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Abstract: Luminophores featuring thermally activated delayed fluorescence (TADF) are the workhorses
of the third- and fourth-generation OLEDs. While these compounds have usually been used as dopants
embedded in the host, non-doped TADF OLEDs have recently shown significant progress as well and
have attained performances comparable to those of the host-dopant systems. For efficient operation
of non-doped OLEDs, the charge transport in neat films and single crystals of TADF luminophores is
important; however, this issue was nearly unexplored theoretically. In the current study, we calculated
the charge-carrier mobilities in four single crystals of TADF luminophores that have different molecular
packing motifs. Specifically, in one of them both the donor and acceptor moieties form uniform 7-stacks,
while in the others the donors (acceptors) show alternating lateral shifts along the stacks; the difference
in the molecular packing resulted in the difference in the transfer integrals between the molecules. The
reorganization energies differed as well by up to four times for the studied crystals. As a result, the
charge mobilities varied from 0.001 to ~0.3 cm?/(V-s), with the largest being predicted for the crystal of
the luminophore that consisted of a rigid donor and acceptor. We anticipate that the results obtained
will be useful in the design of TADF luminophores for non-doped OLEDs, OLETs, and other organic
light-emitting devices.

Keywords: OLED; charge mobility; DFT; hopping transport; transfer integrals; reorganization energy

1. Introduction

Organic light-emitting diodes (OLEDs) are leaders in commercialization among or-
ganic electronic devices. Their wide application in displays and lighting panels is based
on their high luminance and contrast, flexibility, true black color, relatively inexpensive
production, small weight (no metal and no quartz substrate), and size [1-4]. The first gen-
eration of OLEDs utilized fluorophores and had a small external quantum efficiency (EQE)
because 75% of the electrically generated excitons were lost in non-emissive triplet states.
On the contrary, second-generation OLEDs exploited phosphorescent luminophores in
which triplet excitons were harvested, but these devices suffered from poor color purity and
smaller luminance. Finally, third- and fourth-generation OLEDs are based on luminophores
that exhibit thermally activated delayed fluorescence (TADF). In these compounds, the
lowest triplet states are close in energy to the lowest singlet excited states. This allows
thermal fluctuations to perform reverse intersystem crossing to repopulate the singlet state
from the triplet one and enable delayed fluorescence [5].

TADF luminophores typically consist of donor and acceptor moieties [5]. Accordingly,
the frontier molecular orbitals of these luminophores are separated: the highest occupied
molecular orbital (HOMO) is located mainly on the donor moiety (or moieties), while the
lowest unoccupied molecular orbital (LUMO) is located mainly on the acceptor moiety
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(or moieties). Moreover, the donor and acceptor moieties are usually orthogonal due to
steric hindrance that prevents their coplanar orientation. All this weakens the overlapping
between the HOMO and LUMO and hence decreases the energy difference between the
lowest excited singlet and lowest triplet states, which is necessary for efficient TADFE.
Although TADF luminophores have highly non-planar and asymmetrical structures, they
frequently form single crystals; molecular packing for several of them was recently reported
(see, e.g., Refs. [6-10]). However, a detailed analysis of the crystal structures and the
intermolecular interaction in them is lacking.

Usually, TADF luminophores are used as dopants that are embedded in the amorphous
organic semiconducting host. However, non-doped TADF OLEDs in which pristine films
of TADF luminophores serve as light-emitting layers recently gained attention due to
their ease of manufacturing and better operational stability and reproducibility [5,11].
Remarkably, the reported EQE values for the non-doped TADF OLEDs were lower but
already comparable to those of the conventional (host-dopant) ones [5,11-13]. In non-
doped OLEDs, the luminophore film needs to maintain the transport of holes and electrons,
which is in contrast to the conventional OLEDs where this function is delivered to the
host. The experimental charge-carrier (electron and/or hole) mobilities in thin films of
TADF luminophores were reported in several studies. Generally, these values were in the
range of 1078-10~* cm?/(V-s) [14-17], which is a characteristic order for polycrystalline or
amorphous films of organic semiconductors [18]. However, the intrinsic (i.e., in the case
of the absence of defects and contact issues) charge mobility for single crystals of these
luminophores could be much larger and reach that observed for standard single-crystalline
organic semiconductors (far above 1 cm?/(V-s)) [18,19], including those used as active
layers in organic light-emitting transistors (OLETs or LEFETs) [20,21]. This anticipation was
corroborated by the fact that OFET measurements for some host-dopant blends of TADF
luminophores showed charge mobilities of up to ~0.2 cm?/(V-s) [22] and 0.8 cm? /(V-s) [23].
Hence, the search for TADF luminophores with efficient charge transport is important for
the improvement of non-doped TADF OLEDs.

