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Neutral organic radicals have recently attracted great attention as promising luminescent materials,
which is a consequence of their strong doublet emission properties. Recent investigations have
indicated that even minor chemical modifications can have a significant impact on the luminescence
properties of these radical emitters. Here, we performed long range-corrected density functional theory
calculations to evaluate how chemical modifications affect the electronic properties and radiative and
nonradiative decay rates in a series of tris(2,4,6-trichlorophenyl)methyl-pyridoindole (TTM-xPylD)
radicals vs. the TTM-carbazole radical. We find that the lowest excited state of these radical emitters has
a charge-transfer (CT) character and its energy blue-shifts upon chemical modification from carbazole
to xPyID, in agreement with experiment. An analysis of the transition dipole moments shows that
hybridization between the CT and ground states of the TTM-xPyID radicals plays a dominant role in
the radiative decay rates. On the other hand, hybridization between the CT state and the lowest local-
excitation (LE) state on the TTM radical core has a significant contribution to the nonradiative rates in
most of TTM-xPyID radicals, while it has only a minor influence on that rate in the TTM-carbazole
radical. Our results underline that the hybridization of the CT state with both ground state and LE state

Received 12th April 2021, can substantially influence the radiative and non-radiative rates in TTM-based radicals. Also, we show

Accepted 17th May 2021 that the relative contributions of these two hybridization pathways depend in a subtle way on the
DOI: 10.1039/d1tc01702k properties of the donor fragment, such as its ionization potential and the intramolecular relaxion energy
associated with its oxidation process. Finally, we propose a new design strategy to achieve high values

rsc.li/materials-c of photoluminescence quantum yield in radicals with a donor—acceptor structural motif.

is spin-restricted. In their majority, the neutral radical emitters
that are currently investigated have a donor-acceptor (D-A°®)

Introduction

Stable neutral organic radicals have received a great deal of
interest due to their possible applications in a variety of fields
including optoelectronics, spintronics, magnets, and quantum
information technologies.'”® In particular, significant advances
have been recently achieved in the field of organic light-
emitting diodes (OLEDs).” ™ These radicals have an open-
shell electronic configuration and in many instances both the
ground state (Do) and the first-excited state (D,) have a spin-doublet
character.'®™ This is in marked contrast with conventional closed-
shell organic emitters where the emissive singlet state is located
above the first excited triplet state; as a result, ~75% of the
electrically generated excitons are triplet excitons whose emission
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chemical structure, in which an electron-poor acceptor radical
(A®) core, such as a stable tris(2,4,6-trichlorophenyl)methyl (TTM)
or perchlorotriphenylmethyl (PTM) radical, is covalently linked to
an electron-rich donor group (D), such as a carbazole (Cz)
derivative. As a consequence, the D, state has a charge-transfer
nature®'*'>'72%2! and the radiative and nonradiative transitions
back to D, can be viewed as a back-electron transfer from the A~
moiety to the D" moiety.">*°

In 2015, Peng et al.* reported the first viable OLED based on
the red TTM-1Cz radical emitter,” which consists of a combination
of the TTM radical with carbazole (see Fig. 1). TTM-1Cz displays a
photoluminescence quantum yield (PLQY) of 53% in cyclohexane
and high photostability, which motivated further investigations of
organic radicals for OLED applications and led to the active
development of a number of new radical emitters.'*'>?**3 The
most efficient radical emitter OLEDs reported so far are those
based on TTM-3NCz (9-(naphthalene-2-yl}-9H-carbazole), which
have external quantum efficiencies (EQEs) of up to 27%."*

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Chemical structures of TTM-1Cz and TTM-xPyID (x = o, 8, 7 and 9).

In D-A® radical emitters, the hybridization between the D,
charge-transfer (CT) state and the low-energy local-excitation
(LE) states can play a significant role on the emissive properties.
For instance, we have reported that in PTM-TAA radicals (where
TAA denotes a substituted triarylamine), CT-LE hybridization
significantly increases the non-radiative decay rates,'® while
Abdurahman et al. suggested recently that in TTM-XPyID radicals
(where PyID stands for pyridoindole, see Fig. 1), CT-LE hybridization
contributes appreciably to the radiative decay of the CT states."” To
shed more light on the role of CT-LE hybridization on the radical
emissive properties, we describe here the electronic structures and
radiative and nonradiative decay rates of a series of TTM-xPyID
radicals, as well as of TTM-1Cz for the sake of comparison.

