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ansition density in circularly
polarized luminescence†

Zhanxiang Chen, a Manli Huang,a Cheng Zhong,*b Shaolong Gong, b

Veaceslav Coropceanu, *c Jean-Luc Brédas *c and Chuluo Yang *a

Realizing high luminescence dissymmetry factor (g) in circularly polarized luminescence (CPL) materials

remains a big challenge, which necessitates understanding systematically how their molecular structure

controls the CPL. Here we investigate representative organic chiral emitters with different transition

density distributions and reveal the pivotal role of transition density in CPL. We rationalize that to obtain

large g-factors, two conditions should be simultaneously satisfied: (i) the transition density for the S1 (or

T1)-to-S0 emission must be delocalized over the entire chromophore; and (ii) the chromophore inter-

segment twisting must be restricted and tuned to an optimal value (∼50°). Our findings offer molecular-

level insights into the CPL of organic emitters, with potential applications in the design of chiroptical

materials and systems with strong CPL effects.
Introduction

Circularly polarized luminescence (CPL) has received ever-
increasing attention as it has great potential in next-
generation optoelectronics, especially circularly polarized
organic light-emitting diodes (CP-OLEDs).1–4 However,
achieving high efficiency and high electroluminescence
dissymmetry (gEL, the dimensionless parameter that describes
the ratio of the differential emission intensity of right and le
circularly polarized light over the average values) factor in CP-
OLEDs remains a signicant challenge.5–7 Previous attempts
to achieve high gEL factors using chiral conjugated polymers or
chiral lanthanide complexes were limited by low efficiency.5,7–10

More recently, the use of circularly polarized thermally activated
delayed uorescence emitters or chiral exciplex hosts has led to
CP-OLEDs with external quantum efficiencies exceeding 30%;
however, these devices still have small gEL factors, typically
between 10−4 and 10−3.6,11–13 Despite extensive research, there
has been yet few satisfying solutions that achieve high efficiency
and high gEL factor concurrently.
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To solve this dilemma, it is urgent to delve into the rela-
tionship between the structures of organic chiral emitters and
their CPL properties. Two main strategies have been employed
in the molecular structure design of organic chiral emitters: (i)
chiral perturbation, which involves incorporating nonluminous
chiral units into the chromophore structure; and (ii) inherent
chirality, induced by hindering the rotation and motion of the
chromophore.14 In the former case, the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) of the emitter are rarely distributed on the chiral
moiety, resulting in smaller dissymmetry factors (g). In contrast,
in the latter case, since the chromophore itself is chiral, the
emitter typically exhibits a larger g-factor, making this strategy
more promising.15 Therefore, the above two cases suggest that
chirality can be regulated through the structure of the chro-
mophore. Indeed, Penfold et al. have demonstrated that the
twisting of polymer repeat units can modulate g-factors.16

Furthermore, Hirata et al. reported a unique case in which the
CPL signal disappears when the dihedral angle between the
donating unit and the accepting unit of the chiral molecule is
xed at ∼90°.17 These efforts point to preliminary relationships
between structure and CPL. However, the fundamental ques-
tion of howmolecular structure inuences the CPL properties at
the molecular level remains incompletely understood.

Here, we investigate four types of representative organic
chiral emitters, most of which contain an electron-donor
segment and an electron-acceptor segment (see chemical
structures in Fig. 1a); they are distinguished by their origin of
chirality: planar chirality,18 central chirality,19,20 helical
chirality,10,21,22 and axial chirality.11,23,24 Our ndings reveal
that the distribution of transition density plays a vital role in
these chromophores, which can be categorized into two model
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 (a) Chemical structures of representative organic chiral emitters
explored in this study. Planar chirality (no stereogenic center, but two
non-coplanar rings that are each dissymmetric); central chirality
(presence of a stereogenic center); helical chirality (no stereogenic
center, but presence of a helix), and axial chirality (no stereogenic
center, but axis of chirality). The D (A) molecular fragments are colored
in red (blue). (b) Illustration of the role of transition density in the
research of CPL properties.
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classes (Model-I and Model-II, Fig. 1b). In Model-I, the tran-
sition density is spread across the entire chromophore, and
the CPL properties can be controlled through inter-segment
twisting. Conversely, in Model-II, the transition density is
primarily localized on either the donor (D) or acceptor (A)
moiety, and twisting has no impact on the CPL properties.
Instead, conformational disorders due to molecular vibrations
can reduce the g-factor. Our results demonstrate that the
molecular design of large g-factor emitters must satisfy two
requirements: extended delocalization of transition density
and restriction of chromophore inter-segment twisting at an
optimal angle. This understanding can be extended to new
chiroptical materials and systems, which would motivate
further studies in the CPL eld.
Results and discussion
Background of theoretical models

