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ABSTRACT: The displaced and distorted harmonic oscillator model, which has been proven to be appropriate in calculating
vibronic spectra, is employed to treat the emission spectrum of title molecules in combination with a thermal vibration correlation
function. The calculated results indicate that the main peak of the emission spectrum is visibly impacted by the normal modes with
lower frequencies and that the shoulder peak is originated from the middle-frequency modes. On the level of time-dependent density
functional theory (TDDFT), the calculated fluorescence lifetimes of TTM-3NCz and TTM-3PCz are 22.1 and 26.0 ns, respectively,
which happen to coincide with the observed values of TTM-3NCz (17.2 ns) and TTM-3PCz (21.2 ns). The above data indicate that
both the calculated radiative decay rates are reasonable at room temperature. Furthermore, we investigate the influence of the
Duschinsky effect on the fluorescence quantum efficiency (FQE). When it is considered, the predicted FQE of the TTM-3NCz
molecule is only 0.11%, and the observed value (49% in toluene) deviates significantly. If we ignore the Duschinsky effect, the FQE
of TTM-3NCz increases dramatically to 41.8%. For the TTM-3PCz molecule (the FQE is 46% in toluene), the calculated FQE is
0.042% with the Duschinsky effect and increases to 45.2% without the Duschinsky effect. This phenomenon might be related to
external factors and the nature of the TDDFT only considering a single configuration. In addition, the fluorescent properties of the
fluorinated TTM-3NCz molecules are studied predictably. The obtained results show that the perfluorinated TTM-3NCz shows
better luminous performance due to larger oscillator strength. Finally, the dimers, which are composed of both single title molecules,
are explored theoretically to determine how they impact the fluorescent property; however, the effect can be nearly eliminated
because of the small binding energies.

1. INTRODUCTION many ways having been developed to improve IQE. The
exploitation of the phosphorescent materials is a good choice
and has achieved great success. IQE can reach up to almost
100% by utilizing both singlet and triplet excitons.”* Thermally
activated fluorescent materials can also harvest the triplet
exciton and increase IQE. This strategy turns triplets into
singlets by reverse intersystem crossing with the aid of the
environment thermal energy, which improves the energy

With the rapid development of all sorts of light-emitting
materials used in organic light-emitting diodes (OLEDs), the
device has achieved significant progress and attracted great
attention from the industry and academy. The outstanding
performances of OLED, such as wide viewing angle, low power
consumption, flexible structure, and abundant species, ensure
that the device has an overwhelming advantage in the display

field.'" = However, the vast majority of the existing electro- utilization rate. Another key benefit of the materials is that the
luminescent materials are closed-shell systems, since the singlet

excited state can only be allowed to radiatively decay and the Received: November 4, 2019

electron transition between the triplet state and the ground Revised: ~ December 25, 2019

state is spin-forbidden, which implies that the maximum value Published: January 7, 2020

of the internal quantum efficiency (IQE) is only 25% based on
the quantum spin statistics.® In view of this situation, there are
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use of expensive noble metal-based phosphorescent materials
can be avoided.””'? Triplet—triplet annihilation (TTA) is an
additional feasible method, wherein two triplets annihilate each
other. Meanwhile, one singlet can be generated, and 62.5% of
the up-limit IQE can be achieved in this process.'”'” Recently,
Li et al. synthesized a new kind of electroluminescent material
as an emitter, which possesses electrically neutral z-radicals
and is a doublet state. Due to the spin-allowed transition from
the excited doublet state to the ground state, the IQE can
reach 100% theoretically.">~"> They found that the exper-
imental IQE of the novel luminescent material TTM-3NCz in
the solid state, which was synthesized by incorporating
(naphthalen-2-yl)-9H-carbazole (3NCz) into the tris(2,4,6-
trichlorophenyl)methyl (TTM) radical, is near 91% and that of
the other emitter TTM-3PCz (phenyl-9H-carbazole) is 61%.
The maximum external quantum efficiencies of the OLEDs, in
which TTM-3NCz and TTM-3PCz act as deep red electro-
luminescent materials, are 26.5 and 16.6%, respectively. This
implied that the IQEs of both compounds reach near 100% in
the OLED. In addition, a theoretical discussion was carried out
in combination with the molecular orbital diagrams of the
geometry-optimized TTM and TTM-3NCz structures. They
depicted the mechanism of the electron transition process.
These calculated results gave a better understanding of excited-
state processes. Nevertheless, the details of excited-state
processes involved radiative and nonradiative decay rates
remain unknown, it is necessary to discuss the underlying
mechanism further.