Computational methods

In order to determine the ground-state electronic structures of
the radical emitters, we performed density functional theory
(DFT) calculations using the screened range-separated hybrid
(SRSH) functional LC-ohPBE with 20% Hartree Fock exchange
and the 6-31G** basis set.”* In our recent work on PTM-TAA
radicals, we found that this computational approach provides
results that are in very good agreement with experiment.'® The
range-separation parameters (w) were optimized for each radical.
We used a dielectric constant ¢ = 2 in the SRSH calculation to
account for the screening of electrostatic electron—electron inter-
actions due to the surroundings. The excited-state properties were
obtained at the time-dependent DFT level within the Tamm-
Dancoff approximation (TDA-TDDFT).>® Natural transition orbital
(NTO) analyses were carried out to characterize the nature of the
excited states. All DFT/TDDFT calculations were performed with
the Gaussian 16 program.>®

Within the two-state model, the radiative decay rates from
the CT states were obtained by means of eqn (1):*

Ect’f(n)
=<0 1
) 3ﬂ80h4c3 Her ( )

kr(CT
where &, ¢, Ecr, f(n), and ucr denote the vacuum permittivity,
speed of light, CT (D) state energy, local-field correction factor,
and transition dipole moment between ground state and CT state,
n(n® +2)?

respectively. The local-field correction factor, f(n) = 9 ,
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accounts for the local electric field effect and is considered according
to the Lorentz virtual cavity model;*® the value of n was set to
1.43 (corresponding to the refractive index of cyclohexane).

The nonradiative decay rates from the CT states were
calculated in the framework of the Marcus-Levich-Jortner
approach:*

n
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where Vergs and Egr represent the electronic coupling between
the CT and ground states and the adiabatic CT energy, respectively;
Sqm and wqn, are the effective Huang-Rhys factor and vibrational
frequency, respectively, which define the quantum contribution
Jgm = Sqm®qm, to the reorganization energy due to high-frequency
vibrational modes; /. denotes the classical part of the reorganiza-
tion energy due to low-frequency modes. The total reorganization
energy A (A = Zc + Agm) is obtained from the adiabatic potential
energy surfaces of the D, and D, states.*® The electronic couplings
between the CT and ground states, and between the CT and LE
states were determined from the generalized Mulliken-Hush
approach®® as implemented in the Q-Chem 5 package.*” The CT
components in each doublet state of the radicals were evaluated by
calculating the changes in the D and A contributions to the
molecular orbitals involved in the given electronic transitions; this
analysis was carried out with the GaussSum software;>* the Cz or
xPyID unit is assigned as the donor fragment while the TTM
radical is defined as the acceptor fragment.

In order to account for the hybridization between the CT and
LE states and consider its impact on the non-radiative rates in
the TTM-1Cz and TTM-xPyID radicals, we followed the
approach we described in our previous work:'®?*

ke =(1 _fCT—LEz)kg;F_GS +fCT—LE2kIr;E_GS (3)
v v N\ 1172
: CT-LE CT-LE
e (e [ ()
AEct 1E AEct LE @
Here, ki ©° represents the non-radiative rate for a transition

from an LE state (i.e., the first excited state localized on the
radical core) to the ground state (GS) and for_ g represents the
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degree of hybridization between the CT and LE states. In the
calculations we report below, we account only for the non-
radiative transition from the first excited state of the radical
core by taking k5E"% equal to the experimental value of 1.75 x
10® s~! measured for the TTM radical."” We note that a similar
approach can be used to account for the effect of CT-LE
hybridization on the radiative transitions.****

Results and discussion

Fig. 2 displays the energies of the frontier molecular orbitals
involved in the lowest ten excited doublet (D;-Dy,) states and
the first excited quartet (Q,) state of the TTM-based radicals, as
computed at the ground-state geometry. Although the singly
occupied molecular orbital (SOMO) level of the TTM moiety is
located below the highest doubly occupied molecular orbital
(HOMO) levels of the Cz and xPyID fragments (see Fig. S1,
ESIT), all D-A® radicals investigated here have an Aufbau
electronic configuration, ie., the SOMO level in the whole
molecule is located above the doubly occupied HOMO level.
In comparison to TTM-1Cz, the introduction of an additional
nitrogen into carbazole to form pyridoindole does not result in
any substantial change in the HOMO, SOMO, and lowest fully
unoccupied molecular orbital (LUMO) energies (Fig. 2a). For all
TTM-based radicals, the SOMO is delocalized over the entire mole-
cule while the HOMO and LUMO are mainly localized on the donor
moiety and the TTM moiety, respectively (see Fig. S2, ESIT).