Since the reliable estimation of the intrinsic charge mobility is a very delicate and time-
consuming task [24], the theoretical prediction of electron and hole mobilities is important
for the design of luminophores for non-doped OLEDs. It is natural to start such investiga-
tion from the crystal structures obtained from X-ray data because the latter can shed light
on the molecular packing that is typical for the compounds studied. However, theoretical
studies of the charge transport in crystals or amorphous films of TADF luminophores are
extremely rare: we are aware of only one such investigation [14]. Thus, a comparative
theoretical study of the charge transport in various TADF crystals is important to reveal
the structure—property relationships and formulate guidelines for the design of TADF
luminophores for non-doped OLED:s.

In this work, we compared the crystal structures of four TADF luminophores: oTE-
DRZ, CPPD, PXZ-XO, and TRZ-c-BPXZ, the X-ray data for which were reported earlier. The
Hirshfeld analysis and energy-framework approaches were applied to unveil the differences
in the crystal packing. In the first crystal, columnar packing of the molecules was observed
in which the donor and acceptor moieties formed segregated 7-stacks, which provided
overlap of the HOMOs (LUMOs). In the three remaining crystals, the donor and acceptor
moieties were also segregated, but their packing in the stacks was non-homogeneous:
they formed tightly interacting dimers that interacted weakly with their neighbors. We
calculated the transfer integrals and reorganization energies for the compounds studied and
then estimated the hole and electron mobilities therein within the hopping model, which
is frequently used to estimate the charge mobility in organic semiconductors [25-27]. The
relationship between the charge mobilities and molecular/crystal structure was discussed,
which could facilitate the rational design of TADF luminophores for non-doped OLEDs
and other light-emitting organic devices.
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2. Methods
2.1. Crystal Structure Analysis

The Hirshfeld surface analysis and energy-framework calculations were performed
in CrystalExplorer software (version 21.5) [28] at the B3LYP-D2/6-31g(d,p) level. Note
that according to Ref. [29], using the D2 dispersion correction scheme in CrystalExplorer
is preferable to using D3. For the energy-framework calculations, a molecular shell with
a 3.8 A radius was generated around a central molecule, and the interaction energies
(electrostatic, dispersion, and total) between the molecular pairs were calculated. The
scale factors for the benchmarked energies used for the construction of the energy models
were taken from Ref. [30]. The crystal structures were obtained from the CCDC database:
1905959 [6], 1922220 [7], and 2043193 [9] for oTE-DRZ, CPPD, and TRZ-c-BPXZ, respectively.
The crystal data for PXZ-XO were obtained from Ref. [8]. No further geometry optimization
was performed.

2.2. Charge Mobility

To estimate the charge mobility within the hopping model, the charge transfer rates
from a given molecule A to each of its nearest neighbors (e.g., molecule B) were calculated
using the Marcus formula [31]:

27 1 (AE — A)?
kap = —Jap* ——=eXp| — 1
AB = —-JaB TokT P( SV ) M

where | is the transfer integral describing the electronic interaction between the two
molecules, A is the reorganization energy describing the strength of the electron—phonon
coupling, i is the reduced Planck constant, k is the Boltzmann constant, T is the absolute
temperature, and AE is the electron energy difference between the initial and final sites
(AE = 0 if the molecules are similar). The protocol for the | and A calculation is described
below. In the case of molecular “dimerization” along some direction, when the molecule
A formed a tightly interacting dimer with a molecule B that possessed a large J4p but the
latter molecule interacted weakly with the next molecule C in this direction via a small
Jpc, we described the effective transfer rate along this direction as kac = %. This
expression stemmed from the fact that the transition time from A to C (tac = 1/kac) was
composed of t4p = 1/kap and tpc = 1/kpc. Finally, the charge mobility was calculated using
the Einstein-Smoluchowski relation:
D

o = 7 = ger Lkip @
where D is the charge carrier (polaron) diffusion coefficient, #; is the distance between the
adjacent molecules along the i-th transport direction (dimers in the case of dimerization),
and p; = ﬁ is the probability of the charge carrier to move in this direction.