In an electronic S1 / S0 transition, the rotatory strength R
theoretically corresponds to the experimental CPL intensity.
There are two expressions for the R:25–27
© 2023 The Author(s). Published by the Royal Society of Chemistry
(i) Velocity form, which is origin-invariant and independent
from the completeness of the basis set, is given by:

R ¼
D
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(ii) Length form, which is origin-dependent in calculations
with incomplete basis set, is given by:
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where me
�! is the electric dipole transition moment (EDTM) for

the S1 / S0 transition;28 me
�!; the magnetic dipole transition

moment (MDTM) for the S1 / S0 transition;29 e, the elementary
charge of an electron; ~r, the position operator; ~D, the curl
operator; c, the speed of light, with c−1 approximately equal to
1/137 atomic units (a.u.).30 The calculated R-value is commonly
reported in cgs units of 10−40 esu2 cm2. A unit conversion factor
of 1 a.u. = 2.541746 × 10−18 esu cm is commonly used, as
explained in ref. 31. To ensure a precise assessment of the
molecular coordinate system and its impact on CPL properties,
we carefully select the CAM-B3LYP functional as our preferred
method and primarily focus on the length form of the R-value in
the remainder of the discussion.

Using the length form of the R-value, the g-factor, a critical
parameter that provides a quantitative evaluation of the CPL
magnitude, can be estimated as follows:32–35

g ¼ 4R

D
¼

4
D
JS1

���me
!���JS0

E
�
�
JS1

����
�

i

2c

�
me
�!����JS0

�

D

¼
4
�
JS1j�e~rjJS0

	�
�
JS1

����
� �ie
2me � c

�
Ln

�!þ ge Sn

�!����JS0
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D
(3)

Here,me is the mass of the electron; ge x 2, the free electron
g-factor; ~L, orbital angular momentum; ~S, spin angular
momentum; n is the components of the Cartesian coordinate
system; D, dipole strength, can be approximated as the squared
values of EDTM for dipole-allowed transitions.36 However, for
transitions with very small dipole strength, Dmust be expanded
to also incorporate the squared values of MDTM and the electric
quadrupole transition moment.37

It is worth reiterating that eqn (3) considers the orbital
contribution ð~LnÞ to the MDTM. This parameter ð~LnÞ is inti-
mately linked to rotating and overlapping between the transi-
tion orbitals, which in turn affects the EDTM and, ultimately,
the calculated R and g values. To gain deeper insights into the
impact of transition orbital changes on CPL properties, we
utilized both the torsion angle Boltzmann distribution method
and the nuclear ensemble approach38–40 in our investigation. It
Chem. Sci., 2023, 14, 6022–6031 | 6023
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is worth noting that these two methods share a common
feature: they both describe the dynamic characteristics of
excited states by generating a set of nuclear coordinates.
However, the torsion angle Boltzmann distribution method and
the nuclear ensemble approach differ in how they generate
these nuclear coordinates and how each nuclear coordinate
contributes to the CPL properties (i.e., the calculated R and g
values). The torsion angle Boltzmann distribution method
generates nuclear coordinates with a uniform distribution,
where the contribution of each coordinate to the CPL properties
is determined by the corresponding Boltzmann vibrational
energy distribution. In contrast, the nuclear ensemble approach
generates nuclear coordinates based on a harmonic Wigner
distribution, where each coordinate contributes equally to the
CPL properties. This means that the results calculated through
the nuclear ensemble approach are primarily arithmetic aver-
ages (see ESI† for more details). Additionally, the torsion angle
Boltzmann distributionmethod focuses solely on inter-segment
twisting between fragments (Fig. 2b), while the nuclear
ensemble approach considers all molecular vibrations modes,
including stretching, scissoring, rocking, and wagging (Fig. 2c).

It is also informative to note that the torsion angle Boltz-
mann distribution method and the nuclear ensemble approach
are computationally more demanding than the stationary-point
time-dependent density functional theory (TD-DFT) calculation
(Fig. 2a). The computational time required depends on the
number of samples (i.e., nuclear coordinates), which can be
determined by the magnitude of uctuations in the sign of the R
and g values caused by molecular vibrations. The larger the
uctuations, the greater the number of samples needed to
accurately calculate the R and g values, thereby increasing the
computation time. To strike a balance between computation
time and result accuracy, we collected 1000 samples for each
molecule under investigation, resulting in the required
computation time 1000 times longer than that of the stationary-
Fig. 2 (a) Schematic diagram of stationary-point TD-DFT approach.
(b) Schematic diagram of twisting and torsion angle Boltzmann
distribution method. (c) Schematic diagram of nuclear ensemble
approach and different molecular vibrations (stretching, scissoring,
rocking and wagging).