As seen from Fig. 2b, the D, energy increases when replacing
Cz with xPyID. This blue-shift in the D, absorption band agrees
well with the experimental data. The variation in D, energy as a
function of the nitrogen position within xPyID is small. Also,
the D, states in the TTM-xPyID radicals correspond to the first
excited state localized on the TTM moiety (we label them as LE,
states) and their energies remain nearly constant along the
series. We note that, in the case of TTM-1Cz, the first TTM
local-excitation state corresponds to the D; state. There are two
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high-energy LE states in the TTM-xPyID radicals, Dg and either
Dy or D,y (wWhich we label as LE,; and LE,, states), which are
related to local excitations within the TTM core and have large
oscillator strengths (see Tables S1 and S2, ESIt); their energies
are also nearly constant in going from Cz to xPyID.

An analysis of the natural transition orbitals (NTOs, see
Fig. 3) indicates that the D, state in the TTM-1Cz and TTM-xPyID
radicals has a CT nature, coming from an electron transfer from the
Cz or xPyID donor to the TTM acceptor (which roughly corresponds
to a HOMO-to-LUMO transition). The NTOs also confirm that the D,
(LE,), LE,4, and LEr, states have a dominant LE character. These
results are further supported by the evaluations of the CT
components in each state, see Table 1.

The TD-DFT calculated radiative rates for the transition
from the CT (D,) state back to the ground (D,) state are listed
in Table 2, along the experimental rates. Overall, the DFT values
compare very well with the experimental values, although in the
case of TTM-BPyID and TTM-6PyID, the DFT estimates are
somewhat smaller than the measured values.

In agreement with experiment, the computed radiative rates
for the TTM-1Cz and TTM-xPyID radicals are about 3 to 6 times
as large as the value of 3.5 x 10° s™' measured for the TTM
radical core.”” The increase in the radiative rate upon addition
of a donor to the TTM moiety is thus related to the formation of
a CT state as the first excited state of the D-A® systems. %19
The question then becomes what does determine the value of
the pcr transition dipole and make it larger than pp; in TTM?
We recall that in the diabatic approximation (where no coupling is
considered between the CT state and any other state), ucr is zero.
Therefore, the actual value of ucr comes from the hybridization of
the CT state with the ground state (GS) and local excited states of
the TTM and D moieties. Our TD-DFT calculations show that in all
systems oy is parallel to the vector connecting the centers of the D
and A® units (see Fig. S3, ESI{); this is a strong indication that ycr
is determined by the coupling of the CT state with the ground
state.” In contrast, Abdurahman et al.'” suggested recently that
Uct in TTM-XPyID radicals is defined by the hybridization of the
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Fig. 2 Energies of (a) the LUMO, SOMO, and HOMO levels and (b) the doublet (D;—D10) and quartet (Q,) states of the TTM-1Cz and TTM-xPyID radicals;
CT, LEy, LE,4, and LE,, represent the D, D, (D3 for TTM-1Cz), Dg, and Do (Dg for TTM-aPyID) states of the radicals, respectively. All the molecular

geometries are the optimized ground-state geometries.
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Fig. 3 Electron and hole natural transition orbitals (NTOs) in the CT, LE;, LE,4, and LE,, states of the TTM-1Cz and TTM-xPyID radicals.

