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ABSTRACT: The triad types of molecules with various combinations of electron donor (D) and acceptor (A) have been widely
exploited in optoelectronics. However, their photophysical and photochemical properties, which are frequently unconventional, are
relatively unexplored. In this study, a donor-donor-acceptor (D-D-A) type triad, CTPS, consisting of the donor moiety of triphenyl-
amine (D1) and the acceptor moiety of dibenzothiophene sulfone (A) bridging through the second donor carbazole (D2) into a U-
shape configuration, was synthesized. CTPS exhibited dual emission bands, both of which reveal solvent polarity dependent solva-
tochromism and unusual excitation-wavelength dependent ratiometric emission. Comprehensive studies clarified that two emissions
originate from two different D-A charge transfer (CT) states. The lower energy CT(S) state possesses D1 — A through-space CT

nature with optically forbidden transition, while the higher lying CT(B) state is associated with optically allowed D2 — A CT through

m-conjugation transition. Upon Sy — CT(B) excitation, the charge transfer creates D25 A% dipolar changes and A%.D1 repulsion,
leading to structural relaxation of the CT(B) state that competes with fast CT(B) — CT(S) internal conversion. Therefore, despite the
fact that they originate from the same Franck-Condon excited state, both energy stabilized CT(B) and CT(S) states are populated
through two independent channels. The stabilized CT(B) and CT(S) states possess different optimized geometry and do not intercon-
vert during their lifespans, rendering different population decay time constants. The slim HOMO/LUMO overlapped D1-A CT(S)
state exhibits thermally activated delayed fluorescence (TADF), the character of which was further exploited as a host in OLED. The
results gain new insights into the properties of the bending type D-D-A TADF triads. CTPS should not be a unique case. Bizarre
photophysical behavior encountered in molecules comprising of multiple D and A groups may involve the interplay among various
local CT states, which might have been overlooked.

as for the long-term development, the lack of fundamental in-

INTRODUCTION sight, especially the mechanism regarding excited-state relaxa-

The triad types of molecular composites comprising various
combination of electron donor (D) and acceptor (A) functional
moieties, such as D-D-A, D-A-A, D-A-D, A-D-A, etc., have
been attracting great attention in organic solar energy cells, or-
ganic light emitting diode (OLED) and a number of other appli-
cations.'* These triads, being endowed with possible charge
transfer (CT) and bipolar character in nature, are believed to ei-
ther extend the light-harvesting spectrum or facilitate the elec-
tron/hole transporting properties to boost the device perfor-
mance. Through ingenious design, some even exhibit thermally
activated delay fluorescence (TADF) that gains much more ef-
ficiency than regular fluorescence OLEDs.*” However, due to
the molecular complexity, their photophysical properties are
commonly sophisticated and may thus give rise to dual or even
multiple emissions. Unfortunately, the origins of multiple emis-
sions are often downplayed,®!* which, to certain extents, is tol-
erable if the consequence of application is significant. Indeed,
in terms of OLEDs, the triad type of molecules has demon-
strated great potential in practical applications.> '8, However,

tion dynamics that are responsible for the associated photophys-
ical behavior, may deter the progress of rational molecular de-
sign and hence curb the advance in application.

Yet from another angle of view, via simply mixing D and A,
the formation of exciplex with profound TADF property has
demonstrated great potential of OLED application.'”?* Due to
the nature of intermolecular through-space CT, the slim orbital
overlap between HOMO and LUMO in exciplexes renders
small electron exchange energy and thus diminutive S;-T; en-
ergy gap (AEsrt), for which TADF properties are commonly ob-
served and used as either emitter or host materials for efficient
energy transfer. 22 However, despite exciplex being a great
candidate of host material for phosphorescent OLED, precisely
controlled deposition of donor and acceptor materials for effec-
tive exciplex formation is required in order to minimize Lange-
vin recombination process®’”?® and maximize Dexter-type en-
ergy transfer efficiency®. In this regard, we then manage to ex-
ploit the exciplex-like formation within a molecule composite,
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which intrinsically takes advantage of intramolecular TADF prop-
erty with precise donor/acceptor composition. As such, a facile in-
tramolecular exciplex-TADF host material can be achieved. In the-
ory, this approach may be virtually equivalent to a through-space
type of intramolecular CT with intrinsic TADF, which, to the best
of our knowledge, is new and its use of host material for phos-
phorescent OLED is unprecedented.

To attain this goal, in this study, 2-(4-(1-(4-(diphenyla-
mino)phenyl)-9H-carbazol-9-yl)phenyl) dibenzothiophene sul-
fone (CTPS, Scheme 1) was designed and synthesized such
that the donor triphenylamine (D1) and the acceptor dibenzothi-
ophene sulfone (A) bridging through a rigid and coplanar donor
carbazole (D2), arranging into a U-shape configuration. The ri-
gidity of carbazole was introduced to prevent the perturbations
from the conformational changes in the bridge unit. This con-
figuration renders a face-to-face alignment between D1 and A
and hence a potential for the photoinduced through-space
charge transfer.

We have then performed comprehensive studies to illuminate
the excited-state photodynamics of this D1-D2-A triad system.
Unexpectedly, in solution, CTPS exhibits prominent dual emis-
sions engendered by through-bond carbazole (D2)-dibenzothi-
ophene sulfone (A) charge transfer and through-space tri-
phenylamine (D1)-dibenzothiophene sulfone (A) charge trans-
fer process. Such dual emissions within a single molecule are
fascinating in their fundamental origin and potential applica-
tions.*** The results show anomalous excitation-wavelength
dependent ratiometric emissions, for which the mechanism in-
corporating anti-Kasha rule should be extendable to other mul-
tiple donor-acceptor composites. Detailed insights into the
chemistry, photophysics and application in OLEDs are elabo-
rated in the following sections.

