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A chiral chromophore with thermally activated delayed fluorescence
characteristics is designed. A model describing vibrations of the
dihedral angle between donor and acceptor units allowed at room
temperature explains the enhanced fluorescence rate of the mole-
cule, including a nearly 100% photoluminescence quantum yield and
the absence of circularly polarized emission characteristics from
enantiomers of the chromophore.

Chromophores that undergo thermally activated delayed
fluorescence (TADF) can harvest electronically generated triplet
energy as delayed fluorescence via reverse intersystem crossing
(RISC) from the lowest triplet excited state (T;) to the lowest
singlet excited state (S;)."> Because this mechanism allows for
100% conversion of electrons to photons, chromophores with
efficient TADF characteristics are candidate emitters for display
and lighting applications. To obtain efficient and rapid RISC
processes, the energy difference between S; and T; (AEgy)
should be minimized by ensuring separation of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO).

Density functional theory (DFT) is often used to predict and
screen for molecules that have a small AEgy suitable for TADF
processes. Recently reported TADF emitters have a fast delayed
fluorescence lifetime that suppresses roll-off problems and
gives a high electron-photon conversion efficiency.>'* Among
some of these molecules, several have dihedral angles between
the donating unit and acceptor unit (0) of approximately
90 degrees according to DFT calculations.>®'* Because
0 ~ 90 degree, the oscillator strength for fluorescence (f) is
expected to be zero. However, the optically observed f; is often
much larger than that calculated for chromophores. Artificial
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intelligence (AI) methods have been used to rapidly predict f;
and AEgy in screening for suitable TADF molecules.® However,
molecules that have f; = 0 are not typically considered to have
potential as state-of-the-art TADF emitters. Therefore, there is a
need to clarify the mechanism by which f; is enhanced to
improve Al screening methods. To date, chromophores with a
variety of fixed 0 values in solid semiconductor hosts have been
identified as potential candidates to offer insights into this
phenomenon."” However, analysis based on a combination of
theoretical and experimental approaches may better highlight
the mechanism of enhancement and guide the optimization of
AT methods used to screen for TADF emitters.

Herein, we report a chemical approach to explain the
difference in between calculated and optically measured oscil-
lator strengths in a fluorescence based on a chiral charge
transfer (CT) chromophore. We designed a chiral chromophore
with 0 of 90° based on time-dependent DFT (TD-DFT). The
chromophore had an emission yield of nearly 100% in an
appropriate semiconductor host. The f; value of the chromo-
phore observed for optical measurements was 0.018. However,
fr of the chromophore was <0.0001 based on a structure
optimized at S;. Enantiomers of the chromophore did not have
circularly polarized luminescence (CPL) in the optical measure-
ment. A theoretical analysis based on varying 0 of the chiral
chromophore from the central value of 90° suggested that the
CPL of the enantiomers of the chromophore was cancelled out
by vibrations of 0. The vibrations of 0 also explained the much
larger optically observed f; value than that calculated based on
the optimized S; geometry.

Enantiomers of 10,10’-bis[4-(4,6-diphenyl-1,3,5-triazin-2-yl)
phenyl]-2,2’-dimethyl-10H,10’ H-9,9"-spirobi[acridine] (1) (Fig. 1a)
consisting of a 2,2'-dimethyl-10H,10’'H-9,9’-spirobi[acridine] (1d)
moiety with chiral carbon as a donating unit and a 2-(4-bromo-
phenyl)-4,6-diphenyl-1,3,5-triazine as an acceptor unit were
synthesized (see Fig. S1-S15, ESIT)."* DFT calculations suggested
that 1 has 0 ~ 90° in the optimized ground state (S,) (Fig. 1b)
and electron transfer between HOMO and LUMO is related to an
So-S; transition of the S, geometry. Because the HOMO and
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Fig. 1 (a) Chemical structure of 1 and 1d. * indicates a chiral carbon.
(b) Illustration indicating @ in (S)-1 (left) and view form right side of the
illustration (right). (c) Absorption (blue) and fluorescence (green) spectra of
1(1.0 x 10™* M) in toluene. Inset A represents the HOMO and LUMO at the
So geometry. Inset B shows the HOMO and LUMO at the optimized
S; geometry. (d) Transient photoluminescence decay characteristics of 1
(10 wt%) doped in 1,3-bis(carbazol-9-yl)benzene (MCP) and 1 (1.0 x 10~4 M)
in toluene (inset). Inset represents a photograph showing emission of
1 (10 wt%) doped in mCP under 365 nm ultraviolet irradiation.