Table1 Calculated charge-transfer (CT) components (in %) in the CT, LE,,
LE,, and LE,, states of the TTM-1Cz and TTM-xPyID radicals

Table 2 TD-DFT and experimental values of the radiative decay rates
from the CT state in TTM-1Cz and TTM-xPyID radicals

State TTM-1Cz TTM-oPyID TTM-BPyID TTM-yPyID TTM-SPyID  State k. x 10" s™! (TD-DFT) ke x 107 s (exp)®
CT 82 70 78 78 79 TTM-1Cz 1.14 1.28
LE; 9 5 5 3 18 TTM-oPyID 1.45 1.54
LE, 23 24 2 26 19 TTM-BPyID 1.22 2.24
LE, 36 14 28 28 31 TTM-yPyID 1.18 1.00
TTM-5PyID 1.23 2.08

CT state with the TTM D, state (which corresponds to an
intensity borrowing effect). Our calculations show that in TTM
the transitions from the lowest six excited states to the ground
state have relatively small transition dipole moments. However,
the transition dipole moments for the transitions from the

This journal is © The Royal Society of Chemistry 2021

¢ Measured in cyclohexane.'”

D, and Dy states to the ground state are significant (4.1 D),
see Table S1 (ESIt). These two TTM states, as discussed above,
correspond to Dg (LE,;) and either Dy or Dy, (LE,,) in TTM-1Cz

J. Mater. Chem. C, 2021, 9,10794-10801 | 10797
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and TTM-xPyID (see Table S2, ESIT). As seen from Table 1, LE,
and LE,, have a significant CT component, which is consistent
with the observed decrease in the intensity of the absorption
band at about 3.2 eV, corresponding to these transitions, when
going from TTM to TTM-1Cz. As such, these LE states of the
TTM moiety could in principle contribute to pcr.

Next, in order to shed more light on this issue, we study in
more detail the CT-GS and CT-LE contributions to pucr. The
related electronic couplings are collected in Table 3. In the
perturbation limit, the contributions to ucr due to CT-GS and

CT-LE hybridizations are given by:>>~’
cr-as _ Ver—cs
Her = Aferos HUCT-GS (5)
Ver—
CT— CT-LE
per W= mﬂLE—GS (6)

Expression (6) is the well-known Mulliken-Hush relation®***?

that connects the electronic coupling, Ver_gs, energy gap, AEcr_gs,
and transition dipole moment between the CT and GS states,
Ut 95, with the difference between the dipole moments of the
diabatic CT and GS states, Apucr-gs. Since the latter is defined by
the electron transfer distance from D to A, its value is usually much
larger than those of the intra-molecular transition dipole
moments, see Table 3. As a result, for similar V/AE ratios, the
contribution due to CT-GS hybridization will be larger than that
due to CT-LE coupling. Expression (6) defines the well-known
intensity borrowing effect and is obtained by treating the coupling
between CT and LE states as a perturbation.®® As an illustrative
example, we can consider the absolute values of the transition
dipole moments &t ©° and pEr ™ in TIM-oPyID, which is the
emitter that overall displays the largest Veryg/AEcr 1 g hybridization
coefficient between the GS state and LE, states. The u&y © value is
estimated to be 3.32 D, which represents about 93% of the total yicr

Table 3 Total transition dipole moment of the CT state (uct), dipole
moment difference between the CT and ground states (Auct-gs), values of
electronic couplings, energy gaps, and transition dipole moments (V, AE,
and u) between the diabatic electronic states, and relative contributions to
et due to hybridization (u27®) in the TTM-1Cz and TTM-xPyID radicals

TTM- TTM- TTM- TTM- TTM-
State 1Cz oPyID BPYID YPyID 3PyID
cr (D) 3.71 3.55 3.53 3.31 3.59
Vor_gs (meV) 314 435 336 342 337
AEcr_gs (eV) 2.19 2.45 2.33 2.40 2.30
Aticr—gs (D) 24.9 18.7 23.4 22.3 23.5
Vor-ie, (mev) 19 27 20 20 19
AEcriz, (eV) 0.63 0.37 0.48 0.40 0.51
Hig,-cs (D) 1.45 1.28 1.55 1.57 1.49
Vor-ie,, (mev) 147 197 107 158 148
AEcrir, (€V) 1.12 0.92 1.00 0.93 1.02
Hie, s (D) 3.68 4.18 3.11 3.58 3.43
Ver-iz,, (mev) 66 104 81 181 67
AEcrix, (€V) 1.30 1.04 1.18 1.12 1.20
UrE,-Gs (D) 3.96 3.95 3.91 3.75 3.95
Uer 8 (D) 3.57 3.32 3.37 3.18 3.44
CT-LE
pSILE (D) 0.04 0.09 0.06 0.08 0.06
CT-LE,
pSILEn (D) 0.48 0.90 0.33 0.61 0.50
CT-LE,,
uST (D) 0.20 0.40 0.27 0.61 0.22
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value (3.55 D). The u&t F values due to the LE,; and LE,, states are
equal to 0.9 D and 0.4 D, respectively. In order to appreciate the
individual contributions to the total ucy value, since the transition