6024 | Chem. Sci., 2023, 14, 6022–6031
point TD-DFT calculation. Nonetheless, parallel computing of
these samples during the actual computation process can
reduce overall computation time, subject to the available
computing resources.
Construction of theoretical models

In order to discuss more clearly, we start by considering two
models with dipole-allowed transitions through two molecules:
molecule 1 (Fig. 3a) and molecule 2 (Fig. 3d), which are both D–
p–A structures containing pyrrole (D), phenylene bridge, and
cyano (A) moieties in para positions. The only structural
difference between the two molecules is that the pyrrole ring of
1 is connected to the phenylene bridge through an a-carbon (C),
while the pyrrole ring of 2 is connected through its nitrogen (N).

The dihedral angle a between the pyrrole and phenylene
moieties is rotated around the single bond with a step size of 5°
from −180° to 180°, which leads to 72 structures for which the
S1 geometry is optimized. Then, TD-DFT calculations were
Fig. 3 (a) Chemical structure of 1. Angle a is the twist angle between
the phenylene ring and the pyrrole moiety. (b) Rotatory strength
(orange, in units of E-40 esu2 cm2) as a function of a (in units of deg).
(c) S1 / S0 transition density distributions and proportions (p, in units
of %), when a = 0°, 50°, and 90°; the red (blue) arrow indicates the
EDTM (MDTM) vector. (d) Chemical structure of 2. (e) Rotatory
strength (orange, in units of E-40 esu2 cm2) as a function of a (in units
of deg). (f) S1 / S0 transition density distributions and p (in units of %),
when a = 0°, 25°, and 90°.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) Chemical structure and optimized S1-state structure of Rp-
CzpPhTrz. (b) Potential energy surface (in units of kcal mol−1) and (c)
rotatory strength (in units of E-40 esu2 cm2) as a function of dihedral
angle a (in units of deg) between the D–A planes of Rp-CzpPhTrz in
the optimized S1 state. (d) Chemical structure and optimized S1-state
structure of Rp-CzpEtPhTrz. (e) Potential energy surface (in units
of kcal mol−1) and (f) rotatory strength (in units of E-40 esu2 cm2) as
a function of dihedral angle a (in units of deg) between the D–A planes
of Rp-CzpEtPhTrz in the optimized S1 state. The red line in (b) and (e)
represents kBT at 298 K (0.6 kcal mol−1), where kB is the Boltzmann
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performed on these structures (see Fig. S1†). The a dihedral
angles can be divided into four quadrants; here, we select
quadrant I for the following discussion. We dene the propor-
tion of transition density distribution on D and A as pD and pA,
respectively.

In molecule 1 (Fig. 3a), the S1 / S0 transition density is
delocalized over the D and A moieties (pD = 47%, pA = 53%,
Fig. 3c), except for the a = 90° structure. When a = 0°, the
pyrrole ring (D) is fully conjugated with the benzonitrile moiety
(A). The a = 0° structure of 1 is where the largest EDTM and
smallest MDTM are observed (Fig. S1†). We note that the EDTM
corresponds to electron displacement within the conjugation
plane along the x-axis, while the MDTM corresponds to the
rotation and motion of electrons in the xy plane around the z-
axis (Fig. 3c). As a result, the E–M angle (qE,M, the angle between
EDTM and MDTM) is equal to 90° and thus R and g are both
zero (Fig. S1†). When a increases, the reduction in conjugation
leads to a decrease in EDTM. Part of the conjugation plane is
now rotated around the x-axis; thus, p electrons will rotate
around the x-axis upon the transition, resulting in a change in
the orbital angular momentum and a gradual increase in the x
component of MDTM ðme

�!Þ; as well as causing a deviation of
qE,M from orthogonality (qE,M s 90°). Therefore, the (absolute)
R-value increases with a and the largest R-value is obtained at
a = 50° (Fig. 3b). A further increase in a (50° < a < 90°) leads to
a reduction in the (absolute) R-value due to the decreased EDTM
ð me
�!Þ: On the other hand, g increases gradually and experiences
a rapid surge when a is greater than 50° since g is proportional
to

���me
�!���.��� me

�!��� (Fig. S1†).
In molecule 2 (Fig. 3d), since the pyrrole HOMO has a node

on the N atom, the transition density does not delocalize over
the whole p system at large a values. When a is in the range
from 0° to 25°, the transition density still delocalizes between D
and A (pD = 43%, pA = 57%, Fig. 3f); therefore, here, R gradually
increases with a from 0° to 25°. In contrast, when a is greater
than 25°, the transition density mainly distributes on D (pD =

74–91%); this localization prevents any changes in the orbital
angular momentum due to the D–A twisting, and leads to EDTM
and MDTM vectors no longer aligned with the x-axis (which is
the direction of D–A conjugation). The corresponding R is no
longer controlled by the D–A twisting and abruptly decreases
when a reaches 25° (Fig. 3e).