As follows from Equation (1), the main parameters of the hopping model are transfer
integrals (/) and reorganization energies (A). The former were calculated using home-
written code based on the dimer projection method (DIPRO) [32-34]. To estimate this
quantity for a pair (dimer) of molecules (monomers) A and B, the wavefunctions of these
molecules were approximated by their HOMOs (for hole transport) or LUMO:s (for electron
transport) of ¢4 and ¢p, respectively. The latter were written on the basis of the dimer
molecular orbitals ¢;:

Jap = (PalH|ps) = Y} (¢ali) (il H|9;) (¢5|pp) ~ ) (Palpi)Ei(9ilps)  (B)
L]

i

where E; are the energy levels of ¢;. Specifically, following Ref. [32], the matrices of the
molecular orbital coefficients for the two monomers in the atomic basis set (C4 and Cg)
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were joined in the matrix that described two non-interacting monomers: Cj,. = < OA c > .
B

To project the molecular orbitals of the dimer (described by the matrix of the coefficients
in the atomic basis set (Cgy,,) onto those of the two non-interacting monomers and obtain
the orbitals of the dimer in the monomer (localized) basis set, the following matrix was
calculated: Cfgfm = C},.Caym, where the superscript t denotes the transposition. Then,
the Fock matrix was rewritten in the localized basis set using the energies of the dimer
molecular orbitals ¢; (written in diagonal matrix form): F foc — Céoy%tsiCé“y%. The transfer
integrals were finally obtained from the off-diagonal elements of this matrix: for instance,
that between the HOMO on molecule A and the HOMO on molecule B equaled Fl-llof N
where 7 is the number of the occupied molecular orbitals in the monomer, and N is the total
number of monomer molecular orbitals.

The reorganization energies (A) were approximated by their inner part, which is
typically considered much larger than the outer part for organic semiconductors [35]. The A
values were calculated according to the 4-point scheme [35]. In this approach, the energies
of the molecule in 4 states are required: the neutral state in its optimized geometry (N
state), the neutral state in the optimized geometry of the charged state (N'), the charged
state in its optimized geometry (C), and the charged state in the geometry of the neutral
state (C"). The energy difference between the former two states—A; = E}; — Ey—describes
the energy relaxation of the molecule that have lost the charge carrier, while the energy
difference between the latter two states—A, = EX — Ec—describes the energy relaxation of
the molecule that have accepted the charge. The total reorganization energy is:

A=A +A2=(E?\]—EN)+(Eé—Ec) (4)

The DFT calculations were performed using the B3LYP functional and 6-31g(d) basis
set for obtaining the HOMO/LUMO patterns, electrostatic potential distribution, and |
estimation; and by using either the BHandHLYP (for oTE-DRZ) or CAM-B3LYP functional
(for other compounds) and the same 6-31g(d) basis set for the A computation. The GAMESS
package [36,37] was used to calculate ] and A for the isolated molecules, including the
ONIOM [38] calculations for A in crystals. For the ONIOM calculations, a full optimization
was performed, and molecules of the molecular shell were calculated using a two-level
QM/QM2 approach. The high-level (DFT) method was used for the researched molecule (in
our case, the central molecule) and the low-level (HF-3C [39]) method for its environment.
The data were visualized using the Chemcraft [40] and JMol [41] packages.