dipole moments are vectors, their actual orientations must be taken

—LE,

into account. For instance, in all molecules, ug is antiparallel

to the DFT-derived iy vector (u&r %) while uip ™»

perpendicular to both u&p ™ and pgF S (see Fig. S3, ESIf).

Although an exact assessment of how much the LE states contribute
to the radiative decay would require to compute the u&r F con-
tributions from all LE states, our study unambiguously demon-
strates that the picr values and consequently the radiative rates in
the TTM-1Cz and TTM-=xPyID radicals are dominated by the
interactions between the CT and ground states.

We now turn to a discussion of the nonradiative transitions
from the CT state to the ground state. We start with the decay
rate, k5795, arising from the CT-GS electronic coupling. The DFT-
calculated electronic couplings, Ver_gs, adiabatic CT energies, E &,
and reorganization energies, 4, of all radicals are collected in
Table S3 (ESIT). We note that, as shown in Table S4 (ESIt), the
kSIS values strongly depend on the way / is partitioned into
classical (4.) and quantum (4qm) contributions. In order to gain a
better understanding, we also computed the geometry relaxation
energies of the TTM and donor (isolated) fragments occurring as a
result of reduction and oxidation, respectively; the results are
collected in Table S5 (ESIf). The sum of these two relaxation
energies provides a good estimate of the intra-molecular con-
tribution to the CT-state relaxation. The results show that, in
the case of TTM-1Cz, about 65% of the /4 value obtained from
the CT-state geometry optimization can be attributed to 4gm,. In
the case of the TTM-xPyID radicals, the contribution from Ay,
increases to ~75%, except in the TTM-yPyID case where this
value goes up to 85% (which is due to an increase of about
60 meV in the relaxation energy of the yPyID fragment
in comparison to the other xPyID donors, a feature likely
associated with the para-type interactions between the two
nitrogens in this derivative).

The computed kSp ©° values based on the DFT-derived
parameters are collected in Table 4. The results show that the
kST values of the TTM-1Cz and TTM-yPyID molecules are
much larger than in the other systems. In the case of TTM-1Cz,
this is due to a relatively smaller CT-state energy; this can be
related to the higher HOMO energy (lower ionization potential)
of the carbazole donor in comparison to the other xPyID donors
(see Fig. S1, ESIY). In the case of TTM-yPyID, the increase in
kTGS g coming from the larger Ay value in the CT state,
which is due to an increase in the relaxation energy of the yPyID
donor upon oxidation in comparison to the other xPyID donors
and carbazole. The contributions coming from the CT-LE
hybridization, fer_ skt ©°, to the non-radiative rate are of the
same order as k5; °° in the case of TTM-oPyID, TTM-BPyID,
and TTM-SPyID. As a result, the CT-LE hybridization plays a
marginal role in the k;, value of TTM-1Cz and TTM-yPyID while
it is an important factor to consider in the other systems.

It is worth recalling that the experimental rates strongly
depend on the measurement conditions. For instance, the rates

is nearly

This journal is © The Royal Society of Chemistry 2021
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Table 4 Calculated values of the nonradiative decay rates (k,,) along with their contributions due to CT-GS hybridization (k5 ~©%) and CT-LE

hybridization (F21_ ¢fLE~5)

the sake of comparison

in the TTM-1Cz and TTM-xPyID radicals. The experimental values measured in cyclohexane and toluene are also shown for

State KSTGS % 107 571 Sferekiy 9 x 107 571 kor X 107 571 e x 107 571 (exp)® knr x 107 571 (exp)”
TTM-1Cz 2.56 0.02 2.57 1.13 3.21
TTM-aPyID 0.07 0.09 0.16 0.90 0.33
'ITM-BPyID 0.07 0.03 0.10 0.04 0.14
TTM-yPyID 1.80 0.04 1.84 1.71 1.81
’ITM-SPyID 0.17 0.02 0.20 0.26 0.12