Generally, the frontier molecular orbitals can observe
visually the process of electron transition between the ground
state and the excited states, which is helpful to reveal the
luminescence mechanism; however, the fluorescent efficiency
relies on the competition between the radiative rate and the
nonradiative rate; thus, both the rates must primarily be
acquired. Shuai et al. contributed a method to theoretically
treat the fluorescent quantum efliciency of a polyatomic
molecule in optoelectronic devices,'® which can quantitatively
calculate the radiative and nonradiative decay rates by
combining with the harmonic oscillator model. Then, the
IQE of fluorescent materials can be determined further. In this
paper, we have employed density functional theory (DFT) and
time-dependent DFT (TDDFT) to study spectroscopic
properties and excited-state geometric and electronic struc-
tures of both the compounds. In addition, we calculated
corresponding radiative and nonradiative rates in combination
with a thermal vibration correlation function. Furthermore, the
influence of the Duschinsky effect on the fluorescence
quantum efficiency was investigated, and at the same time,
the photochemical reaction was ignored. If this is the main
process, the performance of OLED would degrade at once.'”
To obtain better fluorescent materials, the fluorinated TTM-
3NCz molecule was predictively studied. Moreover, the effect
on the fluorescence of the dimers composed of both the single
title molecules was explored too.

2. THEORETICAL METHOD AND COMPUTATIONAL
DETAILS

2.1. Theoretical Method. The radiative decay rate can be
computed by the Einstein spontaneous emission rate and
Fermi gold rule, which can be expressed by the integration
over the whole emission spectrum'®
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where 6ES; is the emission cross section with dimensions in

square centimeters. The explicit expression is given by the
following formula
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Here, ¢ is the velocity of light, P, (T) is the Boltzmann

population of initial states, and uj; is the electric transition
dipole moment. For the strongly dipole-allowed transitions of
the molecules, only the zeroth-order term is taken into
account; thus, the electron transition dipole moment can be
simplified to pi; = (Paptopt), and ¢ and € are the electronic and
vibrational wave functions, respectively. The delta function in
eq 2 by the Fourier transformation, the above formula can be
eventually expressed an analytical integral formalism
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Here, Z,, is the partition function and pgy, is the correlation
function of time and temperature, which are calculated by the
multidimensional harmonic oscillator model using the
MOMAP package.”” Similar to the spontaneous emission,
the nonradiative internal conversion (IC) processes can be
dealt with Fermi’s golden rule by the displaced harmonic

oscillator model, and the IC rate can be expressed as'®'®
kic = Z kic,kl
K (4)
1 o 4
k., =—R / dtfe™'z"  (t, T
ic, kI ]’12 kl o [e iv pu:,kl( )] (5)

where Ry, is the nonadiabatic transition momentum containing
both diagonal and nondiagonal terms, Z;, is the partition
function, and p; 4 is the thermal vibrational correlation
function in the internal conversion process, which was
expounded detailedly in the Supporting Information (see the
Section 2.1). Intersystem crossing may occur between different
states, however, if the conical intersection is involved, of which
the decay rate is usually greater than 10" s™;'**" luckily, our
work showed that all of the calculated radiative decay rates (k,)
and nonradiative decay rates (k,,) were less than 10" s7'.
Thus, the influence of the intersystem crossing can be omitted.
We employed the MOMAP package to acquire the fluorescent
spectra and rate constants of the title molecules. Further, the
other fluorescent parameters can be investigated theoret-
ically."

‘When photochemistry and the intersystem crossing were not
taken into account, the molecular light-emitting efficiency is
determined by the competition between the radiative decay
rate (k,) and the nonradiative decay rate (k,,); here, k,, is only
the internal conversion rate. The fluorescence quantum yield
can be expressed as 17 = k,/(k; + k). According to this formula,
either suppressing the nonradiative rate or increasing the
radiative rate can promote higher fluorescence efficiency.

