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ABSTRACT: We have expounded the unique molecular design architecture for
efficient thermally activated delayed fluorescence (TADF) materials based on a
donor—linker—acceptor—linker—donor (D—L—A—L—D) framework, which can be
employed as predecessors of organic light-emitting diode (OLED) devices. Different
from traditional donor—acceptor-type (D—A-type) TADF scaffolds, the D—L—A—L—
D structural design avoids direct coupling amid the D and A fragments allowing the
highest occupied molecular orbitals (HOMOs) and the lowest unoccupied molecular
orbitals (LUMOs) to be spatially separated. It results in a reduced overlap between
HOMOs and LUMOs, thus realizing fairly a slight singlet—triplet energy gap (AEgr)
and higher photoluminescence quantum yield (®). We revealed that manipulating a
linker between D and A fragments in intramolecular charge transfer compounds is an
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electroluminescent D—L—A—L—D-type molecules with different electron-donating

and electron-accepting moieties using density functional theory calculations and time-

dependent density functional theory calculations. Two types of linkers, the 7-conjugated phenylene (—C¢H,—) and aliphatic alkyl
chains or o-spacer (—CH,— and —CH,—CH,—), were exploited between D and A fragments. In principle, the conjugation in D—z—
A—7—D-type molecules and hyperconjugation in D—6—A—0c—D type molecules encourage the spatial separation of the HOMO—
LUMO causing a reduction in the AEgr. All the designed molecules show a blue-shift in the emission wavelengths (4.,) over the
directly linked parent molecules except DPA-DPS-C4H, and BTPA-DPS-CH, which show a red-shift. Violet-blue to green-yellow
(376—566 nm) A, was observed from all of the investigated molecules. Other important properties that affect the efficiency of
emission quantum yields like frontier molecular orbital analysis, natural population analysis, electron excitation analysis, exciton
binding energies, ionization potentials, electronic affinities, and reorganization energies of the designed molecules were also
inspected. We are confident that our work will effectively give a straightforward and distinctive approach to building incredibly
effective TADF-OLEDs and a new perspective on their structural design.

1. INTRODUCTION

At present, organic light-emitting diodes (OLEDs) are
extensively exploited in solid-state lighting and high-resolution
flat panel displays drawing significant interest in the industry as
well as academia.”” OLEDs employing noble-metal-based
organometallic-phosphors can garner both singlet (25%) and
triplet (75%) excitons via efficient spin—orbit coupling
approaching external quantum efficiency (EQE) near to
100% in comparison with fluorescence-based OLEDs.”””
However, these precious-metal-based phosphors’ high price,
scarcity, high current density, and toxicity remain to be barriers
to their use in many areas. " Effective OLEDs based on
exciplex emitters and charge-transfer Cu(I) complexes have
also drawn considerable attention, demonstrating an EQE as
high as 16% in the past decades.” "' Recently, another
auspicious pathway called thermally activated delayed fluo-
rescence (TADF) has been in the spotlight as a viable
substitute for phosphorescent materials. TADF materials are
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among the most auspicious classes of next-generation organic
electroluminescent materials since they can theoretically realize
an internal quantum efficiency (IQE) of ~100% without the
need for precious heavy metals.””*'*~"> In TADF emitters, the
energy difference (AEgr) between the lowest triplet (T;) and
the lowest singlet (S;) excited state is very small, and an
efficient upconversion from the T, state to S, state can take
place to ensure effective reverse intersystem crossing (RISC)
giving very high total singlet yields."*™"® For efficient TADF
scaffolds, a limited overlap between the highest occupied
molecular orbitals and the lowest unoccupied molecular
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Figure 1. Scheme of the study showing eight parent compounds. Conjugated and nonconjugated linkers are employed between donor and acceptor
fragments in the specified position to further design eight conjugated and eight nonconjugated derivatives.

orbitals (HOMOs and LUMOs) is a key factor for competent
thermal upconversion through RISC thus realizing small
AEgr.'"””° The excited states of conventional D—A-type
TADF materials are charge transfer (CT) in nature where
the HOMOs and the LUMOs are positioned on the D and the
A part of the molecule, respectively.z’lg’21 The effective
intramolecular charge transfer (ICT) character or spatial
separation of HOMO—-LUMO is mainly affected by the
electron-donating and electron-withdrawing ability of D and A
moieties in D—A topology, the dihedral angle between D—A
units, spirojunction, homoconjugation, the length and the type
of the linker between D and A fragments, etc.22™% Talking
about the linker engineering between D and A units, a
promising molecular design architecture for TADF materials so
far is the D—7—A system (donor and acceptor moieties are
connected via conjugated z-bonds) with twisted intramolecular
charge transfer (TICT) characteristics and very infrequent
D—o—A type materials (donor and acceptor moieties are
connected via nonconjugated o-bonds) have also been
studied.”**°~*’ In pursuit of the requirement to obtain high
triplet energies bipolar hosts, the D—oc—A strategy has also
been employed to restrict the conjugation and the electronic
coupling between the D—A units. The device performances of
D—o—A emitters are still substandard than their D—nz—A
correspondents, and their lifetimes are not described yet.”*™**
Therefore, envisaging the prerequisite of D—A-separated

conformation, it is rational to unite the D and A moieties
with 7-conjugated as well as with non-z-conjugated or o-linker.