@ Measured in cyclohexane. * Measured in toluene.'”

for TTM-oPyID, TTM-BPyID, and TTM-6PyID substantially differ
when measured in cyclohexane while they are very similar in
toluene, see Table 4. Overall, the experimental data point to &,
rates a few times faster in TTM-1Cz and TTM-yPyID compared
to TTM-oPyID, TTM-BPyID, and TTM-0PyID, a trend that our
calculations reproduce very well.

Conclusions

We have performed long-range corrected density functional
theory calculations in order to evaluate the electronic structure
and luminescence properties in donor-acceptor (D-A*) radicals
based on the combination of a pyridoindole (xPyID) or carbazole
donor and a trichlorotriphenylmethyl (TTM®) acceptor. We were
especially interested in understanding the impact of hybridization
between charge-transfer (CT) and local-excitation (LE) states on
the radical emissive properties. Our calculations show that the
electronic structures of the TTM-1Cz and TTM-xPyID radicals
investigated here follow the Aufbau principle. The introduction
of an additional nitrogen atom into carbazole to form pyrido-
indole leads to a slight increase in the energies of the lowest
doublet excited states while the variation in the D; energy as a
function of the nitrogen position within the pyridoindole moiety
is small, which is consistent with experiment.

The D, state for all TTM-based D-A* radicals has a CT nature,
which arises from electron transfer from the Cz or xPyID donor to
the TTM acceptor; adding the donor moiety leads to an increase in
the radiative rates by 3 to 6 times vs. the (isolated) TTM radical.
The computed radiative rates for the TTM-xPyID radicals
are similar to that of TTM-1Cz. As analysis of the relative
contributions of the CT-GS and CT-LE hybridizations to the
transition dipole moments underscores that the radiative
rates in these radicals are mainly dominated by the electronic
couplings between the CT state and the ground state even
though the high-energy LE states can have a significant CT
component.

The chemical modification of the donor unit from carbazole
to pyridoindole generally leads to a decrease in the nonradiative
decay rates due to the increased energy of the CT state; an
exception is the TTM-yPyID radical in which the increase in the
relaxation energy of the yPyID donor upon oxidation results in a
significant increase in the nonradiative rate. This result high-
lights the major impact that electron-vibrational interactions
have on nonradiative transitions and the need to select donor

This journal is © The Royal Society of Chemistry 2021

moieties with very small relaxation energies; this is usually a
characteristic of large-size, fully conjugated rigid molecules.

We find that the impact of the CT-LE hybridization on the
nonradiative rates is moderate for TTM-1Cz and TTM-yPyID
while it plays an important role in the case of the other
TTM-xPyID radicals. The negative effect of the CT-LE hybridi-
zation on nonradiative transitions is expected to increase for
TTM-D radicals with CT states approaching the D, state of the
TTM. Therefore, the non-emissive D, state of TTM and PTM
represents an intrinsic limitation to achieve efficient high-
energy emitters based on a D-A®* motif involving the TTM or
PTM radical cores.

We also note that, while the Vir_gs and Veropg electronic
couplings have a strong impact on both radiative and non-
radiative rates, their impact on the emitter PLQY [PLQY =
ki/(k. + ky,)] is expected to be less significant. For instance, in
the absence of CT-LE hybridization, according to eqn (1), (2),
and (5) the PLQY is independent of the electronic coupling and
instead is determined by Aucr-gs. An increase in Apcrgs,
which can be obtained by increasing the effective distance
between the D and A fragments, is predicted to enhance the
PLQY. In addition, the increase in D-A distance should also
reduce Ver g and consequently minimize the negative impact
of the CT-LE hybridization on nonradiative transitions. To the
best of our knowledge, such a design strategy for D-A® radicals
has not been tested yet.

Finally, a major point that follows from our study is that, in
order to accurately describe the radiative and non-radiative
transitions of the D-A°® radicals, it is essential to take into
account the hybridizations between both the charge-transfer and
ground states (CT-GS hybridization) and the local-excitation and
charge-transfer states (LE-CT hybridization).
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