RESULTS AND DISCUSSION

Synthesis.

For the design of D-D-A molecules, a rigid bridge donor is
required to lock the distance between another donor and the ac-
ceptor. Carbazole was selected as the bridge skeleton because
of its high rigidity and facile substitution in 1-position (see
Scheme 1). Also, triphenylamine (TPA) acted as the second
electron donor, while dibenzothiophene sulfone was selected as
the acceptor moiety. Note that unlike some triads investigated
in the past by Devens Gust and T. Moore with essentially no
coupling between each donor and acceptor*®*’, the current triad,
both based on the structural formula and dihedral angles, is a
weakly coupled system.

Scheme 1 depicts the synthetic routes for CTPS as well as
CPS and CTS. The key donor compound 1 was synthesized by
the Suzuki coupling between 1-bromocarbazole and 4-(diphe-
nylamino)phenylboronic acid. The acceptor fragment 2 was
synthesized by a selective Suzuki coupling reaction of diben-
zothiophene-2-boronic acid and 1-bromo-4-iodobenzene fol-
lowed by the oxidation of dibenzothiophen with mCPBA. The
final compound CTPS was then prepared by Buchwald-Hart-
wig coupling between 1 and 2 with a moderate yield of 45%.
The reference compound CPS was synthesized according to the
Suzuki coupling between 2-bromodibenzothiophene sulfone
and 9-(4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phe-
nyl)-9H-carbazole. The other reference compound CTS was
synthesized by reacting compound 1 with 2-bromodibenzothio-
phene sulfone catalyzed by Pd»(dba); in the presence of [1,1'-

biphenyl]-2-yldicyclohexylphosphine. All the newly synthe-
sized materials were purified by column chromatography and
vacuum sublimation before performing characterization and de-
vice fabrication. Detailed synthetic methods and analytical data
are elaborated in the Supporting Information (SI).

Scheme 1. Synthetic routes of CTPS, CPS and CTS
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The molecular structures of CTPS and CTS were confirmed
by 'H NMR, mass and elementary analyses (see SI) as well as
the single crystal X-ray diffraction method shown in Figure 1.
The twist angles between carbazole (D2) and triphenylamine
(D1)/D2 and dibenzothiophene sulfone (A) are 59.6 °/61.8° for
CTPS and 54.5°/57.5° for CTS. Having similar twist angles, D1
and the acceptor unit nearly face to each other for both com-
pounds. The distances between the N atom of triphenylamine
(D1) and S atom of dibenzothiophene sulfone (A) were 6.73 A
and 5.64 A for CTPS and CTS, respectively. The shorter dis-
tance between D1 and acceptor in CTS implies that the through-
space electronic coupling between D1 and A moiety would be
larger than that of CTPS (vide infra). Figure 1 (b) and (d) show
the packing modes of CTS and CTPS. The distances between
the neighboring donor and acceptor in CTS and CTPS are 8.89
A and 7.39 A, respectively. The large distance thus eliminates
the intermolecular electronic coupling, rendering only electro-
static repulsive interactions between adjacent molecules for
both compounds.
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Figure 1. X-ray crystal structure of CTS ((a) and (b)) and
CTPS ((c) and (d)).

Photophysical properties.

The steady-state UV-vis absorption, photoluminescence (PL)
emission of CTPS in various solvents are shown in Figure 2.
In cyclohexane, toluene and dichloromethane (DCM), dual
emission bands are clearly observed. Pertinent spectroscopic
data of CTPS in different solvents are listed in Table 1. For
clarity, several remarks of the results are pointed out below, fol-
lowed by corresponding discussion.

i. The dual emission bands, specified as F1 and F2 for short and
long wavelength bands, respectively, are both subject to signif-
icant solvatochromism. For example, the peak wavelengths 370
nm and ~460 nm for F1 and F2 in cyclohexane are red shifted
to ~450 nm and 570 nm, respectively, in DCM, manifesting
their charger transfer character in nature.

ii. In all solvents applied, the intensity ratio for the F1 versus F2
band greatly changes from aerated to degassed solution. In com-
parison to spectra in the aerated solution (Figure 2(a)), the
emission intensity of the F2 band is enhanced by several folds
upon degassing while the F1 band remained unchanged (Figure
2(b)). The F2 band, being quenched by O,, implies its possible
TADF property. This is also evidenced by the decay kinetics of
F2 band (monitored at 500 nm) in e.g., the degassed toluene,
which revealed an exceedingly long decay component of ~100
s, and is drastically quenched to as short as 15 ns upon aeration
(see Table 1 and Figure S5).

iii. In either aerated or degassed toluene solution, the normal-
ized excitation spectra monitoring for CTPS at different wave-
lengths are different (Figure 3). This difference cannot be at-
tributed to the solvent (toluene) interference*® because of negli-
gible absorption at > 300 nm for toluene. Moreover, the moni-
tored emission wavelength dependent excitation spectra were
also observed in other solvents, for which the corresponding
solvents such as cyclohexane and dichloromethane virtually
have no absorption at > 300 nm (see Figure S6 in SI). Likewise,
as shown in Figure 3 (and Figures S7 and Table S1 for de-
gassed solution), the intensity ratio for F1 versus F2 emission
bands is excitation wavelength dependent, having maximum ra-
tio upon 340 nm excitation and decreasing on either decrease or
increase of excitation wavelength. This observation is anoma-
lous, which, in a sense, demonstrates an exceptional case defy-
ing Kasha’s rule stating that independent of the excitation wave-
length, emission of molecules in the condensed phase has to be
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from the lowest lying singlet (fluorescence) or triplet (phospho-
rescence) manifolds.*
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Figure 2. Absorption and emission (Acx = 340 nm) spectra of CTPS

in (a) acrated and (b) degassed cyclohexane (blue line), toluene

(green line), and DCM (red line).
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Figure 3. Excitation (monitored at indicated emission wave-
lengths), absorption, and emission spectra (excited at indicated
wavelengths) of CTPS in aerated toluene.