Herein, we report the successful transformation of
fluorophores into a series of violet-blue to green-yellow
TADF emitters by the manipulation of a linker (may be
conjugated such as m-group or nonconjugated such as o-
bridge) within the molecular framework of the D—A structure.
We have envisaged an upgraded molecular design architecture
of the TADF molecules by using the D—L—A—L—D topology,
where the linker controls the distance between D/A
conformation in an intramolecular fashion.”*** In principle,
the conjugation in D—z—A—7z—D-type molecules'”*"**** and
hyperconjugation in D—6—A—6—D type molecules™**™*
encourages the spatial separation of the HOMOs and
LUMOs, thus resulting in reduced AEgr. Taking Dr. P.
Data’s and Adachi’s reports as benchmark materials,”>*>*' we
have conceived some important D—L—A—L—D framework
structures and examined their photophysical and electronic
properties. In this study, different electron-donating and
electron-accepting moieties were selected. Phenylene
(-C¢H,—) and methylene (—CH,— or ethylene —CH,—
CH,—) groups have been opted as conjugated and non-
conjugated linkers between the D and A parts, respectively. All
of the investigated compounds are symmetric having C,
symmetry whose chemical structures are displayed in Figure
1. We have thoroughly investigated the influences of the D—A
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separation distance on the photophysical, electronic, and
charge transfer properties of these molecules in terms of AEgr,
absorption and emission wavelength, Stokes shift, frontier
molecular orbital analysis, population analysis, electron
excitation analysis, exciton binding energies, charge injection
and transport analysis which includes ionization potentials,
electronic affinities, and hole—electron reorganization energies
for the designed compounds to comprehend their properties
for OLED application.

2. COMPUTATIONAL METHODOLOGY

All the calculations were computed using the Gaussian 09"
program based on density functional theory and time-
dependent density functional theory calculations. First of all,
the ground-state geometry (S,) optimization was accomplished
using the most prevalent B3LYP/6-31g(d) method for the
optimization. The vibrational frequency analysis was also done
at the same theory level to confirm the equilibrium structure
showing no imaginary frequency.*~* Then, after excited state
optimization (S;) at the same level, we performed functional
analysis of the investigated molecules in toluene solvent
employing various functionals like B3LYP, PBEO, M06, BMK,
and wB97XD as shown in Table S1. The M06 and BMK
functionals showed close values to the experimental emission
wavelength (A.,) values and were chiefly selected to
investigate the current systems.””*”*' The basis set effect
was also observed using 6-31g(d), 6-31g(d,p), and 6-
311+g(d,p) which showed almost similar results. Hence, the
6-31g(d) basis set was chosen for further calculations to save
computational costs and resources. Then geometry optimiza-
tions of the ground states (S,), singlet excited states (S,), and
triplet excited states (T;) were performed. As seen from the S-
optimized geometries, the HOMO and LUMO distributions of
the studied molecules are chiefly dis:7persed asymmetrically over
the D and A units, respectively.**” The overlap (p) between
the HOMO and the LUMO is undoubtedly diminished by the
efficient partition of their electron densities due to the
insertion of the linker (¢ or z-bridge).”® Furthermore, in
comparison with the D—7—A—7—D type derivatives, the
D—0—A—0—D type derivatives show a greater separation of
the HOMOs and the LUMOs owing to the relatively large
separation distance between the D and A moieties. This
smaller p value signifies a smaller AEgy value. The AEgy values
of all the molecules were calculated based on S;-geometries
when optimized by the TD-B3LYP/6-31g(d) method. Most of
the calculations were performed in the gas phase but
absorption and emission wavelengths were calculated in the
toluene media using the polarizable continuum model (PCM).
Violet-blue to green-yellow emission was observed for all of the
investigated molecules. Postprocessing of results was done with
Multiwfn, PyMOlyze, Origin, Gaussview, Gausssum software,
etc.”**™*" In principle, the molecular energies of the lowest
singlet excited states (Eg), as well as triplet excited states (Er),
are given by:

