individual segment on
the basis of (—)-[4]CA,4 and (P)-[4]CC,z, and the designed
structures are shown in Figure S6. For the designed molecules,
their frontier molecular orbital and electrostatic potential maps
(Figures S2 and S6) reveal that the uniformed electron
distribution is clearly tuned as HOMO focusing on the
electron-rich N atoms, while LUMO focusing on the electron-
deficient B atoms. The overlap integrals are 0.7646/0.7200 au
for (—)-[4]CA,s4BN/(P)-[4]CC,44BN; thus, the electric
transition dipole moment could be effectively decreased
(Tables S2 and S3). The short-range charge transfer transition
will also be introduced in the fluorescence emission, and the
natural transition orbital and charge density difference analyses
(Figures S4—S7) further validate the process of charge transfer
occurring onto the curved segment, especially the B,N part.
These detailed analyses of electric and magnetic transition
dipole moment unveil the following.

(i) The designed B,N-embedded molecules present a stable
cylindrical structure, maintaining the transition dipole
moment distributions offset to zero at the X/Y direction
and accumulate along the Z-axis. Namely, the superiority
of collinear p, and p,, perfectly remains, and an obvious
positive correlation of Ig,| and lpl/lp | is found among
these cylindrical molecules (Table S4).
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Figure 4. Decomposition of the transition dipole moment vector as segments and atoms contributions for (—)-[4]CA, (a) and (—)-[4]CA, +-4BN
(b), together with the vector projection from the atom contribution onto the total transition dipole moment vector (in the units of au). Note: the
arrows for the atom transition dipole moment vector are magnified three times for clarity.
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(ii) The SRCT induced by the electron-rich N atoms and
electron-deficient B atoms effectively reduces the overlap
between hole and electron, resulting in the decreased u..
Meanwhile, p,, keeps or even increases in the electronic
excitation process.

The values of g, are —0.31 for (—)-[4]CA,s-4BN and
—0.56 for (P)-[4]CC2‘8-4BN, which are significantly
increased relative to those of (—)-[4]CA,4 and (P)-
[4]CCys

(iii)

Besides the luminescence dissymmetry factor (g, ), there is
another critical factor affecting the performance of CP-OLEDs,
namely, the fluorescence efficiency (®@g). @ is generally
determined by the radiative transition rate k., and the
nonradiative transition rate k.. as shown in eq 1. Based on
the discussion above, we know that the magnetic transition
dipole moment is non-negligible, especially for chiral OLED
molecules. Here, we calculated the k, under the consideration
of magnetic transition dipole moment, as shown in eq 3:>"**

1671'3 3 2 2
k.= 7(lpl” + lu I ¥ 2R
She, (I ” + I, ) )

where the rotatory strength (R) can be calculated by the
imaginary part of the scalar product between the g, and p,,
vectors:*

R=1Im(u-p_ ) = lulk lcos & (4)

The related important parameters of k, are calculated and
summarized in Table S3; the k, generally depends on the
emission energy and electric transition dipole moment
according to the Einstein spontaneous emission theory. On
the condition of greatly larger |uI* of (—)-[4]CA,¢ [(—)-[4]-
CA, 4 86 827.15 X 107* esucm?; (P)-[4]CC,q: 21 107.65 X
107% esu’-cm*], an order of magnitude higher k, [1.42 X 107/
1.58 X 107 s™" for (—)-[4]CA, ¢ and 6.35 X 10°/8.92 x 10°s™*
for (P)-[4]CC,4] is determined mainly by lu>. However, for
the slightly smaller l,I* of (P)-[4]CC, s-4BN, its stronger |u,,|*
could effectively increase, leading to its k, being larger than that
of (—)-[4]CA, 44BN (Table S3). Thus, it is important to take
the magnetic transition dipole moment into consideration for
the determination of radiative transition rate. Another key
factor for fluorescence efliciency is nonradiative transition rate
(k,.), which could be seriously restrained by large emission
energy and reduced electron-vibration coupling according to
the energy gap law.** 73! From Table S3, all the investigated
cylindrical molecules possess enhanced emission energy [(P)-
[4]CCyy: 2.80 eV; (—)-[4]CA, 4 2.19 eV; (P)-[4]CC, 4-4BN:
3.22 eV; (—)-[4]CA,c-4BN: 2.82 eV], which is beneficial for
suppressing the nonradiative transition according to the
exponential dependence of k,, ~ exp(—f7) (B is the related
to electron-vibration coupling parameter). Here, we concen-
trate on the electron-vibration coupling via the reorganization
energy (As, _s,) between S, and S, states for the k,,
investigation. The total Ag, _, g, is 0.1809 eV for (—)-[4]CA,
0.1780 eV for (P)-[4]CC, g 0.1053 eV for (—)-[4]CA,(4BN,
and 0.1387 eV for (P)-[4]CC,4-4BN (Figure S8). Both the
high emission energy and decreased reorganization energy
indicate that the k,, of the designed (—)-[4]CA,s4BN and
(P)-[4]CC, 54BN would be smaller than that of (—)-[4]CA,¢
and (P)-[4]CC,g. Obviously, the design strategy of SRCT
through symmetrically embedding the B and N atoms in the
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individual segment shows advantages in improving the
fluorescence efficiency for these types of cylindrical molecules.