To gain more insight into the photophysical properties of
CTPS, Figure 4 shows the comparative absorption and emis-
sion spectra for CTPS and the reference molecules CPS, CTS
(see Scheme 1) and triphenylamine (TPA) in toluene. The cor-
responding time-resolved spectroscopic data are listed in Table
1, Table S2 and Table S3. Chemically, the combination of CPS
and TPA constructs CTPS. As shown in Figure 4, although the
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Table 1. Steady-state and time-resolved spectroscopic data of CTPS in different solvents. All the data are obtained when A=

340 nm.
solvent Emission Q.Y. [%] - Fitted time constants [ns] Fitted time constants [ns] ! (pre-exponential
peak [nm] 2! monitor[1M] [a] (prefactor) factor)
370 175 () 1.81 (5
cyclohexane 370, 460 43.1121,47 5[0 420 2(0.91), 6 (0.09) 1.81 (0.999), 33.72 (0.001), > 10° (< 10°%)
450 2(0.55), 6 (0.45) 1.81 (0.976), 33.72 (0.024), > 10° (< 10
400 231() 231 ()
toluene 410,500  7.430 10,81 450 231 (0.88), 15 (0.12) 231 (0.93), 56.89 (0.07), > 105 (< 10
500 231(0.19), 15 (0.81) 231 (0.77), 56.89 (0.23), > 105 (< 10
480 5.5 (0.98), 37 (0.02) 2 (0.985), 160 (0.015), > 10° (< 10?)
DCM 450, 570 3.13[1 8.85[b]
575 5.5(0.32), 37 (0.68) 160 (~1), > 105 (< 10°?)

[ measured in aerated solution. ) measured in degassed solution. [ emission quantum yield

absorption spectrum of CTPS is similar to the sum of the ab-
sorption of CPS and TPA, a slight difference at the spectral on-
set of 390-420 nm (see insert of Figure 4) is noticeable, indi-
cating a rather small but non-negligible electronic coupling be-
tween CPS and TPA moieties in forming CTPS. The F1 emis-
sion band of CTPS matches well with the emission of CPS in
terms of spectral feature (400 nm), emission lifetime (2.31 ns in
toluene) (see Table 1) and solvatochromism (cf. Figure 2 and
Figure S8). This leads us to conclude the same CT transition
nature for the CTPS F, band and CPS emission, which most
plausibly originates from CT from carbazole (D2) to diben-
zothiophene sulfone (A, Scheme 1). Such a D2 — A CT is pre-
sumably through a m-conjugation and hence the electron cou-
pling constant is large. In other words, CTPS possesses an al-
lowed optical electron transfer state, defined as the CT(B) state
that exhibits solvent polarity dependent F1 emission band.

14 —o—CTPS tol ex340 ;500
ar @ 500
—o— CPS tol ex340 :
19 CTS tol ex340 E 00
4§ ~——CTPStolabs 2200
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g L
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Figure 4. Absorption and emission spectra (Ax=340 nm) of
CTPS, CPS, CTS (only emission) and TPA (only absorption) in
acrated toluene. The purple dash line is the summarized spectrum
of the absorption for CPS and TPA. The insert is the absorption
spectra of CPS and CTPS zoomed in the region of 380-440 nm.

On the other hand, TPA virtually has no emission in any sol-
vents; therefore, the contribution of the CTPS F2 band solely
from the TPA moiety is eliminated. This also discards the pro-
posal that CPS and TPA are mutually orthogonal, giving F1 and
F2, respectively. We then made a comparison between the F2
band of CTPS and the emission of CTS (Figure S9, Figure
S10 and Table S3, see Scheme 1 for structure). In toluene, sin-
gle emission band maximized at ~500 nm was observed for
CTS, which is nearly identical with the F, band (500 nm).
Moreover, CTS also undergo similar trend of solvatochromism
as the F2 band of CTPS, being red shifted from 450 nm in cy-
clohexane to 550 nm in CH,Cl,. These, together with the similar
population decay time between CTPS (F, band, 15 ns in toluene)
and CTS emission (21 ns in toluene), indicate a similar type of
charge transfer property. Later we will verify that CTS under-
goes exclusively TPA(D1) —dibenzothiophene sulfone (A) CT
transition (vide infra). Accepting this consequence, the F, band
thus originates from a D1 — A CT via the electronic coupling
between TPA and dibenzothiophene sulfone moieties (Scheme
1) in a “through space” manner. This through-space CT state,
defined as the CT(S) state, infers its slim HOMO/LUMO over-
lap. As a result, the small electron exchange energy results in a
small energy gap, AEs.t, between S1 and T1 states, rationalizing
the TADF property of the F, band. In comparison, the lack of
TADF property for the F; band (from the CT(B) state) can be
understood by its through n-conjugated CT character with a sig-
nificant HOMO/LUMO overlap. The net result is to increase the
electron exchange energy and hence a large AEs.t gap to pro-
hibit TADF. Further insight into the orbital configuration for
both CT(B) and CT(S) states will be discussed in the section of
theoretical approach.