3. Results and Discussion
3.1. Molecular Properties

The molecular structures, HOMO and LUMO patterns, and electrostatic potential (ESP)
distribution for the molecules that constituted the crystals studied are shown in Figure 1. All
of the molecules were asymmetric and non-planar. As expected, the HOMOs were located
on the donor moieties: 2-(dibenzo-[b,d]thiophen-4-yl) (0TE) in oTE-DRZ; phenothiazine-
5,5-dioxide (PTZDO) in CPPD; phenoxazine (PXZ) in PXZ-XO; and benzo[a]phenoxazine
(BPXZ) in TRZ-BPXZ. The LUMOs were located on acceptor moieties: 4,6-diphenyl-1,3,5-
triazine (DRZ) in oTE-DRZ (with partial penetration on oTE); benzophenone (BP) in CPPD;
9H-xanthen-9-one (XO) in PXZ-XO; and 12-(4-(4,6-diphenyl-1,3,5-triazin-2-yl)phenyl) (TRZ)
in TRZ-BPXZ. The overlapping of the HOMO and LUMO was small, which is a prerequisite
for TADE. The ESP distribution was non-uniform due to the presence of electronegative
atoms (nitrogen and oxygen) in the molecular structure and asymmetric within both the
donor and acceptor moieties.
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OTE-DRZ (Crystal 1) CPPD (Crystal 2) PXZ-XO (Crystal 3)  TRZ-c-BPXZ (Crystal 4)

Molecular %l\x
structure

LUMO

ESP

Figure 1. Molecular structures, HOMO and LUMO patterns, and ESP distributions for the compounds
studied.

3.2. Crystal Properties

Figure 2 shows the Hirshfeld surfaces mapped with curvedness for the crystals of
studied compounds; the Hirshfeld surfaces mapped with ESP are shown in Figure S1 of
the Supplementary Materials. We used the curvedness maps to analyze the crystal packing
and identify the planar m-stacking arrangements via the relatively large green (i.e., flat)
regions [42]. Two of the four studied compounds (0TE-DRZ and PXZ-CMO) crystallized in
the triclinic system with the P1 space group while the other two (CPPD and TRZ-c-BPXZ)
crystallized in the monoclinic system with the P2; /n space group; however, they did not
demonstrate similar packing. The oTE-DRZ compound tended to form one-dimensional
stacks (this can be clearly seen in the energy framework given in Figure S3a); the curvedness
map in Figure 2a shows one extended green region per each side of the Hirshfeld surface,
which indicated that it was a 7-stack. It is important to mention that the 7t---7r contact area
between the adjacent molecules extended to both the donor and acceptor moieties. The
second compound (CPPD) also tended to form one-dimensional stacks (Figure S3b), but
since the 7---7r contact was centered around the twisted benzophenone acceptor part, it
was very limited (small flat green region in the center of the molecule in Figure 2b). The
relatively large green region on the donor part showed how the molecules from adjacent
stacks formed a dimer with a 7r---7t contact. Figure 2¢ shows how the compound PXZ-XO
formed dimers with -7t contacts independently through the donor part and through the
acceptor part: only one side of each Hirshfeld surface of the donor/acceptor moiety has a
large green region in the figure. A similar dimerization with 7t---7t contacts was observed
for the fourth compound (TRZ-BPXZ; Figure 2d): separately for the BPXZ part and for the
TRZ part. Yet for both the PXZ-XO and TRZ-BPXZ compounds, some minor green regions
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were identified, which indicated modest 7t---7t contacts with other adjacent molecules. A
full list of the intermolecular contacts is shown in Figure S2 of Supplementary Materials.

Front Back

+0.4

—4.0

Figure 2. Hirshfeld surfaces (front and back of the molecules) mapped with curvedness [28] for
crystalline oTE-DRZ (a), CPPD (b), PXZ-XO (c), and TRZ-c-BPXZ (d). The blue color depicts edges
(large curvature), the green color depicts relatively flat areas (curvature near unity), and the yellow
and red colors depict super flat areas (curvature tended to zero). The labels depict the areas at the
surface associated with important contacts for hole (“h”) and electron (“e”) transport.
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3.3. Charge Transport
3.3.1. Transfer Integrals