Additionally, the absorption dissymmetry factors (g,;,) were
calculated with similar methods. The values of g, are —0.09
for (—)-[4]CA, 4 —0.33 for (P)-[4]CC,4 —0.14 for (—)-[4]-
CA, 44BN, and —0.4S for (P)-[4]CC,4-4BN. The designed
molecules through the B,N-embedded strategy also show
higher g, Then, the relation between absorption and
luminescence dissymmetry factor is then further explored in
detail. As summarized in Table S4, a larger lg,, always
presents a larger Ig,,| for these studied cylindrical molecules,
which could be attributed to their reduced nonradiative
transition and high fluorescence efficiency. Further, it is found
that the difference of dissymmetry factor Ag (Ag = Igm —
Zadl) has an opposite trend relative to that of (Ag,  ,). This

should be rationalized to the well suppressed nonradiative
transition, especially structural deformation between excited
and ground states.

In summary, the origin of the strong luminescence
dissymmetry factor of the chiral cylindrical molecules has
been systematically investigated through DFT and TD-DFT
calculations. The unique and symmetric cylindrical structures
of (—)-[4]CA, ¢ and (P)-[4]CC, 4 have a perfect configuration,
which leads to the transition dipole moment densities with the
same sizes but opposite signs along the X/Y axis while
accumulating along the Z axis. Thus, the electric transition
dipole moment and magnetic transition dipole moment vectors
of X and Y directions cancel out each other to zero; at the same
time, they concentrate on the Z axis, resulting in the collinear
transition dipole moment vectors and finally large g..,. We
decompose the transition dipole moment vectors into the
individual atom contribution and find the C atoms at the
curved framework with more contributions to the electric
transition dipole moment, so that an effective way of slightly
reducing the electric transition dipole moment by embedding
B,N atoms is performed to further improve g,. Then, both
the charge density difference and the electrostatic potential
results of the designed (—)-[4]CA,44BN and (P)-[4]CC,s
4BN indicate that short-range charge transfer is successful in
decreasing the overlap of the hole and electron and further
reducing the electric transition dipole moment. Together with
the well maintained magnetic transition dipole moment, the
Zlum of the B,N-embedded designed molecule is promoted to
—0.31 for (—)-[4]CA,c4BN and —0.56 for (P)-[4]CC,g-
4BN. For these excellent chiroptical cylindrical molecules, the
strong magnetic transition dipole moment could make a non-
negligible contribution to the determination of radiative
transition rate. g, and g, have similar trends, and the
difference of dissymmetry factor Ag (Ag = Igium — Zavsl) shows
an opposite correlation relative to reorganization energy. This
detailed theoretical investigation expands the exploration of the
structure—property relationship for circularly polarized lumi-
nescent helical cylindrical molecules and provides a new design
strategy for improving their luminescence dissymmetry factor.

B COMPUTATIONAL METHODS

In this work, the density functional theory (DFT)*” and time-
dependent DFT (TD-DFT) calculations are performed to
obtain the equilibrium geometries and the vibration
frequencies of the ground state (S;) and the lowest singlet
excited state (S;) of the investigated molecules at the B3LYP/
6-31G(d)* method within the Gaussian 16 package.”* To
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accurately predict the fluorescence and CPL properties, various
functionals and basis sets are benchmarked on (P)-[4]CC,.
As shown in Table S5, the calculated wavelength of 443.56 nm
within the TD-BMK/6-311G(d,p)* under toluene solution
(performed by the polarized continuum model (PCM)*®)
coincided very well with the measured 443 nm in the
experiment; the calculated g, of —0.34 was slightly larger
than the experimental value of —0.152. We think it is enough
to provide believable results, and the following chiroptical
properties are investigated on the basis of this method. The
further electronic transition properties (such as the overlap and
charge density difference of hole and electron, the transition
dipole moment density, and the decomposition of the
transition dipole moment vector) are investigated by the
Multiwfn package.’”

According to the time-dependent perturbation theory,
fluorescence is treated as an electronic transition from the
initial S; state (lg,)) to the final ground state (lgg)). The
transition probability coefficient (A;;) can be obtained
according to the Einstein spontaneous emission theory based
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where e is the elementary charge, / is the Planck Constant, m is
the electron mass, ¢ is the light velocity, 7 is the emission
energy, and r is the placement vector of electron motion. The
first item corresponds to the electric transition dipole moment;
the second item corresponds to the magnetic transition dipole
moment, and the last one is the electric quadrupole transition
moment. Their relative order of magnitude in the electro-
magnetic unit is estimated shown below (exemplified by the
results of the H atom)."'

{plerlg ) ~ 6.5 x 107 c.gs.

[

£ XV
3I(qoilerrl(,of>|2 ~ 68 x 107" c.gs.

2

~87x%x 104 c.gs.
mc

%fﬁi_)f

In the conventional luminescent molecules, due to the small
magnetic transition dipole moment or the perpendicularly
oriented electric and magnetic transition dipole moment
vectors, the effects of the magnetic transition dipole moment
on both the chiroptical properties and radiative transition rates
are usually negligible, while in the chiral molecules, the
relatively strong magnetic transition dipole moment plays a
significant role in the photoluminescence and chiroptical
properties.

The nonradiative transition rate k,, is always predicted an
exponential dependence on the energy gap () and electron-
vibration coupling parameter (f3) between the S, and S, states,
which could be described as k,,, ~ exp(—/-7) within the energy
gap law.”" Here, the electron-vibration coupling parameter is
taken into consideration through the reorganization energy (1)
between the excited state and ground state:
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in which ; and AQ; are the frequency and the shift vector of
the jth normal mode. A is obtained via the MOMAP
program.”®
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