In a brief summary, F, and F> bands in CTPS originate from
two different CT states specified as CT(B) and CT(S) states,
possessing D2 — A and D1 — A type CT character, in which B
and S denote through-n-conjugated bridge and through-space
CT in nature, respectively. CT(B) is in the higher energy state
and Sp — CT(B) is an optically allowed process, while CT(S)
is in the lowest lying excited state, for which So — CT(S) is
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only partially allowed with rather small oscillator strength. The
latter is also supported by the small absorption tail in CTPS,
with ~100 M-'cm™ absorption extinction coefficient appearing
at 400 nm that is not observed in CPS (see inset of Figure 4).

The excitation wavelength dependent dual emission bands,
together with two distinctly different population lifetime for F1
and F2 bands, is anomalous and of fundamental interest. It in-
dicates that CTPS, upon Franck Condon excitation, undergoes
two separated relaxation pathways that are irrelevant to one an-
other. We have to emphasize that the two distinct and individual
CT emissions reported here are apparently not the same as the
dual emissions of the ‘fruit-fly’ molecule dimethylaminobenzo-
nitrile originating from LE and TICT states. As reported previ-
ously,* only the TICT emission exhibits solvatochromism and
the solvent polarity controls the relative populations of these
two states. Further, in the study by Druzhinin, et al.,”! the LE
and CT states of dimethylaminobenzonitrile showed precursor-
successor type relationship with same population decay lifetime,
demonstrating that the interconversion between LE and CT
states takes place. In current study, differently, the excitation
wavelength dependent emission, different population decay
lifetime, and the lack of precursor-successor type relationship
of CT(S) and CT(B) state all indicate that the interconversion
between CT(S) and CT(B) states of CTPS cannot take place,
which is new and previously unrecognized. To gain more un-
derstanding into this unusual excited-state dynamics, we then
applied the femtosecond fluorescence up-conversion measurement
in attempts to resolve the associated kinetics and temporal evolution
of photoluminescence spectra (Figure 5). Pertinent fitting data are
summarized at Table 2. Figure 5 shows both temporal spectral
evolution and the trace of emission dynamics under 360 nm ex-
citation. Due to the limit of light source, 360 nm laser pulse is
the shortest wavelength accessible to the lower lying excited
states of CTPS. Therefore, the shortest emission wavelength
that is able to be monitored free form scattering-light interfer-
ence is 420 nm. Upon monitoring at 420 nm, the kinetic trace is
composed of a rise component with a time constant fitted to be
6.2 ps, followed by a nearly constant value within the acquisi-
tion time window of 100 ps; the latter indicates a long popula-
tion decay time, which is further resolved by time-correlated
single photon counting (TCSPC, see inset of Figure 5 (b)) sys-
tem to record a lifetime of 2.3 ns. The relaxation time constant
for toluene is known to be 1.05 ps at room temperature®>. In
addition, the energy gap between the excitation wavelength
(360 nm) and monitored emission (420 nm) is rather small.
Therefore, it is very unlikely that the 6.2 ps rise time constant is
ascribed to the solvent or vibrational relaxation. Instead, more
plausibly, the 6.2 ps time constant is associated with the struc-
tural relaxation dynamics of the optically allowed CT(B) state.
Further support of this viewpoint is given by the computational
approach (vide infra). On the other hand, the emission relaxa-
tion dynamics of the CT(S) state, monitored at 510 nm (the F2
band), consists of a 12.5 ps rise component and a constant value
within 100 ps acquisition time window. The latter is further re-
solved by TCSPC to be as long as 15 ns (inset of Figure 5 (c)).
The 12.5 ps rise component of the F2 band is nearly twice as
long as that (6.5 ps) of the F1 emission band (cf. Figure 5 (b)
and 5 (c)) and thus cannot be ascribed to the solvent/vibrational
relaxation for which the solvatochromism should take place
within few ps. Due to the interference of the proximal F1 band,
the solvatochromic evolution of the F2 band within few ps
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could not be resolved. However, even after few ps, as shown in
Figure 5 (a), the time-resolved F2 spectra still exhibit a red-
shifted emission from 485 nm to ~500 nm within a time window
from 2.5 ps to 30 ps, which cannot be ascribed to the temporal
evolution from solvatochromism. Thus, it is reasonable to as-
sign the 12.5 ps as the time constant to stabilize the CT(S) state
via a slower relaxation process. As a result, the ultrafast spec-
troscopies demonstrate the existence of a relatively slow struc-
tural relaxation for both CT(B) and CT(S) states. Further theo-
retical approach elaborated below affirms the relevant motion.
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Figure 5. (a) Time-resolved photoluminescence spectra (b) Fluores-
cence up-conversion measurement of CTPS in toluene monitored at in-
dicated emission wavelengths. Ao, =360 nm. Inset: The nanosecond
population decay trace at indicated wavelength by TCSPC meas-
urement. IRF: the instrument response function

Table 2. Fitting data of the fluorescence up-conversion
measurement of CTPS in toluene.