oTE-DRZ (Crystal 1). The transfer integrals along various directions for all of the
crystals studied are listed in Table 1. For oTE-DRZ, they are illustrated in Figure 3a,b.
As mentioned above, this crystal differs from the others because it has a direction in
which both donor and acceptor moieties form 7-stacks. As follows from Figure 3a, large
hole transfer integrals exceeding 80 meV were observed in this crystal; they formed a
continuous charge transport path. Figure 3c illustrates that the abovementioned integrals
corresponded to the 7-stacking contacts of the molecules because the Hirshfeld surface
for them is flat; these contacts also reveal themselves in Figure 2a (areas h1l and h2). The
electron transfer integrals were much lower; the largest was 15 meV. As follows from
Figure 3d, these integrals were observed for edge-to-edge molecular contacts (area el in
Figure 2a). Surprisingly, the electron transfer integrals were negligible along the 7-stack (i.e.,
for contacts associated with the green flat area (e2) in Figure 2a) despite the considerable
overlap of the LUMO wavefunctions from the parallel and closely located triazine moieties
(Figure S5b). This could be tentatively assigned to the phase mismatch between the two
LUMOs in such 7-stacking dimers (see Figure S6). Noteworthily, the LUMO+1 orbitals of
the monomers showed J; ymo+1~110 meV for this dimer; the orbital of the dimer composed
by the LUMO+1 orbitals of monomers (i.e., LUMO+2) was ~60 meV above its LUMO, and
its population was just ~11 times lower than that of the latter. Thus, this orbital could
participate in electron transport and increase the charge mobility by about two times.

b)

Figure 3. Charge transfer integrals for hole (a) and electron (b) transport in oTE-DRZ crystal.
(c,d) Intermolecular contacts that enable these transfer integrals; the left and right pictures correspond
to the different sides of the central molecule. The Hirshfeld surface for the central molecule was
mapped with curvedness. The coloring scale is depicted in Figure 2.

CPPD (Crystal 2). Transfer integrals for the CPPD crystal are shown in Figure 4a,b.
Here, the donor moieties formed pairs with large hole transfer integrals (J;, ~ 150 meV), but
these dimers were weakly electronically coupled to the donor moieties of the neighboring
molecules (all other [, < 5 meV) so that the continuous path of considerable J;, was not
formed within the crystal. A large ], was observed for the t-stacking contacts, which reveal
themselves as flat green areas in Figure 4c (contact with the molecule colored in blue) and
Figure 2b (area h1), in which the donor moieties lie one above another in an antiparallel
manner with small lateral shifts. The acceptor moieties also formed tightly bound pairs
with Je = 94 meV, and these dimers were coupled to the neighboring ones by a moderate Je
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=26 meV, so a reasonable electron mobility could be expected for this crystal. Due to the
twisted character of the BP acceptor moieties, their stacking was less pronounced (see areas

el and e2 in Figures 2b and 4d).

Table 1. Hole (J,,) and electron (J¢) transfer integrals for the crystals studied.

Dimer # Jh, meV Je, meV
oTE-DRZ (Crystal 1)
1 111 0
2 82 0
3 0 15
4 0 15
5 6 1
6 3 7
7 11 1
8 10 0
CPPD (Crystal 2)
1 3 0
2 3 0
3 0 94
4 149 0
5 1 26
6 4 0
PXZ-XO (Crystal 3)
1 23 0
2 5 0
3 3 16
4 47 1
5 0 35
6 1 54
TRZ-c-BPXZ (Crystal 4)
1 6 2
2 6 2
3 0 12
4 0 172
5 3 1

PXZ-XO (Crystal 3). Figure 5a,b show the transfer integrals for PXZ-XO. There were
alternating transfer integrals of 47 and 23 meV for holes and 54 and 35 meV for electrons
along the directions with the largest charge mobility. In both cases, a larger | corresponded
to the face-to-face m-stacking contact with a smaller lateral shift (Figure 5c,d; areas hl and
el in Figure 2c). Noteworthily, the | value for the face-to-face dimer was in line with that
calculated in Ref. [15] for a structurally close acridine-xanthone compound. A lower |
corresponded to the face-to-face packing with a large lateral shift and hence a weaker orbital
overlap; accordingly, the green flat areas at the Hirshfeld surface associated with these
contacts as shown in Figures 2¢ and 5¢,d (areas h2 and e2) were smaller. The alternation
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in ] was lesser than in Crystal 2, and the continuous paths of both the hole and electron
transfer integrals enabled reasonable charge mobilities as shown below.