In view of the aforementioned phenomenon, we emphasize
that it is the different transition density distributions that lead
to the different variations of the CPL properties of molecules 1
and 2 as a function of the dihedral angle. According to the above
analysis of the S1 / S0 transition density (Fig. 3c and f), we nd
when the pD and pA values are both close to 50% (transition
density delocalization), the CPL can be controlled in a stable
and effective manner by the chromophore twist angle between
the D and A moieties. We dene this situation as Model-I. In
contrast, if the pD or pA value is signicantly larger than the
other one (transition density localization), the chromophore
twisting cannot control the CPL. It can be anticipated that the
conformational disorder induced by molecular vibrations can
cause a loss of CPL. We dene such systems as Model-II.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Accordingly, organic chiral emitters can be classied as
Model-I or Model-II based on the transition density delocal-
ization or localization, respectively.

Transition density delocalization

Based on the above understanding, we focus on the pivotal role
of transition density, as well as the impact of chromophore
twisting and molecular vibrations for the CPL of representative
organic chiral emitters, via the torsion angle Boltzmann
distribution method and the nuclear ensemble approach,
respectively. We rst investigated one of the Model-I examples,
namely Rp-CzpPhTrz (Fig. 4a), whose transition density is
delocalized over the D and A moieties (pD = 47%, pA = 53%,
Fig. S2†). This chiral molecule is based on chiral D (indolo[2.2]
paracyclophane) and achiral A (2,4,6-triphenyl-1,3,5-triazine)
segments. Cyclophane, a chiral scaffold, controls the D–A
twist angle (a) of Rp-CzpPhTrz in the range 58–74° corre-
sponding to quadrant I (Fig. 4b) at room temperature. As shown
in Fig. 4c, the resulting R has a narrow distribution, in the range
of −4.5 × 10−39 to −4.9 × 10−39 esu2 cm2, turning into a high
average �R (−4.8 × 10−39 esu2 cm2), which is close to the
ensemble-averaged �R value (−4.5 × 10−39 esu2 cm2) from the
nuclear ensemble approach (Fig. S3†). These results show that
the CPL properties of Rp-CzpPhTrz are well controlled by this
restricted D–A twisting. For the sake of comparison, the CPL
properties of the chiral molecule Rp-CzpEtPhTrz (Fig. 4d)
without restricted torsion were also calculated via the torsion-
angle Boltzmann distribution method. To increase the D–A
distance and minimize steric repulsion, an acetylene linkage
constant and T is the temperature (in units of K).

Chem. Sci., 2023, 14, 6022–6031 | 6025
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Fig. 5 (a) Chemical structure of (−)-(R,R)-CAI-Cz. (b) Calculated energetics (in units of kcal mol−1) of the D–A twisting process of (−)-(R,R)-CAI-
Cz. (c) Rotatory strength (in units of E-40 esu2 cm2) and simulated CPL spectra based on nuclear ensembles of (−)-(R,R)-CAI-Cz. (d) Histogramof
g-factor (in units of E-3) of (−)-(R,R)-CAI-Cz (bottom panel). (e) Chemical structure of (R)-OBN-Cz. (f) Calculated energetics (in units
of kcal mol−1) of the D–A twisting process of (R)-OBN-Cz. (g) Rotatory strength (in units of E-40 esu2 cm2) and simulated CPL spectra based on
nuclear ensembles of (R)-OBN-Cz. (h) Histogram of g-factor (in units of E-3) of (R)-OBN-Cz.
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was incorporated between the D and A segments. As seen from
the calculated potential energy surface (Fig. 4e and S4†), Rp-
CzpEtPhTrz displays very exible D–A torsion from −180° to
180° in all four quadrants, resulting in a lower �R value of 1.9 ×

10−39 esu2 cm2 which is opposite in sign (see Fig. 4f). These
Table 1 Summary of the calculated data for absolute configuration (R o

Molecule fa qE,M
a Ra ga

Rp-CzpPhTrz 3.0 × 10−1 103 −5.0 × 10−39 −8.5 × 10−

(−)-(R,R)-CAI-Cz 2.0 × 10−2 56 1.7 × 10−39 3.7 × 10−

(R)-OBN-Cz 4.8 × 10−2 173 −7.6 × 10−40 −6.6 × 10−

(P)-Pt(mppy)(acac) 4.1 × 10−6 86 1.2 × 10−42 1.1 × 10−

(P)-Hetero[6]helicene 4.5 × 10−2 116 −1.1 × 10−38 −1.0 × 10−

(P)-Methyl[6]helicene 1.8 × 10−3 100 −8.5 × 10−41 −2.4 × 10−

Iso-(R)-OBN-CzB1 1.9 × 10−2 68 1.1 × 10−39 2.7 × 10−

Iso-(R)-OBN-CzC1 3.3 × 10−2 89 7.5 × 10−41 1.1 × 10−

(+)-(R)-Cz-Ax-CN 6.4 × 10−3 65 1.6 × 10−39 1.2 × 10−

(R)-OSFSO 6.6 × 10−3 97 −7.1 × 10−40 −5.3 × 10−

a Oscillator strengths (f), angles (qE,M) between the electric and magnetic tr
of esu2 cm2), and g-factors calculated from stationary-point TD-DFT calcu
magnetic transition dipole moments (in units of deg), rotatory strengths
ensemble approach. c Experimental photoluminescence dissymmetry fact