Aex Amonitor Fitted time constants [ps]

[nm] [nm] (pre-exponential factor)
420 6.2 (-0.544), 2,300 (0.456)
360
510 12.5 (-0.478), 15,000 (0.522)
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Theoretical approaches

To rationalize the above results and to testify the proposed
mechanism, we then carrried out comprehensive theoretical
calculation. In this approach, the geometry optimization on the
ground-state, Si, and S, states of CTPS as well as the transition
properties were performed by cam-B3LYP functional associ-
ated with the 6-31+G(d,p) basis sets in toluene environment.
Figure 6 (a) depicts the optimized molecular structures in the
ground state for CTPS where the HOMO-1, HOMO, and
LUMO mainly localize at carbazole (D2), triphenylamine (D1)
and dibenzothiophene sulfone (A) moieties, respectively. In ad-
dition, Figure S11 and Table S4 summarize the orbitals in-
volved in the excited states upon vertical transition. The calcu-
lated lowest lying excited state (S;) is dominated by HOMO
(D1) — LUMO(A), which, according to the configuration (Fig-
ure 6), is ascribed to be a “through-space electron transfer” and
is manifested by its small oscillator strength of /=0.0425. State
congestion was obtained among S-S, states due to their proxi-
mal energy levels, in which HOMO-1 (D2) — LUMO (A) tran-
sition, a through m-conjugation electron transfer, is dominant,
as supported by a large oscillator strength /=0.2393. Thus, via
Franck Condon excitation, the unrelaxed S; and S, states pos-
sess a through space and a through nt-conjugation CT character,
respectively.

(a) Top view Side view

a

HOMO-1

HOMO LUMO

~

Ground-state S,

b) S,

Figure 6. (a) Optimized molecular structure in the ground state and
the associated frontier orbitals for CTPS. (b) The distance ds,
which is defined by the distance between the nitrogen atom on D1
to the sulfur atom on the A moiety (see Figure 1 for definition), for
the optimized structure of CTPS in Sy, S; and S; states.

Full geometry optimization of S; and S, states was then car-
ried out to analyze the associated emission properties. As a re-
sult, comparing Figure 6 (a) and Figure S12, there are no dif-

ferences in the associated frontier orbital configurations for op-
timized S; and S, states, which are unambiguously assigned to
Si(CT(S)) and S, (CT(B)) with D1 — A and D2 — A transition
characteristic. However, the optimized geometry among Sy, S,
and S; states are rather distinct, particularly in terms of through-
space distance between D1 and A, ds, which is defined by the
distance between the nitrogen atom on D1 to the sulfur atom on
the A moiety (Figure 6 (b)). Compared with ds of 8.20 A for
the Sy state, ds of 5.61 A of the stabilized S, (CT(S)) state is
significantly shorter. Conversely, ds of the optimized structure
of CT(B) is elongated to as larger as 8.76 A. The large differ-
ence in ds among S, CT(S) and CT(B) states are intriguing,
which, in a qualitative manner, can be rationalized by the diver-
gence of the static interaction amid the charge transfer. The S,

(CT(B)) state possesses a D2%*A% character that aggravates A
-D1 (electron rich) repulsion (see Figure 6 (b)). In sharp con-
trast, the through-space CT S, state induces the attraction be-

tween D1%* and A% (Figure 6 (b)) hence the gradual reduction
of the ds via structure relaxation. Moreover, the calculated os-
cillator strengths f of 0.77 and 0.005 for S, (CT(B)) and
Si(CT(S)) clearly indicate very small electronic coupling matrix
between S,(CT(B)) and S;(CT(S)). This viewpoint can be
clearly visualized by the separation of the frontier orbitals on
two different donors (see Figure 6 (a)).

In light of above experimental and theoretical approaches, we
herein propose a rational mechanism, depicted in Figure 7, to ac-
count for the excited-state properties of CTPS in solution. To sim-
plify the complex state congestion, we first assume the 360 nm ex-
citation (absorption peak of CTPS) to be the pure, optically allowed
So—S»(CT(B)) excitation for CTPS (see blue line in Figure 7).

The optical D25 A% charge transfer in the S, state instantly in-
duces the solvent stabilization that theoretically takes place in
less than few ps. As elaborated above, the S>(CT(B)) state then
undergoes two competitive relaxation pathways. On the one

hand, the A%-D1 repulsion leads to structural relaxation mainly
along the spatial coordinate ds. On the other hand, the S,(CT(B))
— Si(CT(S)) internal conversion takes place, involving

D2%*A% D13 AY- charge transfer, solvent stabilization, fol-
lowed by structural relaxation to reduce the spatial distance d

owing to the attraction between D1% and A% moieties in the
Si(CT(S)) state. Despite their origin from the solvent stabilized
S>(CT(B)) state, these two opposite structural relaxation path-
ways, i.e. the elongation and reduction of ds, have their subse-
quent different relaxation dynamics, resulting in two independ-
ent pathways.

Once reaching the structurally relaxed S,(CT(B)) and
Si(CT(S)) states, herein denoted as S(CT(B))cax and
S(CT(S))relax, respectively, the much different ds of these two
stabilized geometries, together with their very weak electronic
coupling, makes the interconversion between S(CT(B))reiax and
S(CT(S))relax states kinetically prohibitive within their emission
lifespan. The net result gives two emission bands having CT and
hence prominent solvatochromism properties with distinct pho-
tophysical properties. For the S(CT(S))x state the slim
HOMO/LUMO overlap renders small electron exchange energy.
Thus, a close energy gap AEst between S; and T; is expected,
which is estimated as ~2.4 kcal/mol (0.10 eV) by the energy
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difference in peak frequency between fluorescence and phos-
phorescence (Figure S13), rationalizing the TADF property of
the S(CT(S))relax emission.

n
(;\\‘2’\ A
AN
=" Scre) )
5 vy
> i 4
& +SR’/CT(S)
S
Scr(s)
iScrgetar hv
: hv
SCT(Sire\ax
8.76A
B — —~
E SO(CT[B)) ‘N\N. SO(CT(S)) N .\f\ l \,

Figure 7. A schematic diagram illustrating the photodynamics of
CTPS in toluene upon photoexcitation. (R and R’: structural coor-
dinate; SR denote structural relaxation).