Ec=E+K+] (1)
Er=E+K-] @)
AEg = Eg — Er =2 (3)

which are dependent on the electron repulsion energies (K),
orbital energies (E), and exchange energies (J) of two unpaired
electrons at the singlet and triplet excited states, as revealed in

eqs (1) and (2). The K, E, and ] at the singlet and triplet
excited states are similar to each other owing to the same
electronic arrangement in one molecule. However, compared
with increased Eg in S, the Er is reduced in T owing to the
similar spin states of unpaired electrons; hence, AEg; is twice
of J. Since at S; and T states, the two unpaired electrons are
primarily dispersed over the frontier molecular orbitals, i.e.,
HOMOs and LUMOs, respectively, with the same ] value.
Hence, the ] value of two electrons at HOMO and LUMO can
be computed by:***

J= [/ wL(l)wH(Z)(e—]wL(Z)wH(l) dr, dn,
[ (@)

where yy; and y; denote the wave functions of the HOMO
and LUMO, respectively, and e signifies the electronic charge.
It is evident from eq 4 that AEgy values increase with J values.

3. RESULTS AND DISCUSSION

3.1. AEs; and HOMO—-LUMO Overlap (p). Minimization
of the AEg; is the most necessitating parameter in the TADF
development. Smaller the AEgy value, higher would be the rate
of RISC, and easier would be the upconversion of the excitons
from T, to the S, state and ultimately to the S, state showing
delayed fluorescence under thermal activation.”"*’ AEg; is
strongly dependent on spatial partitioning of the HOMO—
LUMO, D—A orientation, and effective separation distance
(R) between D and A units. There is an optimal value of R,
depending on the size of the D and A units, to realize a large
decay rate and small AEgr simultaneously. To enrich the
diversity of TADF molecules, many methods have been
introduced to decrease AEqr."® Herein, we are adopting the
strategy of inserting a linker between the D and A parts of the
molecule to examine the TADF properties of these devised
molecules. The computed AEg; values of these investigated
molecules based on S, geometry using the TD-B3LYP/6-
31g(d) method are recorded in Table 1 and are depicted in
Figure 2. We have investigated that the AEgy value declines by
inserting the linker between the D and A units. It can be
perceived from Table 1 that, compared to the parent
compounds, all of the derived molecules exhibit relatively
lower AEgr values. In particular, manipulating a conjugated
linker between D and A parts increases the effective separation
distance between them which minimizes the p value and
ultimately reduces the AEgr value. Additionally, the non-
conjugated linker further reduces the AEg; values by
controlling the conjugation length as this design strategy
evades the effective electronic couplin§ between D—A resulting
in further reduction of the p value.”” In the case of ATP-
DMAC and ATP-PXZ, we have introduced two —CH,—
groups between D and A units as introducing one —CH,—
group has increased the AEg; value due to the increased p
value. Furthermore, although the nonconjugated derivatives of
DTC-DPS and DBPHZ-PXZ have higher AEg; values than
the conjugated derivatives, they have lower AEg; values
compared with the parent molecules depending upon the
nature/size of D and A fragments. Moreover, AEg; values are
consistent with the p value and diminish as the p decreases.
The p value decreases monotonically by inserting a linker
between the D and A parts as compared to the parent
molecules. Once more, the nonconjugated spacer is more
effective in reducing the p value than that of the conjugated
spacer ascribed to the extended D—A separation distance and
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Table 1. Calculated HOMO—LUMO Overlap Values (p) in
Whole Space Using the Multiwfn Analyzer and the AEg;
Values (in eV) of the Parent and Designed Molecules Based
on S,—State Geometries when Optimized Using the
B3LYP/6-31g(d) Method

Es@S, E;@S, AEgy overlap
molecules (eV) (eV) (eV) (p)

DBPHZ-MeODP 2.4742 2.0982 0.3760 0.4973
DBPHZ-MeODP-C¢H, 2.3741 2.144S5 0.2296 0.2916
DBPHZ-MeODP-CH, 2.2527 22369 0.0158 0.0973
PN-CZ 2.8386 2.4995 0.3391 0.4428
PN-CZ-C¢H, 2.7425 2.5504 0.1921 0.2875
PN-CZ-CH, 2.9739 2.9547 0.0192 0.1391
DPA-DPS 3.5328 2.8885 0.6443 0.6565
DPA-DPS-C¢H, 3.1554 2.6583 0.4971 0.5034
DPA-DPS-CH, 3.4049 3.2223 0.1826 0.1979
BTPA-DPS 3.4702 2.8608 0.6094 0.6514
BTPA-DPS-C¢H, 3.0795 2.6188 0.4607 0.4910
BTPA-DPS-CH, 3.2662 3.1457 0.1208 0.1938
ATP-DMAC 2.4397 2.4349 0.0048 0.0968
ATP-DMAC-CH, 2.6298 2.6265 0.0033 0.0544
ATP-DMAC-CH, 2.9432 2.8450 0.0982 0.0710
ATP-DMAC-2CH, 2.844S5 2.8436 0.0009 0.0401
ATP-PXZ 2.1516 2.1466 0.0050 0.0972
ATP-PXZ-CH, 2.3398 2.3363 0.0035 0.0589
ATP-PXZ-CH2 2.6121 2.6039 0.0082 0.7358
ATP-PXZ-2CH, 2.5929 2.5911 0.0018 0.0470
DTC-DPS 3.3027 2.9623 0.3404 0.4487
DTC-DPS-C¢H, 3.1388 2.8310 0.3078 0.3385
DTC-DPS-CH, 3.4765 3.1549 0.3216 0.1367
DBPHZ-PXZ 1.7854 1.7774 0.0080 0.1179
DBPHZ-PXZ-C¢H, 1.9979 1.9968 0.0011 0.0426
DBPHZ-PXZ-CH, 2.1930 2.1885 0.0045 0.0782