6026 | Chem. Sci., 2023, 14, 6022–6031
results underpin the importance of controlling the D–A twisting
within one quadrant for organic chiral emitters with delocalized
transition density in order to generate a strong CPL intensity.

To validate this argument, we further investigated the other
two Model-I examples. In the case of phthalimide (A)–
r P)

�f b �qE,M
b �Rb �gb gPL

c

4 2.7 × 10−1 106 −4.5 × 10−39 −8.1 × 10−4 −1.2 × 10−3

3 1.8 × 10−2 66 1.5 × 10−39 3.3 × 10−3 1.1 × 10−3

4 4.3 × 10−2 110 −5.0 × 10−40 −4.6 × 10−4 −4.6 × 10−4

3 4.0 × 10−6 82 2.2 × 10−42 5.0 × 10−3 1.2 × 10−2

2 4.7 × 10−2 114 −1.0 × 10−38 −7.7 × 10−3 −9.0 × 10−3

3 1.7 × 10−2 94 −4.8 × 10−40 −5.6 × 10−5 −5.0 × 10−5

3 2.5 × 10−2 71 6.9 × 10−40 1.5 × 10−3 2.1 × 10−3

4 2.8 × 10−2 88 5.3 × 10−42 3.8 × 10−5 1.0 × 10−4

2 1.1 × 10−2 75 7.8 × 10−40 3.4 × 10−3 5.2 × 10−3

3 6.2 × 10−3 100 −4.0 × 10−40 −1.2 × 10−3 −1.6 × 10−3

ansition dipole moments (in units of deg), rotatory strengths (R, in units
lations. b Oscillator strengths (�f ), angles (�qE,M) between the electric and
(�R, in units of esu2 cm2), and g-factors (�g) calculated from the nuclear
ors (gPL) in dilute solutions and partially in thin lms.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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carbazoles (D), namely (−)-(R,R)-CAI-Cz (Fig. 5a), the chiral 1,2-
diaminocyclohexane scaffold controls the D–A twist at around
65°. Due to the steric hindrance coming from the multiple
adjacent carbazoles, the D–A twist remains well restricted
within quadrant I. The energy difference for the D–A twist of
(−)-(R,R)-CAI-Cz from 65° to 90° was calculated to be
198.1 kcal mol−1 (Fig. 5b). Additionally, the transition density in
(−)-(R,R)-CAI-Cz is delocalized over the D and A moieties (pD =

pA = 50%, Fig. S5†), suggesting that this system falls into the
Model-I category and the CPL can be controlled in a stable way
via the restrictions in D–A twisting. The resulting R and g
distributions generated by the nuclear ensemble approach are
shown in Fig. 5c and d, respectively. Compared with those from
Fig. 6 (a) Chemical structure and T1 / S0 transition density distri-
bution of (P)-Pt(mppy)(acac). (b) Rotatory strength (in units of E-40
esu2 cm2), simulated CPL spectra and histogram of g-factor (in units of
E-3) based on nuclear ensembles of (P)-Pt(mppy)(acac). (c) Chemical
structure and S1 / S0 transition density distribution of (P)-hetero[6]
helicene. (d) Rotatory strength (in units of E-40 esu2 cm2), simulated
CPL spectra and histogram of g-factor (in units of E-3) based on
nuclear ensembles of (P)-hetero[6]helicene. (e) Chemical structure
and S1 / S0 transition density distribution of (P)-methyl[6]helicene. (f)
Rotatory strength (in units of E-40 esu2 cm2), simulated CPL spectra,
and histogram of g-factor (in units of E-3) based on nuclear ensembles
of (P)-methyl[6]helicene.