The above scenario is based on the simplification that the 360
nm excitation is ascribed to the pure So — S,(CT(B)) transition.
In reality, state congestion was recognized among S,-S; states
due to their proximal energy levels (vide supra). Also, there
should be a mixing between the initially prepared S>(CT(B))
and highly vibronic S;(CT(S)) state. These lead to the compli-
cation in the population branching ratio for S,(CT(B)) —
S(CT(B))retax versus Sy(CT(B)) — S(CT(S))relax processes. In
other words, the population ratio for S(CT(B))wiax Vversus
S(CT(S))relax is expected to be excitation energy dependent, as
evidenced by the steady-state result depicted in Figure 3. Un-
fortunately, the support from early relaxation dynamics is pend-
ing due to the limit of current femtosecond light source to pro-
duce 300-350 nm excitation.

In solid film and application for OLED.

Prior to exploring the applications of CTPS and CTS, the
characteristics in solid films were examined. As shown in Fig-
ure 8, CTPS exhibits a single emission band maximized at 513
nm. In addition, TADF is clearly observed, consisting of a
prompt and a delayed emission component of 96.1 ns and 0.365
ps, respectively (inset of Figure 8 and Table S5). According to
the photophysical properties in solution, such long population
lifetime with TADF character, along with the emission peak
near 510 nm, suggests that this single emission in solid film
originates from the S(CT(S))riax state. In addition, the results
indicate that certain structure relaxation takes place in the soft-
packed film prepared by evaporation, in a kinetic manner, so
that the S(CT(S)):eiax state is populated. Furthermore, the solid
film creates a more rigid environment for CTPS molecules that
inhibits the formation of S(CT(B))reiax State which requires the

Chemistry of Materials

elongation of distance between the nitrogen atom on D1 to the
sulfur atom on the A moiety within CTPS, rendering only the
emission of S(CT(S))seiax state. On the other hand, shown in Fig-
ures 8 and Table S5, CTS also reveals TADF properties in va-
por deposited film with similar emission peak wavelength at
518 nm. This can be rationalized by the shorter d; of ~5.64 A
for CTS in crystal (cf. 6.71 A for CTPS in crystal, Figure 1),
so that D1 — A charge transfer can take place efficiently in film
as well as solution because of small inner reorganization energy.

CTPS ——CTPS

1 0 ——Film Abs. —CTs
— [ —o—Film Em.
50.8 cTs
3 ——Film Abs.
- —o—FilmEm. | 5 10 15
=06F Time (is5)
(2]
S )
Loaf [

02f [

- { N
0 PO S T e

300 400 500 600 700 800
Wavelength (nm)

Figure 8. The absorption in solid film (solid line) and emission
in vapor deposited film (circle solid line) for CTPS and CTS. Inset:
Lifetime measurement of CTPS and CTS in solid film at room
temperature.

Figure 9 (a)-(b) demonstrates the temperature dependent
lifetime measurement of CTS and CTPS film. When the tem-
perature rises, unlike some well-known TADF compounds (e.g.
DMAC-TRZ,” Figure S16) which demonstrate more delayed
TADF component (the long decay component), both CTPS and
CTS exhibit less TADF component. To rationalize this phe-
nomenon, we conducted the simulation of TADF kinetics (see
Figure 9 (c)-(d) and Figure S17) to gain further insight into the
TADF dynamics of CTS and CTPS in solid film. As a result,
when the temperature rises, the rate of reverse intersystem
crossing (k) increases, which directly increases the rate of
TADF and hence augments the TADF component as shown in
Figure S17 (b). However, concurrently, the simulation also in-
dicates that the non-radiative decay rate of the excited state
would also be boosted, which increases the population decay
rate of S; (k) that is about 2 order of magnitude faster than k.
The increase of krleads to faster prompt fluorescence rate and
thus more component of prompt fluorescence concomitant with
less TADF component as depicted in Figure S17 (c¢). Therefore,
it is the interplay between the temperature dependent k., and k¢
that determines the increase or decrease of the TADF compo-
nent as the temperature varies. In this regard, as the exemplar,
the kinetic rates of CTS at -100 °C and 50 °C are obtained and
depicted in Figure 9 (c)-(d) from the fitted data shown in Table
S6. The fitted change of k; from 5x10° s (-100 °C) to 107 s™!
(50 °C) dominates in the temperature effect, rendering less
TADF component as the temperature rises (see Figure 9 (a),
(d)). As aresult, the excited-state dynamics of CTS is accordant
to the TADF properties in solid film. With similar results (cf.
CTS) of temperature dependent lifetime measurement, CTPS,
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Figure 9. Lifetime measurement of (a) CTS (b) CTPS film at indicated temperatures. (¢) TADF kinetics of CTS film. £ the derived

population decay rate of S. k,: the population decay rate of T'. &;

the rate of intersystem crossing. ks: the rate of reverse intersystem

crossing. (d) The simulated S, population change of CTS film at 173 K and 323 K.

exemplified by the analysis of CTS, is also corroborated to pos-
sess TADF property. For the bending type TADF molecules
CTPS and CTS studied here, kymay be subject to the quenching
of the small frequency bending motion that is temperature de-
pendent and thus influences the observed relaxation dynamics.
This uncommon temperature dependent excited-state dynamics
due to the bending D-D-A alignment should not be overlooked,
which may gain more new insights into TADF fundamental.