ineffective D—A electronic coupling. The p value is calculated
by Becke’s grid-based integration approach employing the

given function in the Multiwfn program where i and j refer to
the HOMO and LUMO, respectively.”’

p= [lo®llgnia (s)

3.2. Photophysical Properties. The absorption (1,,) and
emission (4.,) wavelength values of all the studied molecules
along with main configurations employing the TD-M06//TD-
BMK/6-31g(d) level based on S, and S, state geometries,
respectively, employing the PCM model in toluene media, are
documented in Tables 2, 2S, and 3S and are portrayed in
Figure 3. The Stokes-shift values were also documented in
Table 2. As shown in Table 2, introducing the linker
(conjugated or nonconjugated) between the D—A fragments
leads to a bathochromic-shift or hypsochromic-shift in the 4,
and A,

From Table 2, we can see that for all the compounds the
electronic shifts are of the # = #* nature and the A, bands
originate from Sy — S, shifts which is chiefly the transfer of the
electron from HOMO — LUMO” except for ATP-PXZ-C¢H,
and DBPHZ-PXZ for which the transfer of the electron is from
the HOMO—1 to LUMO. By comparing the calculated 4., of
the parent and designed molecules, it can be inferred that the
Ay of almost all the designed molecules is blue-shifted as
compared to the parent molecules because of the increase of
the distance between D—A fragments except for the molecules
DPA-DPS-C4H,, BTPA-DPS-CH,, and DPA-DPS-C(H,
which show a red-shift. The A, of all the investigated
molecules lies in the range of 329—482 nm, and the HOMO
— LUMO transition ranges from 79—99%.

The emission color of the TADF materials depends upon
the choice of the D and A moieties. In general, low electron-
donating strength of D or high electron-accepting strength of A
would lead to a blue emission and vice versa.”” From Figure 3,
we can see that all the investigated molecules show broad 4.,
bands found in the range of 376—566 nm lying in the violet-
blue to the green-yellow region of the electromagnetic
spectrum. The LUMO — HOMO transition ranges from

0.7 —@— Energy Gap - 07
o —@— Overlap
0.6 i - 0.6
0.5 ) 0.5
o o ~
o~
»> 04— - 0.4 S
O ° 2
f— —
g e %o b
4 0.3 1 o ° ~0.3 o
Q
o
0.2 - 1Y - 0.2
o o
o ]
0.1 — -] o\ - \ ° 0.1
~ /
O\O o + o
o
0.0 | * 9-0-9 9-0-0 %-0-0 - 0.0
rrrrrrrrrr7rrmrr17T 171 17T1T 1t T1TT1mT 717717
Gy Gy Gy By B By Gy Gy By Gy Gy Gy Ay T, Ty, Uy, Ty, s, D Dy Dy Oy Oy 4,
%, %, 2%, 0 e % e 4,4, 9,10, 70,72,72,75,72,%, % % %, %, %,
0 0 s oy g, o a0 o e i i
0, 2, L Y, R T T = N A I I
0, %0,%, % % L‘}&‘C&) R e =
% A\(}:{_&’ ¢4 %, % 6},‘,4:, % v 2 %‘39‘)
%

Figure 2. Relationship between singlet—triplet energy splitting (AEgr) and HOMO—LUMO overlap (p) in whole space.
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Table 2. Absorption (,,) and Emission Wavelength (4,,) of the Parent and Designed Molecules Containing Conjugated and
Nonconjugated Linkers Based on Their S, and S, State, Respectively, Using the TD-M06//TD-BMK/6-31g(d) Method in
Toluene Employing the PCM Model Along with Their Stokes-Shift Values (AA = A.,, — 4,,)

molecules Ay (nm) main CI expansion/coefficient Aem (nm) main CI expansion/coefficient A (nm)
DBPHZ-MeODP 424 HOMO — LUMO (92%) 490 LUMO — HOMO (96%) 66
DBPHZ-MeODP-C(H, 408 HOMO — LUMO (80%) 444 LUMO — HOMO (90%) 36
DBPHZ-MeODP-CH, 394 HOMO — LUMO (98%) 448 LUMO — HOMO (99%) 54
PN-CZ 371 HOMO — LUMO (97%) 488 LUMO — HOMO (98%) 117