© 2023 The Author(s). Published by the Royal Society of Chemistry
stationary-point TD-DFT (Table 1), the ensemble-averaged �R (1.5
× 10−39 esu2 cm2, Fig. 5c) and �g (3.3 × 10−3, Fig. 5d) values are
slightly reduced (by some 10%). In contrast, in the case of the
(R)-OBN-Cz molecule based on phthalonitrile (A)–carbazole (D)
moieties (Fig. 5e), although the transition density is also delo-
calized over the D and A segments (pD = 43%, pA = 52%,
Fig. S6†), D–A twisting to cross 90° from 65° (quadrant I) to 105°
(quadrant II) is easy, as it is characterized by an energy barrier of
3.4 kcal mol−1 and an energy difference of 0.4 kcal mol−1, as
shown in Fig. 5f. Therefore, in the nuclear ensemble approach,
the resulting �R (−5.0 × 10−40 esu2 cm2, Fig. 5g) and �g (−4.6 ×

10−4, Fig. 5h) values in (R)-OBN-Cz reduce severely by some 30%
compared to those from stationary-point TD-DFT (Table 1). All
of these observations support our proposition that the control
of the D–A twisting within one quadrant while without crossing
the quadrant boundary (0°, 90°, 180° or 270°) is essential to
ensure the CPL property of organic chiral emitters with delo-
calized transition density.

Helical chirality is an intrinsic feature of the helicenes,
which are constructed from ortho-fused aromatic rings; theo-
retically, the transition density can be delocalized over the
whole polycyclic aromatic system, belonging to Model-I. Thus,
the resulting R and g distributions of (P)-Pt(mppy)(acac) and (P)-
hetero[6]helicene generated by the nuclear ensemble approach
are more stable due to the effective twisting control of the [6]
helicene structure (Fig. 6b and d). Interestingly, although based
on the same [6]helicene structure, the R and g distributions of
(P)-methyl[6]helicene are very unstable (Fig. 6f). The �g value in
the nuclear ensemble approach reduces severely (by some 97%),
in comparison to stationary-point TD-DFT (Table 1). Note that
the calculated �g value based on the nuclear ensemble approach
(−5.6 × 10−5) is consistent with the experimental g-value (−5.0
× 10−5). Analyzing some conformations generated by the
nuclear ensemble approach, it can be seen that the distance
between the two extremities of (P)-methyl[6]helicene is so close
(4.1 Å) that the transition density can distribute locally in the
space between the extremities aer considering molecular
vibrations (Fig. S7–S9†). These observations suggest that the
transition density should be delocalized over the entire mole-
cule during vibrations, thereby ensuring the CPL property of
organic chiral emitters with delocalized transition density.
Transition density localization

As we described above, organic chiral emitters whose transition
density is mainly distributed on a single (D or A) moiety can be
classied as Model-II. For the sake of comparison, we designed
an isomer of (R)-OBN-Cz, iso-(R)-OBN-CzB1, see Fig. 7a.
Compared with (R)-OBN-Cz, where the transition density is
delocalized over the D and A segments, iso-(R)-OBN-CzB1
exhibits transition density distributions mainly localized on
phthalonitrile (A) with little extension to one of the carbazoles
(D) (pD= 35%, pA= 61%, Fig. 7b and S14–S16†), which conrms
it belongs to Model-II, as we anticipated. Due to the steric
hindrance related to the proximity between D and the chiral
unit, the D–A twist of iso-(R)-OBN-CzB1 can be well conned
within quadrant I (Fig. S17†). However, we nd that the �R (6.9 ×
Chem. Sci., 2023, 14, 6022–6031 | 6027
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Fig. 7 (a) Chemical structure of engineered molecule iso-(R)-OBN-
CzB1. (b) S1 / S0 transition density distribution and proportions (p, in
units of %) of iso-(R)-OBN-CzB1. (c) Rotatory strength (in units of E-40
esu2 cm2) and simulated CPL spectra based on nuclear ensembles of
iso-(R)-OBN-CzB1. (d) Histogram of g-factor (in units of E-3) of iso-
(R)-OBN-CzB1. (e) Chemical structure of engineered molecule iso-
(R)-OBN-CzC1. (f) S1 / S0 transition density distribution and
proportions (p, in units of %) of iso-(R)-OBN-CzC1. (g) Rotatory
strength (in units of E-40 esu2 cm2) and simulated CPL spectra based
on nuclear ensembles of iso-(R)-OBN-CzC1. (h) Histogram of g-factor
(in units of E-3) of iso-(R)-OBN-CzC1. (i) Chemical structure of (+)-(R)-
Cz-Ax-CN. (j) S1 / S0 transition density distribution and p (in units of
%) of (+)-(R)-Cz-Ax-CN. (k) Rotatory strength (in units of E-40 esu2

cm2) and simulated CPL spectra based on nuclear ensembles of
(+)-(R)-Cz-Ax-CN. (l) Histogram of g-factor (in units of E-3) of (+)-(R)-
Cz-Ax-CN.