LUMO are localized at the donor and the acceptor units (Fig. 1c,
inset A), respectively, the absorption and emission characteristics
of 1 should have CT characteristics.

Indeed, 1 had broad and weak absorption at the first
absorption band and a broad fluorescence spectrum in
toluene. The absorption spectrum of the first absorption band
of 1 is located in the range of 360-480 nm and the molar
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absorption coefficient (¢) at the peak of the first absorption
band was 4.8 x 10> M~ cm ™! (Fig. 1c), indicating the strong
CT nature. Additionally, 1 had a broad fluorescence spectrum.
The separation of the HOMO and LUMO in the optimized S,
structure (Fig. 1c, inset B) also explains the broad spectrum.
TD-DFT calculations estimated AEgy of 1 to be 6.1 meV
owing to the large separation between the HOMO and
LUMO. Because of the small AEgr value, we expected 1 to
show TADF.

Chromophore 1 had highly efficient TADF in mCP as an
amorphous semiconductor host with a large T;-S, energy. The
prompt fluorescence lifetime (77) of 1 was 14 ns in toluene
(Fig. 1d, top), and the fluorescence quantum yield (@¢) was 24%.
The rate constant of fluorescence (k) of 1 was 1.6 x 107 s~
based on k¢ = &t *.% The value of f; was determined to be 0.018
by substituting the k¢ value into k¢ = 2.88 x 102 n%vma” [¢ (v)dv
and /= 4.32 x 107%77! [¢/(v)dv in toluene solution, where n is
the refractive index of toluene, v, is the wavenumber at the
fluorescence peak, and ¢(v) is the molar absorption coefficient
of the S; geometry at v."> In mCP, however, chromophore 1 not
only showed prompt fluorescence but also delayed fluores-
cence. The lifetimes of prompt fluorescence () and delayed
fluorescence (t4¢) were 39 ns and 5.5 ps, respectively (Fig. 1d,
bottom). The photoluminescence quantum yield (@p;) of 1
doped in mCP was 94% at room temperature (RT) (Fig. 1d,
insert photo). The yield of the prompt fluorescence (@) and
the yields of the delayed fluorescence (®4s) were 48 and 46% at
RT, respectively, indicating that most of the emission is asso-
ciated with delayed fluorescence. Comparable shapes of the
fluorescence spectrum at RT and the phosphorescence spec-
trum at 77 K were observed for 1 doped in mCP, suggesting that
AEsr was approximately 0.01 eV from the difference of the
onset energy between the fluorescence and phosphorescence
spectra (Fig. S16, ESIt). The small value of AEgr suggests that
the delayed fluorescence component is caused by TADF. In
mCP, the k value of 1 was determined to be 1.2 x 10” s *
by substituting the values of @ and tpe into ke = @petpr >
The value of f; was estimated as 0.0080-0.0095 by substituting
the value of k into kr=2.88 x 10720 Uma’ [¢'(v)dv and

[ =432x10"7n"![¢(v)dv in toluene solution (Table 1),'°

where n of mCP is assumed to be 1.7-1.8, which is a typical
range for carbazole derivatives.'® The value of 1 in mCP was
slightly smaller than that in toluene but both values were the
same order of magnitude. However, f; calculated by TD-DFT at
the S; geometry was 0.0000. Thus, the optically determined
value of f; for 1 was at least >100 times greater than that
calculated by TD-DFT.

Table 1 Summary of optical and theoretical properties of 1. Concentration of 1 in toluene is 1.0 x 10™* M. Concentration of 1 in mCP is 10 wt%.