In the pristine solid film, the emission yield, Q.Y., of CTPS
and CTS was measured to be 23.64% and 33.94%, respectively.
The relatively lower Q.Y. for CTPS (cf. CTS), could be ration-
alized by the more degrees of freedom of small amplitude tor-
sional motions for CTPS. To further understand the charge-car-
rier transport properties, we used the time-of-flight (TOF) tech-
nique to evaluate the carrier mobility. Figure S18 (a)-(c) dis-
plays typical room-temperature TOF transient photocurrents
under an applied electric field. The transit time, Tr, can be eval-
uated from the intersection point of two asymptotes in the dou-
ble-logarithmic representation of the TOF transient. Figure S18
(d) shows the field dependence of carrier mobilities follows the
nearly universal Poole-Frenkel relationship within the range
from 3.0 x 107 to 1.4 x 10 cm? V™! 57! for fields varying from
1.7 x 10° to 2.0 x10° V cm™'. Apparently, the distance between
carbazole and dibenzothiophene sulfone has a crucial influence

on the charge transport behavior. CTS has bipolar charge-
transport properties with more balance electron/hole mobilities.
In contrast, the transient photocurrent signals of CTPS for elec-
trons were too weak for us to evaluate electron mobility.

Table 3 and Figure S18 lists the physical and photophysical
parameters of CTPS and CTS in the solid film required for
OLEDs. OLEDs based on CTPS and CTS as the pure emitters
as well as 10 wt% dopants into mCPCN host™ in emitting layer
were performed. The results listed in Table S7 and Figure S19
are not impressive, with EQE of 1.87% (CTS), 2.7% (10wt%
CTS: mCPCN), 0.87% (CTPS) and 2.55% (10wt% CTPS:
mCPCN) for a number of configurations being tested. This is
perhaps due to rather low PLQY, as well as poor mobility in
both electron and hole for both CTPS and CTS (see Table 3
and Figure S18). Nevertheless, CTPS and CTS proved to be
promising candidates for serving as the electrophosphorescence
hosts because of their TADF nature, that can facilitate the har-
vest of electro-generated triplet excitons followed by triplet-tri-
plet energy transfer to reach to phosphorescent dopants for effi-
ciently relaxing the excited states and thus giving high effi-
ciency devices. In this approach, we fabricated PAOLED de-
vices with four phosphors respectively, including green bis(2-
phenylpyridinato)-iridium(I1I) acetylacetonate (PPy),Ir(acac)™,
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Table 3. The Physical properties of CTS and CTPS in solid film.

Chemistry of Materials

PLQY

HOMO (eV)el  LUMO (eV)®  AE, (eV Aabs (nm) Aem (NM) 2/Vs)e]

(eV) (eV) s (€V) Solu. ™! /Film Solu.*)/Film @ HemTVs)
CTS -5.47 221 3.26 294, 345/294, 345 514/514 33.94 (h) 2.3x10°
(e) 5x107

CTPS -5.54 -1.97 3.57 295, 347/297, 349 406, 500/ 521 23.64 (h) 3x107

“ HOMO energy level determined by using photoelectron yield spectroscopy (AC-2). LUMO = HOMO + AE,, where AE, is cal-
culated from the absorption onset of film state. > Measured in toluene. ¢ Mobility under an electric field of 1.3 x 106 V cm™.

yellow bis(2-phenylbenzothiazolato) (acetylacetonate)iridium-
(IIh‘T) ~ (Bt)lr(acac),’® orange tris(2-phenylquinoline)-irid
ium(Ill) Ir(2-phq)s,”” and red [2-(3-methylquinolin-2-yl)phe-
nyl](acetylacetonate)iridium(III) (Mpq).lr(acac)*® as dopants in
the device structure: ITO/4% ReOs: Tris-PCz (60 nm)/Tris-PCz
(15 nm)/EML (25 nm)/BPhen (50 nm)/Liq (0.5 nm)/Al (100
nm). The device structure and the molecular structures of mate-
rials fabricating the device are shown in Figure 10. To lower
the hole injection barrier from ITO to 9,9°,9”-triphenyl-
9H,9°H,9”H-3,3":6”,3”-tercarbazole (Tris-PCz),”” we used rhe-
nium oxides (ReOs3) as a dopant material in Tris-PCz to produce
ohmic contact.’**° Tris-PCz, 4,7-diphenyl-1,10-phenanthroline
(BPhen), 8-hydroxyquinolinolatolithium (Liq), and Al were
used as the hole-transporting layer (HTL), electron-transporting
layer (ETL), electron injection layer (EIL), and cathode, respec-
tively.

HTL EML ETL O Q
2.1eV 221ev 1:97eV —
P /_\
N I 2.8eV N
Cathode BPhen

Tris-PCz] Tris-PCz

4%Re03| 15 nm | €TS_ CTPS |BPhen

60 nm 25 nm 50 nm

%
_nosel || U
£
5.6eV 5.47eV 5540y @- O O N_Q
dopants 6.4eV O O

Tris-PCz

@ C
0 0 n )
N 7\ z .
Ir; N AN R Z N O
Z ! \O 8 O ~ |
X 2 @ I !
2 3 2

{PPy),Ir(acac)

(Bt),Ir(acac) Ir(2-phq); (Mpqg).Ir(acac)

Figure 10. The device structure with energy level diagram
and the molecular structures of functional materials used in de-
vices.