Fig. 8 (a) Chemical structure of (R)-OSFSO. (b) S1 / S0 transition
density distribution and proportions (p, in units of %) of (R)-OSFSO. (c)
Rotatory strength (in units of E-40 esu2 cm2) and simulated CPL
spectra based on nuclear ensembles of (R)-OSFSO. (d) Histogramof g-
factor (in units of E-3) of (R)-OSFSO. (e) Calculated energetics of four
possible transition states (TS 1 to 4) and four possible conformations
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10−40 esu2 cm2, Fig. 7c) and �g (1.5 × 10−3, Fig. 7d) values based
on the nuclear ensemble approach are both reduced by some
40% compared to those from the stationary-point calculation
(Table 1). In the iso-(R)-OBN-CzB1 ensemble (1000 molecular
geometries), nearly 30% (293 molecular geometries, Fig. 7c) of
the conformations display CPL with a negative sign, (−)-CPL,
leading to the decrease in g-factor (g� = −0.6 × 10−3, Fig. 7d).
Intriguingly, for another designed isomer iso-(R)-OBN-CzC1
(Fig. 7e), due to more localized transition density (pD = 32%, pA
= 68%, Fig. 7f and S18–S20†), it is observed that both R and g
exhibit diminished values, with the ensemble-averaged �R (5.3 ×

10−42 esu2 cm2, Fig. 7g) and �g (3.8 × 10−5, Fig. 7h) values that
are reduced by some 93% and 65%, respectively, in comparison
to stationary-point TD-DFT (Table 1). Similarly, in the case of
(+)-(R)-Cz-Ax-CN (Fig. 7i), the transition density is mainly
localized on the biphenyl segment (pD = 24%, pA = 76%, Fig. 7j
and S21–S23†), which is also akin to Model-II. In comparison
6028 | Chem. Sci., 2023, 14, 6022–6031
with the values coming from stationary-point TD-DFT (Table 1),
the ensemble-averaged �R (7.8 × 10−40 esu2 cm2, Fig. 7k) and �g
(3.4 × 10−3, Fig. 7l) values show 50% and 70% reduction,
respectively. There are 287 molecular geometries (also nearly
30% in the ensemble, Fig. 7k) showing (−)-CPL with g� value of
−1.5 × 10−3 (Fig. 7l). These observations suggest that when
there is no effective control over the CPL coming from restricted
D–A twisting, the conformational disorder generated by
molecular vibrations can easily result in the loss of the corre-
sponding CPL signal.

To further support this proposition, we calculated another
Model-II example where there is no D–A twisting freedom due to
the presence of a rigid spiro skeleton, (R)-OSFSO (Fig. 8a). In
this molecule, the transition density is mainly localized on the
D segment (pD = 75%, pA = 25%, Fig. 8b and S24†). In the
nuclear ensemble approach, the �R (−4.0 × 10−40 esu2 cm2,
Fig. 8c) and �g (−1.2 × 10−3, Fig. 8d) values reduce by 40% and
80%, respectively, in comparison to stationary-point TD-DFT
(Table 1). In the ensemble (1000 molecular geometries) of (R)-
OSFSO, nearly 25% (246 molecular geometries, Fig. 8c) of the
conformations exhibit CPL with a positive sign, (+)-CPL, with
a gþ value of 0.6 × 10−3 (Fig. 8d). To unveil the potential
conformations that lead to the loss of CPL, we calculated the
four possible transition states (TS 1 to 4) and four possible
(RMD, RPD, RML, and RPL) of (R)-OSFSO.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (a) Chemical structures and (b) transition densities of engi-
neered molecules 3–6. (c) Calculated (absolute) g-factor as a function
of transition density delocalization volume for 3–6.
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conformations (RMD, RPD, RML, and RPL) of (R)-OSFSO.41

These four possible conformations can be kinetically accessed
from each other, as illustrated in Fig. 8e. However, the calcu-
lations indicate that the RMD and RML conformations of (R)-
OSFSO, which have opposite signs of R-values (Fig. S25†), are
thermodynamically preferred following a rocking vibration of
the S]O bonds, demonstrating the contribution of molecular
vibrations to the CPL loss.

In light of the above results, it is imperative to discuss how to
effectively enhance the g-factor for chiroptical materials. Accord-
ing to the calculated results based on the nuclear ensemble
approach (Table 1), the g-factor (−7.7 × 10−3) of (P)-hetero[6]
helicene is the largest. To elucidate further the origin of this large
g-factor, we designed four other molecules (labeled 3–6 in Fig. 9a)
based on (P)-hetero[6]helicene. Undoubtedly, the twisting angle
of these molecules is stably and effectively controlled around the
optimal value of ∼50° by the S-doped [6]helicene structure.
However, there is an exponential difference in the g-factor
between these molecules: the calculated (absolute) g-factor
increases from 3.9× 10−4 in 3 up to∼0.1 in 6. Close inspection of
the transition densities (Fig. 9b) exhibits an increasing spread as
the molecules become more conjugated and/or delocalized. This
effect can be quantitatively assessed by computing the transition
density delocalization volume. Fig. 9c shows strong linear expo-
nential correlations (coefficient of determination, R2 = 0.99)
between the calculated (absolute) g-factor and the transition
density delocalization volume, with the more extended transition
density providing, the g-factor increases exponentially. Inspired
by this nding, we took a closer look at the transition density of
two representative chiral polymers (Fig. S26†).42,43 The experi-
mental (absolute) g-factor (0.16) of chiral polymer with delo-
calized transition density is signicantly larger than that with
localized transition density (9.7 × 10−3), which conrms the
trend observed in Fig. 9c. Therefore, the enhancement of the g-
factor could be intentionally realized through the extended
delocalization of the transition density across the molecular
structure of conjugated systems.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Conclusions