Theoretical values are calculated at S; geometry

Experimental Calculation
Matrices Dy (%) Dy (%) Tpe (1S) AEgy (eV) fe AEgy (eV) fe
Toluene 24 — 14 — 0.018 0.0061 0.0000
mCP 48 46 39 0.010 0.0095

This journal is © The Royal Society of Chemistry 2021
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To investigate this large difference, we estimated the depen-
dence of ff on 0. The S; geometry of 1 was the most stable at
0 = 89.9°. The energy change from the optimized S; state versus
0(E) was calculated [Fig. 2a, blue plots in (i)]. The values of E
were used to estimate the probability of the chromophore
depending on 0 at the potential curve of S; (P) based on the
Boltzmann distribution [Fig. 2a, green plots in (i)]. The depen-
dence of f; on 0 was also calculated [Fig. 2a, orange plots in (ii)].
Finally, a multiple of P and f; depending on  was determined
to estimate the average value of f; based on vibrations of 6 that
are allowed at RT [Fig. 2a, red plots in (ii)]. As 0 deviated from
90°, P decreased because of the increase of E. The value of f;
increased as 0 deviated from 90°. At 6 = 90°, the electron density
at the donor cannot interact with that at the acceptor because
of the two orthogonal electronic structures, resulting in no
coupling between the HOMO and LUMO [Fig. 2b, (ii)]. However,
for 0 = 70° and 0 = 110°, the electron density at the donor can
interact with that at the acceptor, forming overlap between the
HOMO and LUMO [Fig. 2b, (i) and (iii)]. The overlap increases
when 0 deviates from 90°, resulting in an increase of f; [Fig. 2a,
orange plots in (ii)].

We assume that 6 vibrates around the center of 90° according
to a Boltzmann distribution (Fig. 3a, model 1). The average value
of f; ({(f;)) was determined by integrating f;P over 0. Thus, the
determined (fy) = 0.0182 was comparable to the optically
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Fig. 2 Calculated photophysical parameters and molecular orbitals depen-
dence on 0 for 1. 0 was varied without changing other bond lengths and
angles between atoms in the S; geometry. (a) (i) E vs. 0 plots (blue) and P vs.
0 plots (green). (ii) f; vs. 0 plots (orange) and P vs. 0 plots (red). (b) HOMO
and LUMO for 1 at different 0. (i) 0 = 70°, (i) 6 = 90°, (i) 6 = 110°. Inset
illustrates views from left side of the chromophore.
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Fig. 3 (a) Comparison of calculated and optically measured values of f;

and |gml for models 1-3 of 1 are summarized in the calculation. (b) CD
(top) and absorption (bottom) spectra of the enantiomers of 1 and the
enantiomers of 1d in toluene. Concentration of 1 and 1d is 3.0 x 107> M
and 1.0 x 10™* M, respectively. (c) CPL (top) and fluorescence (bottom)
spectra of the enantiomers of 2.0 x 10 M=% M 1 in toluene. (d) gum vs. 0
plots (top) and giumP vs. 0 plots (bottom). In (a and d), 0 was changed as
explained in the caption of Fig. 2.

measured f;. However, the optically measured f; with a magni-
tude of 107> might also be explained by the following two
models (Fig. 3a, models 2 and 3). Molecules of chromophore 1
have a distribution of fixed 0 values based on the Boltzmann
distribution (Fig. 2a). When dispersed in mCP without vibration
(Fig. 3a, model 2), a value of (f;) = 0.0182 would also result.
Chromophores with 0 values approaching 90° are not expected to
emit because of their negligibly small f; however, the optically
observed large @p;, (94%) precludes this possibility. In addition,
the existence of a variety of f; values should lead to a wide
distribution of decay characteristics for the prompt and delayed
fluorescence features; however, no such features were observed.
Alternatively, the large f; value might be explained by chromo-
phores with a specific 0 allowing for a large f; value when
dispersed in mCP without any vibrations (Fig. 3c, model 3).
The feasibility of this model may be confirmed by analysis of the
CPL characteristics, as follows.