Figure 4. Charge transfer integrals for hole (a) and electron (b) transport in CPPD crystal. (¢,d) Inter-
molecular contacts that enable these transfer integrals. The Hirshfeld surface for the central molecule
was mapped with curvedness. The coloring corresponds to Figure 2.

Figure 5. Charge transfer integrals for hole (a) and electron (b) transport in PXZ-XO crystal. (c,d) In-
termolecular contacts that enable these transfer integrals; the left picture corresponds to the contact that
provided a larger ], while the right picture corresponds to the contact that provided a smaller ]. The Hirshfeld
surface for the central molecule was mapped with curvedness. The coloring corresponds to Figure 2.
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TRZ-c-BPXZ (Crystal 4). The transfer integrals for TRZ-BPXZ are shown in Figure 6a,b.
As shown in the figure, the hole transfer integrals were very small and did not exceed 10 meV.
Curiously, they were small despite the face-to-face packing of the donor moieties (revealed by
the large flat green areas in Figure 6¢, left; and Figure 2d, area h2) with a large orbital overlap
in one of the dimers; we attribute this to the phase mismatch of the overlapping HOMOs. As
for the electrons, a considerable J. was observed for the two m-stacking contacts of the acceptor
(TRZ) moieties (see areas el and €2 in Figures 2d and 6d). There was a strong alternation
in the J. along the stack of the TRZ moieties: one J. was extremely large and amounted to
172 meV, while the other was just 12 meV. This difference was associated with much smaller
lateral shifts and hence a larger orbital overlap in the former case (the more extended contact
in Figure 6d, left; and the larger flat area el in Figure 2d).

Figure 6. Charge transfer integrals for hole (a) and electron (b) transport in TRZ-c-BPXZ crystal.
(c,d) Intermolecular contacts that enable these transfer integrals; the left picture corresponds to the
contact that provided a larger ], while the right picture corresponds to the contact that provided a
smaller J. The Hirshfeld surface for the central molecule was mapped with curvedness. The coloring
corresponds to Figure 2.

3.3.2. Reorganization Energies

The reorganization energies for the compounds studied are presented in Table 2.
For oTE-DRZ, they amounted to 990 and 440 meV for the hole and electron transport,
respectively. A huge reorganization energy for the hole transfer (cf. ~100 meV for high-
mobility organic semiconductors such as pentacene and rubrene [43]) could be ascribed
to the softness of a donor moiety that bears two sulfur atoms in the central six-member
ring, which was in line with a large A for TTF derivatives [44,45]. A smaller (but also large)
electron reorganization energy could be explained by the higher rigidity and larger size (i.e.,
a better charge delocalization) of the acceptor moiety. For CPPD, the hole reorganization
energy was much lower and amounted 220 meV, which could be ascribed to the relatively
rigid annulated structure of its donor. In contrast, the electron reorganization energy was
very large, presumably due to the small size and softness of the acceptor (BP) moiety. For
PXZ-XO, both the hole and electron reorganization energies were moderate due to the
annulated nature of the donor and acceptor and were comparable to anthracene (~250 meV),
which has similar size. For TRZ-c-BPXZ, the hole reorganization energy was moderate,
which could be also ascribed to the annulated structure of the BPXZ moiety. However,
the electron reorganization energy was very large and was tentatively assigned to the
considerable geometry changes at the bridge between the acceptor and donor moieties and
the triazine ring.



Crystals 2023, 13, 55

11 of 15

Table 2. Reorganization energies for hole and electron transfer in the crystals studied (in meV).