In summary, we have uncovered the pivotal role of transition
density in the circularly polarized luminescence (CPL) of
organic chiral emitters. To design CPL materials with large and
stable g values (that is less susceptible to molecular vibrations),
it is necessary to implement two control factors: (i) the transi-
tion density (between the electronic states involved in the
emission) should be delocalized across the entire chromophore;
and (ii) the chromophore inter-segment twisting should be
restricted and tuned to an optimal value (∼50°). When the
transition density is localized on a single segment (D or A or
connecting bridge or space), the conformational disorder
induced by molecular vibrations can lead to a signicant loss in
CPL. By providing an in-depth understanding at the molecular
level, our results can not only stimulate the development of
a new generation of organic chiral emitters (e.g., helicene
radicals with spin delocalization and 100% internal quantum
efficiency maximum), but can also be extended to polymers or
supramolecular assemblies, opening up the exciting possibility
to the future exploitation of CP-OLEDs with high efficiency and
high g-factor simultaneously.

We have also shown in this work that the nuclear ensemble
approach can be a useful tool for the prediction of the g-factor in
an organic chiral emitter at the molecular level. The method is
generally applicable to account for the effect of vibration-
induced conformational disorder in a molecule and can
match the experimental data collected in dilute solutions and at
least qualitatively in lms (Table S1†). We note, however, that
some of the molecular vibrations can be affected by solvent
viscosity and solid-state effects in a host matrix, which may, in
turn, impact the corresponding CPL properties. Thus, follow-up
studies should investigate the impact of solvent–solute inter-
actions and host–guest interactions13 on CPL, keeping in sight
the explicit target of maximizing the g factors.

Finally, it is important to note that the spin contribution to
the MDTM also plays a critical role in the CPL process. For
instance, the ensemble-averaged g-factor of phosphor (P)–
Pt(mppy)(acac) with spin-1 and spin–orbit coupling37 was found
to be ∼3.5 times larger than that of stationary-point TD-DFT
calculation, while the g-factor of helicene radical 6 with spin-
1/2 was calculated to be ∼0.1. Thus, further systematic studies
including the spin contribution to the MDTM of organic chiral
emitters are also required; these would require advanced
methods, such as the use of a basis set of “gauge-including
atomic orbitals” as well as the Amsterdam Density Functional
program,27,37 which represents a challenging theoretical/
computational proposition.

Computational methods

Theoretical calculations were carried out using time-dependent
density functional theory (TD-DFT) with the Gaussian-16
package.44 Specically, the S1 or T1 geometries of the CP
organic uorescent emitters or CP phosphorescent complex
(P/M)–Pt(mppy)(acac) were optimized at the TD-CAM-B3LYP45/
def2-SVP46 level. Density functional dispersion corrections were
Chem. Sci., 2023, 14, 6022–6031 | 6029
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included via Grimme's D3 version with the Becke-Johnson
damping function.47 Based on the optimized S1 or T1 state
geometries and the corresponding vibrational normal modes,
we used the Newton-X program38 to generate a set of classical
nuclear congurations representing the molecular vibrational
wavefunctions; this methodology is oen referred to as the
nuclear ensemble approach. A total of 1000 molecular geome-
tries were sampled according to the nite-temperature (300 K)
uncorrelated Wigner distribution.39 TD-DFT calculations48 of
the S1 / S0 transition for each point in the ensemble were then
performed at CAM-B3LYP/def2-SVP level with the Gaussian 16
code, while the T1 / S0 transitions of the ensemble for (P/M)–
Pt(mppy)(acac) were calculated by using the B3LYP hybrid
functional49–51 and def2-SVP basis set with the Dalton 2018
code.52 We collected the electric dipole transition moments
(EDTM), oscillator strengths (f), magnetic dipole transition
moments (MDTM), rotatory strengths (R), and dissymmetry g-
factors for all investigated molecules. Simulated CPL spectra,
hole–electron distributions, and transition density distribu-
tions were generated based on the TD-DFT data by using the
Multiwfn 3.8 Program.53

Data availability

The source code and dataset used for this study are available at
https://github.com/Zhanxiang-Chen/CPLprediction.
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