PN-CZ-CH, 357 HOMO — LUMO (91%) 393 LUMO — HOMO (93%) 36
PN-CZ-CH, 335 HOMO — LUMO (99%) 376 LUMO — HOMO (99%) 41
DPA-DPS 348 HOMO — LUMO (91%) 416 LUMO — HOMO (93%) 68
DPA-DPS-C(H, 381 HOMO — LUMO (85%) 424 LUMO — HOMO (87%) 43
DPA-DPS-CH, 339 HOMO — LUMO (92%) 403 LUMO — HOMO (94%) 64
BTPA-DPS 353 HOMO — LUMO (91%) 437 LUMO — HOMO (93%) 84
BTPA-DPS-C(H, 389 HOMO — LUMO (86%) 442 LUMO — HOMO (88%) 53
BTPA-DPS-CH, 352 HOMO — LUMO (93%) 405 LUMO — HOMO (95%) 53
ATP-DMAC 440 HOMO — LUMO (90%) 495 LUMO — HOMO (97%) 55
ATP-DMAC-C(H, 409 HOMO — LUMO (80%) 448 LUMO — HOMO (93%) 39
ATP-DMAC-2CH, 389 HOMO — LUMO (99%) 435 LUMO — HOMO (100%) 46
ATP-PXZ 482 HOMO — LUMO (91%) 566 LUMO — HOMO (97%) 84
ATP-PXZ-CH, 446 HOMO-1 — LUMO (79%) 500 LUMO — HOMO (92%) 54
ATP-PXZ-2CH, 416 HOMO — LUMO (99%) 484 LUMO — HOMO (100%) 68
DTC-DPS 358 HOMO — LUMO (92%) 421 LUMO — HOMO (94%) 63
DTC-DPS-CH, 366 HOMO — LUMO (84%) 407 LUMO — HOMO (88%) 41
DTC-DPS-CH, 329 HOMO — LUMO (95%) 393 LUMO — HOMO (96%) 64
DBPHZ-PXZ 452 HOMO-1 — LUMO (95%) 510 LUMO — HOMO (97%) 58
DBPHZ-PXZ-CH, 401 HOMO — LUMO (90%) 441 LUMO — HOMO (95%) 40
DBPHZ-PXZ-CH, 396 HOMO — LUMO (98%) 447 LUMO — HOMO (99%) 51

DPA-DPS-C(H, and BTPA-DPS-C¢H, which show a red-shift

sso ? due to the structural reorganization during the excitation.

The Stokes shift is the difference amongst the positions of

the 4, and 4., band maxima of similar electronic shifts. It is

9 shown in Table 2 that all the devised molecules show a smaller

500 ° ° 9 ? Stokes shift as compared to the parent molecules except DTC-

? DPS-CH,. The introduction of the linker (both conjugated

B and nonconjugated) was advantageous to decrease the Stokes

7z 4504 Q 9 9 shift and enhance PLQY. The Stokes-shift values were reduced

< more when inserting a conjugated linker compared with

il HAAA

I 1
4 # 4 Ay, Ay Ay, Ay, Ar A
%, %, Y, OO, I % o O i U Yo U Vi U e Y e c%’o%
%, 21, 0, e Y A Y, Y U %, % %
Ly My Yy g, e e s T Ty % Sa, Sa S
B LT G, Oy, e e e
% % G, %, @ % @ o
v % %, %
% %

Figure 3. Emission wavelength (4,,) of studied molecules under
toluene solvent using the PCM model. Black, blue, and red colors
represent parent molecules, designed molecules showing a blue-shift,
and designed molecules showing a red-shift, respectively.

87—100%. All the designed molecules undoubtedly exhibit
broad and featureless 4., spectra, demonstrating that their S;
excited states are characterized as !CT states, which is further
validated by the frontier molecular orbital (FMO) spatial
separation and electron—hole distribution.”' >* The delayed
fluorescent emission bands of the designed molecules are
assigned to 7% — 7 electronic shifts, arising from the S; — S,
transition."* Comparing the calculated A,,, of the parent and
designed molecules, it can be decided that almost all the
designed molecules favor a blue-shift except for the molecules

nonconjugated. The larger Stokes shift ascribes to large
geometry distortion from the S, — S, state of the studied
molecules. PN-CZ possesses the largest Stokes shift implying
that it undergoes a substantial structural reorganization in the
excited state owing to 7-conjugation length and ICT from the
CZ donor to the PN acceptor unit.*">>