Compound Hole Reorganization Energy  Electron Electron Energy
OTE-DRZ (Crystal 1) 990 (540 2) 440 (150 %)

CPPD (Crystal 2) 220 660

PXZ-XO (Crystal 3) 227 255

TRZ-c-BPXZ (Crystal 4) 323 604

2 Calculated using DFT/HF-3C method.

It is worth noting that the calculated values were upper-bound estimates for reorga-
nization energies because they were obtained for isolated molecules; while in the crystal,
neighboring molecules could restrict the geometric relaxation upon the charge transfer,
especially the large-scale relative rotation of the donor and acceptor [14,44]. To show this,
we calculated the reorganization energy for oTE-DRZ considering the impact of the crystal
environment using the ONIOM approach [38]. Specifically, the molecule under investiga-
tion was surrounded by the neighboring molecules, and then the calculations necessary
for A estimation (see Section 2) were performed. DFT was applied for the central molecule,
while its molecular shell was calculated using the composite HF-3C method. In this case,
the reorganization energy decreased by about two times (see Table 2), which significantly
increased the charge mobility (Table 3).

Table 3. Charge carrier mobilities in the crystals studied.

Crystal Hole Mobility, cm?/(V-s) Electron Mobility, cm?/(V-s)
OTE-DRZ (Crystal 1) 0.001 (0.08 %) 0.009 (0.156 ?)

CPPD (Crystal 2) 0.03 0.002

PXZ-XO (Crystal 3) 0.39 0.34

TRZ-c-BPXZ (Crystal 4) 0.003 0.003

2 Calculated using A obtained within DFT/HF-3C method.

3.3.3. Charge Mobilities

Table 3 shows the obtained charge carrier mobilities that were calculated using the
J and A values presented above. The calculated charge mobilities were much higher
than those experimentally observed in many of the studies on pristine films of TADF
luminophores (1078-10* ecm?/(V-s) [14-17,46]) and comparable to those reported in a
few other studies (~1073-0.85 cm?/(V-s) [22,23,46-48]). The discrepancy between the
theoretical and most of the experimental charge mobilities could be easily explained by the
presence of grain boundaries, defects, and contact issues that lowered the charge mobility
in the experiment. As follows from Table 3, a relatively efficient ambipolar transport was
predicted for PXZ-XO with py, = 0.39 cm?/(V-s) and pe = 0.34 cm?/(V-s). The considerable
and comparable mobilities for the holes and electrons in this material could be ascribed to
the comparable and relatively large (~1.5 kT; see Table 1) transfer integrals and moderate
reorganization energies (less than 260 meV; see Table 2). The relatively large u, and pe
for this compound were in line with the larger mobilities reported for some XO-based
luminophores (pip e ~1072 cm?/(V-s) in Ref. [48]) as compared to other TADF luminophores
(Mne ~1074-1078 cm?/(V-s) in Refs. [16,17]). Moreover, for a compound that is structurally
close to PXZ-XO, namely [3-(9,9-dimethylacridin-10(9H)-yl)-9H-xanthen-9-one], an electron
mobility of 0.2 cm?/(V-s), which was very close to our data (see Table 3), was obtained in
field-effect transistors (although in a blend with an mCBP host that may play major role in
charge transport) [22].

CPPD showed a considerable hole mobility that was mainly due to a small hole
reorganization energy Ay, (220 meV; see Table 2), although the J;, showed a strong alternation
along any direction. On the contrary, the electron mobility was an order lower than that of
the hole due to the large electron reorganization energy A. (660 meV; see Table 2) despite
the large J.. Note that k; and hence y show an exponential dependence on A, which follows
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from Equation (1); this explains the dominating impact of this parameter on charge mobility
in the materials studied. The large difference between the ye and yy, for CDDP was in line
with Ref. [49], in which it was experimentally observed that the electron transport in a TADF
luminophore film with BP as the acceptor unit was inferior to that of the hole. oTE-DRZ
and TRZ-c-BPXZ showed low charge mobilities due to the absence of a continuous path
of transfer integrals and/or a large reorganization energy. A larger electron mobility than
that of the hole for the former compound stemmed from a lower electron reorganization
energy as compared to that of the hole (see Table 2). Noteworthily, the abovementioned
charge mobilities could be lower-bound estimates because they were obtained by using
the reorganization energies that were calculated for single molecules without accounting
for the restriction of the geometry relaxation by the environment. Indeed, considering
the environment effect on A using the ONIOM approach (see above) could result in a
considerable increase in the charge mobility (as shown in Table 3) for oTE-DRZ: for holes,
it increased by nearly two orders of magnitude and reached 0.08 cm?/(V-s); while for
electrons, it increased by about 20 times and reached 0.156 cm?/(V-s). Moreover, for
oTE-DRZ, the electron mobility would increase even more (by about two times) if the
contribution of LUMO+1 was considered.