As a result, Figures 11 show the current density-voltage-lu-
minance (J-F-L) characteristics, external quantum (EQE) and
power efficiencies (PE) as a function of luminance as well as
EL spectra of devices for CTS and CTPS as a host, respectively,
with detail data shown in Table 4. The notation 1 and 2 indicates
the devices fabricated with host materials of CTS and CTPS,
respectively. All devices exhibited a low turn-on voltage (Von)
of 2.2 V. The CTS doped with (PPy).Ir(acac) device G1 re-
vealed the best device performance, with the maximum external
quantum (EQE), current (CE), and power (PE) efficiencies were
20.4%, 74.6 cd A, and 90.6 Im W, respectively. In addition,
the roll-off of efficiency is extremely low compared to other
studies of (PPy),lIr(acac) devices®' with EQE of 19.1% at 1000
cd m? (3.4 V) and 17.3% at 10000 cd m? (4.3 V). The same
trend can also be observed for CTS based device with different
long-wavelength-emitting dopants. The yellow (Bt),Ir(acac)
device Y1 can be achieved relatively high EL efficiencies
(19.8%, 49.8 cd A™!, and 59.8 Im W). The Ir(2-phq); O1 and
(Mpq)aIr(acac) R1 devices exhibited relatively lower EQEs
(16.3% and 15.3%). The devices displayed pure emission and
there are no residual emissions from the host and/or adjacent
layers in Figure 11 (e)-(f), indicating that the electrolumines-
cence is completed energy transfer from host to dopant.

However, devices with CTPS as host exhibit lower EL effi-
ciencies and lower current density than the CTS hosted device.
This can be attributed to only hole-transport of CTPS (Figure
S18) and higher barrier between CTPS and BPhen (Figure 10)
that leads unbalances of holes and electrons in EML. In addition,
the luminescence property in solid film leads us to propose that
the relatively lower Q.Y. for CTPS (23.64%, cf. 33.94% for
CTS in solid film) limits the external quantum efficiency of the
whole device, despite that the excitons in triplet state can be
utilized. On the contrary, the CTS-based devices, with predom-
inant TADF emission and higher Q.Y., render better OLEDs
performance. Moreover, the solid film environment excludes
the formation of S(CT(B))ix state that lacks TADF property,
engendering only S(CT(S))wlax state and thus exhibiting great
OLED performance for devices with either CTS or CTPS act-
ing as the host material.

Table 4. EL performances of devices with CTS and CTPS acting as host material.

Vonl®! L/J at 8V EQE/CE/PEmax EQE/V at 10° cd m2cl CIE
[v] [cd m?/ mA cm?] [%/ cd AY/ Im W] [%/ V] [xy]
G1@ 2.2 24300/ 890 20.4/ 74.6/ 90.6 19.1,3.4 0.31,0.63
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Y1
o1
R1
G2
Y2
02
R2

2.2
2.2
2.2
2.2
2.2
2.2
2.2

164610/ 1325
111500/ 1140
47080/ 1224
22510/ 84
68920/ 472
38620/ 406
19540/ 1762

Chemistry of Materials

19.8/49.8/ 59.8
16.3/30.6/ 39.2
15.3/13.5/18.2
9.5/34.4/ 30.2
11.4/29.4/28.7
9.4/17.0/ 18.3
10.9/10.0/ 11.0

18.7,3.6
15.0,3.8
13.6,4.0
9.3,5.0
11.3,4.0
9.1,44
10.1,4.8

0.53,0.47
0.59,0.41
0.66,0.34
0.32,0.63
0.53,0.47
0.59,0.41
0.66,0.34

[a] The notation 1 and 2 indicate the devices fabricated with host materials of CTS and CTPS, respectively. ! Turn-on
voltage at which emission became detectable. ! The values of driving voltage and EQE of device at 1000 cd m™ are

depicted in parentheses.
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Figure 11. (a)(b) Current density-voltage-luminance (J-V-L) characteristics. (c)(d) External quantum (7.x) and power efficiencies (#p) as a
function of brightness. (e)(f) EL spectra of devices for CTS and CTPS as a host.
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CONCLUSION

In summary, a new type of bended donor-donor-acceptor
(DDA) molecule, CTPS, is designed and synthesized, which
exhibit anomalous excitation-wavelength dependent rati-
ometric dual emission. With a face-to-face alignment of D1 and
A, together with D2 acting as a bridge, this bending type CTPS
exhibits intramolecular exciplex-like CT(S) emission from DI
to A and intramolecular through-n conjugation CT (CT(B))
from D2 to A in solution, which is a new phenomenon for the
D-D-A triad. Further dynamics and theoretical approaches leads
us to conclude that CT(B) and CT(S) undergo two independent
structural relaxation processes, yielding population branching
ratio that is excitation-wavelength dependent. The net result is
to exhibit anti-Kasha behavior, rendering a higher state S,
(CT(B)) emission. Therefore, as for the molecules comprising
of multiple donor/acceptor moieties that are current hot topic,
one might have to treat it as a molecular composite in which the
interplay of CT among the donor/acceptor moieties plays a cru-
cial to account for the unusual photo-physics and/or photo-
chemistry. With prominent TADF emission, the OLEDs with
CTPS or CTS acting as a host have been examined. The exter-
nal quantum efficiencies of CTS hosted (PPy).Ir(acac) reached
20.4% with extremely low roll-off of efficiency. Thus, with fac-
ile tuning of D-D-A type OLED molecules such as the curtail-
ment of one charge transfer distance within CTS compared to
CTPS, higher devices efficiency can be accomplished. This
work not only affords an important element that sheds light on
the mechanisms of excited-state dynamics of the newly devel-
oped bending type D-D-A systems, but also opens new possi-
bilities of selective control of triad OLED molecules via various
D1, D2 and acceptor combinations such that a broad range of
emission spectrum can be fine-tuned.
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