3.3. FMO Analysis. It is a renowned verity that the frontier
molecular orbitals (HOMO and LUMO) provide useful pieces
of information regarding the TADF characteristics. We have
portrayed the HOMO—-LUMO spatial distribution of all the
studied molecules at S state in Figures 4 and S1. It is obvious
that in the case of the parent molecules, the HOMOs are
mainly dispersed on the D fragments and partially on the A
moiety while the LUMOs are predominantly localized on the
A and slightly on the D moieties. Inserting a linker between the
D and A fragments enlarges the D—A separation distance
leading to a smaller p value showing a clear separation between
them as compared to the parent molecule resulting in a smaller
AEg value. As portrayed in Figures 4 and S1, for the
compounds containing conjugated linkers, the major donation
of HOMO comes from the D fragments and a slight donation
from the central phenyl linker. Also, the LUMO distributions
principally confine to the A moiety and partly extend to the
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Figure 4. HOMO—LUMO spatial distribution calculated using B3LYP/6-31g(d) at S state. The isosurface value for FMOs is 0.02.

central phenyl ring. Alternatively, the nonconjugated linker
constrains the delocalization of the -electronic cloud and
displays a greater separation of HOMOs and LUMOs,
confining them largely on D and A parts, respectively, because
of the relatively smaller p value and hence is more effective
than that of the conjugated linker resulting in a more
pronounced reduction in the AEg; value.'”*"**

We have also analyzed the density of states (DOS) spectrum
to reinforce the effect of HOMO—-LUMO separations as
shown in Figure S2. The DOS spectrum clearly shows that the
HOMOs are chiefly located on the D moiety, while the
LUMO:s reside on the A fragment. This indicates the effective
separation between D and A moieties, reflecting the character-
istics of potential TADF."***° Moreover, we have calculated
the overlap value of the electron densities of HOMOs and
LUMOs between different D and A fragments using the
PyMOlyze software as shown in Table S4 and portrayed in
Figure S3. The overlap values lie in the range of 0.003 —
0.044. This small overlap value indicates that the transitions
from HOMO to LUMO have a small electron exchange energy
and a strong CT character, thus leading to a fairly small AEgy
to engender TADF. Table S4 also indicates that these overlap
values are reduced by inserting a spacer between D and A
fragments. In addition, there is no overlap between D
fragments meaning that D fragments are clearly separated
from each other.”**®°° The percentage of electronic
distribution of HOMOs and LUMOs on different D and A
fragments has also been calculated via Mulliken Population
Analysis (MPA) and Modified Mulliken Population Analysis
also called C-Squared Population Analysis (SCPA) using the
PyMOlyze software as shown in Tables SS and S6, respectively.
These values show that by inserting a linker between D and A
fragments, the LUMO distribution of A fragments is increased
with a corresponding decrease in the LUMO distribution of
the D part and vice versa.””**~*’

3.4. Natural Population Analysis (NPA) and the AEg;.
The NPA method is used to compute atomic charges as well as
orbital populations of molecular wave functions. The NPA is
an alternate method to the traditional MPA and is based on
natural atomic orbitals (NAOs) for a certain molecule in any
arbitrary atomic orbital. It demonstrates the upgraded
numerical stability and explains the electronic dispersal in
molecules of high ionic characters in a superior way.” "> >

Using the NPA method, we have computed the atomic charges
of the studied molecules in the S, and S, states to comprehend
the relationship between the AEg; and the NPA charge
difference between the ground state and excited state (AQ =
Qso — Qs;) as shown in Table S7 and displayed in Figure 5. It
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Figure S. AEg values as a function of NPA charge difference (AQ =
Qso — Qs;) on the acceptor fragment.

is obvious that for the Sy and S, states of all the investigated
molecules, the A fragments hold a positive charge while the D
moieties have a negative charge. However, the AQ values of
the A fragments are negative, indicating that the A fragments
accept electrons in the shift from S; to S;. Contrarily, the AQ
value is positive for the D fragments (D1/D2), indicating that
the D fragments donated electrons in this transition process.
The AEgy values alter with the AQ values on the D and A
fragments and diminish with increased AQ value on the A
fragment. It is shown that the introduction of the linker
between the D and A fragments leads to a reduction in AEgy
value due to increased AQ value on the A fragment, which is
further reduced by the nonconjugated linker compared with
conjugated. Although the conjugated derivatives of ATP-
DMAC, ATP-PXZ, and DBPHZ-PXZ have higher AQ values
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Figure 6. Hole and electron distributions in the first singlet excited and selected triplet states ('CT and *CT) for the investigated molecules. Blue
and green iso-surfaces represent hole and electron distributions, respectively.

on the A fragment compared with the parent molecules but
talking about their nonconjugated derivatives, the ATP-
DMAC-CH, has the same value of AQ on the A fragment
as the parent molecule, the ATP-PXZ-CH, has a lower AQ
value than the conjugated part but higher than the parent
molecule and DBPHZ-PXZ-CH, has a lower value of AQ
value even than the parent molecule.