3.4. Outlook

Our analysis highlighted several structure-property relationships. First, both the
donor and acceptor moieties of TADF luminophores should be rather rigid in order to
have a small reorganization energy, which is very important for a high charge-carrier
mobility. Second, as expected, if the donor (acceptor) moieties formed continuous 7-stacks,
a considerable hole (electron) mobility could be observed. Noteworthily, in oTE-DRZ, the
donor and acceptor moieties form segregated stacks that are favorable for charge transport,
probably due to the different shapes of the donor and acceptor (planar DRZ and kinked
oTE, respectively). The tendency for face-to-face packing instead of herringbone packing
could be ascribed to a non-uniform ESP (Figure 1) that introduced attractive electrostatic
interactions between the parallel conjugated cores, which was in line with Refs. [50-53].
Third, in most of the crystals studied, the donor (acceptor) moieties tend to dimerize
and form tightly bound pairs that weakly couple to each other. Accordingly, the transfer
integrals are alternated along the charge transport path, thereby decreasing the mobility.
This pairing could have stemmed from the asymmetrical ESP distribution at the donor
(acceptor) moieties (see Figure 1), which implies a static dipole moment for them and
facilitates their antiparallel packing. As a result, we hypothesized that for an efficient
charge transport, TADF luminophores should have a planar annulated aromatic structure
with an ESP distribution as symmetrical as possible.

It is worth noting that the reported charge mobilities above 1072 cm?/(Vs) are low as
compared to those for high-mobility organic semiconductors (for many of which the mobil-
ity exceeds 10 cm?/(V-s) [43]) and amorphous silicon (p~1 cm?/(V-s))—the workhorses
of state-of-the-art thin-film electronics. Nevertheless, the reported mobilities are appro-
priate for the operation of OLEDs, in which charges need to penetrate through a thin
emission layer (several um); this is corroborated by the reasonable performance of the
devices reported in Refs. [6-9]. However, TADF luminophores are also promising for other
types of light-emitting devices; e.g., OLETs [54]. In these devices, higher charge mobilities
are required because the geometry of these devices differs significantly from OLEDs and
requires the charge carriers to travel much longer distances prior to recombination. For
instance, charge mobilities in the range 0.1-3 cm?/(V-s) were reported for single crystals
of organic semiconductors used in efficient OLETs [20]. Importantly, ambipolar charge
transport is highly desirable for these devices because it enables efficient charge recombina-
tion inside the channel, and OLETs based on ambipolar organic semiconductors generally
outperform those showing a single type of charge-carrier mobility. Thus, the relatively
high and balanced electron and hole mobilities of ~0.3 cm?/(V-s) predicted in this study
for PXZ-XO highlight the feasibility of using non-doped films and single crystals of TADF
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luminophores as active layers in OLETs. Since this study addressed the charge transport in
arbitrarily chosen crystals of TADF luminophores, we expect that an aimed search and a
rational design will uncover such materials with higher charge mobilities.

4. Conclusions

We performed a comparative theoretical study of the molecular packing and charge
transport in four crystals of TADF luminophores. We found that among the crystals studied,
there was one with considerable mobilities of electrons and holes (~0.3 cm?/(V-s)); in one
crystal the hole mobility equaled ~0.03 cm?/(V-s) and was much larger than that of the
electrons, and in two crystals the hole and electron mobilities were comparable and low
(less than 0.01 cm?/(V-s)). Expectedly, the largest charge transfer integrals were observed
for face-to-face molecular dimers with small lateral shifts; however, the bottleneck was
the small transfer integral between pairs of these tightly interacting dimers in most of the
crystals studied. The highest mobility was predicted for the compound in which the donor
and acceptor were relatively small and annulated heteroaromatic moieties, which enabled
a moderate reorganization energy and a moderate alternation in the transfer integrals in
the highest-mobility direction. We anticipate that the results obtained will be useful for the
design of non-doped OLEDs, OLETs, and other light-emitting devices.
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