This journal is © The Royal Society of Chemistry 2021
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Indeed, analyses of the circular dichroism (CD) and CPL
characteristics from experimental and theoretical viewpoints
supports the existence of such vibrations. The predicated
CD characteristics of enantiomers of 1 and racemic 1d are
represented in Fig. 3b. However, no distinct CD characteristics
of enantiomers of 1 were observed in the range of 370-450 nm
as the first absorption band but were observed in the range of
300-350 nm. In addition, a comparable Cotton effect of the CD
characteristics in the range of 300-350 nm was observed in
enantiomers of 1d. Therefore, the CD characteristics of the
enantiomers of 1 are attributed to electronic transitions of the
donating unit of the compound. Thus, the CT transition
characteristics of 1 induced a negligible Cotton effect on the
CD characteristics of the first absorption band. A distinct
Cotton effect was also absent from the CPL characteristics
(Fig. 3c) because the CPL is also caused by a CT transition.
The absolute value of the dissymmetry factor of CPL (|glum|),"”
was at least less than 1.2 x 10~ *. Despite the minimal CPL
characteristics, the theoretical value of |gj,m| when 6 was fixed
at 80° and 100° was estimated to be 3.2 x 10> (Fig. 3a, model
3), which is much larger than the optically observed result.
Therefore, the large different |gj.m| between the optical
measurement and the calculation confirms that model 3 does
not describe the phenomenon. To investigate the possibility of
model 1 in Fig. 3a, the relationship between g, and 6 (Fig. 3d,
top) was calculated based on TD-DFT (Section S2, ESIT).
Chromophore 1 has negative and positive values for § when 0
is less than or greater than 90°, respectively. The average value
of gum ({(gum)) was calculated as —6.5 x 107° from the
integrated value of g,,P as a function of 6 (Fig. 3d, bottom).
This result explains the very small value of the optically
measured |gium| of 1. The very small dissymmetry factor for
So-S; transition was also calculated using S, geometry of 1
(Fig. S17, ESIt), which could be also explained by the no CD
signal at first absorption band of enantiomers of 1 (Fig. 3b,
top). Therefore, only model of symmetrically vibration at
the center of 0 = 90° (Fig. 3a, model 1) well expresses the
comparable values regarding f; and gj,m between optically and
calculated results. The large value of f; and no detectable small
value of gi,m have been observed from 1 doped into mCP
(Fig. S18, ESIY). Therefore, the vibrations of 6 for orthogonal
donor-acceptor structure trigger the increase of the oscillator
strength for fluorescence which is a driving force of highly
efficient delayed fluorescence.

To date, research on TADF with chiral structures has focused
on generation of CPL characteristics.'® In this report, by con-
sidering chiral structures we examined the reason for the highly
efficient TADF. Chromophore 1 doped into mCP had a nearly
100% photoluminescence yield and efficient TADF. The f; value
of the chromophore doped into mCP was 0.0080-0.0095. How-
ever, f calculated based on the optimized S; geometry was less
than 0.0001. A comparison of g, between the optically
observed and calculated results indicates that 6 of 1 vibrates
around its central value of 90° in solution and doped films. The
vibrations also explained the large f; enhancement of 1 in
solution and doped film conditions. High-throughput virtual

This journal is © The Royal Society of Chemistry 2021
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screening based on a consideration of f; and the lifetime of the
delayed fluorescence has been started. It is likely that poten-
tially effective orthogonal donor-acceptor structures have been
disregarded as state-of-the-art chromophores because their f;
values have been determined from optimized structures that
considerably underestimate f;. Therefore, although it is compu-
tationally intensive, estimations of f; should incorporate the
vibrational point clearly induces a large change of the overlap
between the HOMO and LUMO. Algorithms to reduce the cost
of these vibrational calculations will be important in the
prediction of state-of-the-art chromophores for highly efficient
TADF materials, suitable for display and lighting technologies.
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