3.5. Electron Excitation Analysis (Transition Charac-
teristics). We have investigated the electron—hole distribu-
tions of the first singlet (S;) excited state and selected triplet
excited states using the Multiwfn program to figure out the
excitation properties (transition character) of the electrons at
various excited states as shown in Figures 6 and S4. The
calculated results show that the S, states of all the investigated
molecules and triplet excited states of the majority of the
molecules are CT in nature due to the distributions of hole and
electron at D and A parts of the compounds, respectively. The
singlet and triplet state geometries for almost all of the
compounds are similar to each other showing an easy
upconversion process from the T, state to the S, state except
for BTPA-DPS-CH,-T, and DTC-DPS-CH,-T, whose triplet
states are different from the singlet ones,***720

3.6. Exciton Binding Energy (E,). In order to
comprehend the optoelectronic properties of OLEDs, the
exciton binding energy (E,) is an additional important
parameter. It is an essential element of the electroluminescence
quantum efficiency of OLEDs*>°" which can be determined by
the following equation:

E, = AE,_y — Eg, (6)

From eq 6, it was perceived that E, depends on the electrical
band gap or transport gap which corresponds to the HOMO—
LUMO energy difference, and the optical band gap which
corresponds to the fluorescence energy (Eg,). E, measures the
Coulomb interactions between a hole and an electron and
helps us to understand the attraction—repulsion interactions
between them. An exciton maybe demonstrated as a two-
particle system: when an electron is raised into the LUMO, it
leaves behind the hole in the HOMO.*>*>® Usually, a larger
E, is necessary for OLED materials to enhance the possibility
of recombination of electron—hole pair. If E, > kg (thermal
energy, i.e, the average energy of the molecule at room

temperature 225—27 meV), the bound excitons are stable.
Contrarily, if kgp > E,, the excitons are unstable, they can
decay into charged polaron pairs.’*>** It is obvious from
Figure 7 and Table S8 that all the investigated molecules have
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Figure 7. Exciton binding energy (E,) of all the investigated
molecules.

large Ey (B, > kgy) permitting the photoemission at room
temperature. Furthermore, the molecules containing non-
conjugated linkers have larger E, values than that of conjugated
linkers except for ATP-DMAC-CH, and DTC-DPS-CH,
which have higher E, values. It indicates the easier formation
of the exciton in the OLEDs and hence higher fluorescent
quantum efficiency.

3.7. Charge Injection and Transport Analysis. The
charge injection and transport characteristics of the OLED
device may have an impact on its performance. We have
calculated the vertical and adiabatic ionization potentials (IP,
and IP,), vertical and adiabatic electronic affinities (EA, and
EA,), the hole extraction potential (HEP), and the electron
extraction potential (EEP) using the potential energy surface
(PES) method in order to determine the charge injection and
transport features as listed in Table S9. The ionization
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Figure 8. Ionization potentials (IP,) and electronic affinities (EA,) values for all the investigated molecules.

potentials and electronic affinities are exploited to evaluate the
energy barrier for the hole/electron injection capabilities of
molecules. Generally, the lower IP and the higher EA imply the
easier injection of electrons/holes from the electron/hole
transport host material to the emitter.”**>% Figure 8 clearly
shows that the designed compounds containing conjugated
linkers have lower IP, values and higher EA, values than that of
the parent compounds indicating the superior hole and
electron injection capacity of the materials, respectively. The
conjugated linker increases the HOMO energy level, hence
favoring the easy ejection of electrons. However, in the case of
the designed compounds containing nonconjugated linkers,
ATP-DMAC-2CH,, ATP-PXZ-2CH,, and DBPHZ-PXZ-CH,
have shown the opposite trend of both IP and EA compared to
the conjugated linkers. Likewise, DBPHZ-MeODP-CH, and
DPA-DPS-CH, also have higher IP values and PN-CZ-CH,
and DTC-DPS-CH, have lower EA values compared to the
parent molecules showing the reverse trend.

There are two utmost models available theoretically for the
transference of charge carriers in organic molecules: hopping
and band-like. Likewise, there are two most widely applied
charge transfer rate theories called Fermi’s golden rule (FGR)
and the Marcus theory.”>®” The intermolecular transport of
hole and electron is symbolized by the following equation:

()

where M*/~ represents the species in the cationic/anionic
state, and M* is the adjacent neutral species. As stated by the
Marcus/Hush theory, in the high temperature as well as
stronger coupling limits, the hole/electron transfer rate (k) can
be evaluated by the following formula:

MY+ M*=M + M*/ -

k = Ae~H/4kT

(8)

where “A” is a prefactor that affects the electronic coupling of
nearby molecules, k, is the Boltzmann constant, T is the
temperature, and A is the reorganization energy associated with
geometric relaxation escorting charge transfer. The A is one of
the two important elements that affect the charge transfer rate

with the other being intermolecular charge transfer integral
(V). The 4 is a significant element that governs the efficiency
of OLED materials and links the electronic structures and the
charge transport properties. The internal hole/electron
reorganization energies using the potential energy surface
(PES) method (the other being the normal mode method) can

be expressed by the following equations:“’(’g_72

My = A+ A= [E*(M) - E'M'] + [E(MY) - EM]

= IR, — HEP ©9)

Ae=A_+24y=[E(M)—EM]+[EM) — EM]

= EEP — EAy (10)

where E(M™) and E(M*) are the energies of neutral species at
the optimized charged state, and E*(M~) and E*(M") are the
energies of charged molecules at the optimized charged state.

According to the Marcus theory, a smaller reorganization
energy value (both 4, and 4,) is required for an effective charge
transfer. It can be perceived from Figure S5 and Table S9 that
the calculated A, values for the majority of the designed
molecules are smaller than the parent compounds but are
larger than the classical electron transport material tri(8-
hydroxyquinolinato) aluminum(III) (0.28 €V). In contrast, the
calculated A, values for all the studied molecules are lower than
the typical hole transport material N,N’-diphenyl-N,N-bis(3-
methyl-phenyl)-(1,10-biphenyl)-4,4’-diamine (TPD, 0.29
eV).”"”> Compared to the molecules containing nonconju-
gated linker, most of the conjugated linker-containing
molecules exhibits lower reorganization energies (both A4,
and A,). However, the A, of designed molecules containing a
nonconjugated linker is larger than that of the parent
molecules but still less than the typical hole transport material.
We can also observe that 4 is found to be lower compared
with 4., demonstrating that the hole transport capacity of these
designed materials is superior to electron transporting ability.
Moreover, an efficient emitting material requires lower AE
values (AE = A, — 4, is the modulus of the energy difference

15645 https://doi.org/10.1021/acsomega.3c01098
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between the electrons and holes).*> As it is obvious from
Figure 9 that the insertion of the linker (conjugated or
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Figure 9. Reorganization energy difference between holes and
electrons (4, and 4,) for all the investigated molecules.

nonconjugated) between the D and A moiety has resulted in a
reduction in the AE values compared to the parent compounds
except ATP-PXZ-2CH,.

4. CONCLUSIONS

In short, we have proposed a unique molecular design concept
(D—L—A-L-D) for TADF emitters by inserting a linker (o or
7-spacer) between electron-donating and electron-accepting
moieties. Decreasing AEg; without increasing the HOMO—
LUMO overlap is a key factor in the realization of proficient
TADF emitters. Herein, we have achieved this goal by
inserting a linker between D and A which enlarges the
effective separation distance (R) between D and A to realize
large radiative efficiency and small AEg; simultaneously. The
nonconjugated spacer was realized to be more effective in
lowering the AEgy value compared to the conjugated one since
it blocks the electronic communication between the HOMO—
LUMO more efficiently than the conjugated linker. The
photophysical spectra revealed that all the designed molecules
exhibit broad and featureless /., spectra displaying blue-shift.
The introduction of the linker has finely tuned the 4., color
from violet-blue to green-yellow (376—566 nm) with
reasonable LUMO to HOMO transition (87—100%) depend-
ing upon electron-donating and electron-accepting strength of
D and A moieties. The results of the NPA method showed that
the introduction of the linker between D and A units decreases
the AEgr value, and these outcomes are consistent with the
aforementioned results. The electron excitation analysis
confirmed the CT nature of the singlet and triplet excited
states. Similar geometries at S; and T, for almost all the
compounds showed an easy upconversion from T, to the §;
state. All the investigated molecules have large exciton binding
energy (E, > kgr) permitting photoemission even at room
temperature. The IP and EA data showed that the conjugated
linker was more effective compared with the nonconjugated
linker in lowering IP values and enhancing the EA values
indicating their superior hole/electron injection capacity. From
the reorganization energy values, we observed that compared

to the molecules containing nonconjugated linkers, most of the
conjugated linker-containing molecules exhibit lower reorgan-
ization energies (both 4, and A.). The AE values of almost all
designed molecules are also lower compared to the parent
molecules. Furthermore, the A, values of all the studied
molecules are less than the typical hole transport material and
also lower compared with 4., demonstrating that our designed
molecules are better hole transport materials. All these results
show that the D—L—A—L—D-type design strategy could be
another effectual choice for realizing efficient TADF emitters
in the future. Hence, we believe that the incorporation of the
linker between D and A moiety is a propitious strategy for the
construction of incredibly effective TADF-OLEDs and a new
perspective on their structural design.
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