2.2. Computational Details. The geometry optimization
of the TTM-3NCz and TTM-3PCz molecules was imple-
mented with the Gaussian 09 program package.”' The
geometries of the ground states (S,) were optimized using

https://dx.doi.org/10.1021/acs.jpca.9b10343
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the UB3LYP/6-31+(d) level; for the low-lying doublet excited
electronic state (S,), the TD-UB3LYP approach was employed
with the same basis set. Harmonic vibrational frequencies of
these optimized minima were calculated, and no virtual
frequency was found, which confirmed the stability of the
equilibrium geometries of the Sy and S, states. In general, due
to the nature of the single-excited configuration, TDDFT has
inherent limitation in describing the highly excited state with
the common exchange correlation functional. It is only
appropriate for the low-lying excited state.”> Fortunately, one
can see in the discussion section the S; state of TTM-3NCz
and TTM-3PCz molecules, which were related to electron
transition characteristics, mainly originating from the HOMO
— LUMO transition, so all of the calculations of k, and k,, are
teasible to apply TDDFT. Moreover, based on the electronic
structure parameters of both the compounds, the normal mode
displacements, Huang—Rhys factor, and nonadiabatic elec-
tronic coupling between the two electronic states were
calculated; the radiative and nonradiative decay rates were
further determined; and the fluorescent quantum yield was also
obtained.

3. RESULTS AND DISCUSSION

3.1. Geometry and Normal Mode Analysis. Both the
TTM-3NCz and TTM-3PCz molecules (Figure 1) can be

]
P

Figure 1. Structure of the TTM-3PCz (top) and TTM-3NC:z
molecules (bottom).

divided into three moieties, i.e., a tris(2,4,6-trichlorophenyl)
methyl (TTM) fragment, a carbazole fragment, and a naphthyl
or phenyl fragment. The parts calculating bond lengths, bond
angles, and dihedral angles of Sy and S; for the TTM-3NCz
and TTM-3PCz molecules are given in Table 1. By comparing
the bond parameters between the Sy and S, states, one can see
that the largest change of bond length appears in C20—CI30 at
the TTM group; it is 0.0124 A for TTM-3NCz, while for
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TTM-3PCz, it is 0.0122 A. The above change could be
understood from the diagram of the frontier molecular orbitals
(all of the highest occupied molecular orbital (HOMO) and
lowest occupied molecular orbital (LUMO) diagrams are
shown in Figure 2). One can see that the electron density on
HOMO is mainly distributed on the carbazole fragment, while
that on LUMO is distributed mainly on the TTM fragment. As
an electron is excited from the HOMO to LUMO, the
distribution of the electron density on TTM for S, is greater
than that for Sy, and as a result, the bond lengths of the ground
states are longer than those of the excited states. The change of
the C18—C19 bond in the TTM group is second only to the
C20—CI30 bond and also beyond 0.01 A; for the C15—C34
bond, which bonds TTM to the carbazole fragment, 0.0068 A
difference exists in TTM-3NCz and 0.0096 A difference exists
in the TTM-3PCz molecule. As to the C41—N353, C39—C43,
and C44—NS53 bonds belonging to the pyrrole ring in the
carbazole, there are obvious changes compared with other
covalent bonds listed in Table 1. It seems that the bonds of
both the chlorobenzol rings, which are nonadjacent to
carbazole, are lengthened in the S, state based on A(S, —
S,), i.e, the A(S, — S;) values of C18—C19, C18—C20, and
C19—CI29 are negative. On the contrary, another chlor-
obenzol ring, which is adjacent to the carbazole, is shortened,
ie., the A(S, — S;) values of C12—C14 and C14—Cl15 are
positive; at the same time, the naphthyl or phenyl fragment
becomes longer too. As for the carbazole, some bonds stretch
and some shrink, due to the irregular delocalization of the 7
orbital in the carbazole, and the change of the bond lengths is
also irregular. All of the bond angles shown in Table 1 have not
changed significantly from the ground state to the excited state,
and the differences of all of the listed bond angles do not
exceed 0.8°. However, there are distinct changes in the
dihedral angles between the S, and S, states. The main
difference is found to be at the dihedral angle between both the
chlorobenzene rings in the TTM unit and the variation beyond
6°, and the obvious variation of the other dihedral angle
between the naphthyl and carbazole fragments is close to 10°.
The above data show that the electrons will redistribute on all
of the molecules in S states and the excited geometry will be
reorganized to keep minimum energy. It is well known that the
displacement of mode between the initial state and final state
can reflect the change of molecular geometry. For this reason,
all of the vibrational modes were investigated and the
contribution of each of them to the displacement between S,
and S, states was presented. The selected frequencies of
normal modes and displacement of modes for all of the S, and
S, states are reported in Table 4 (for TTM-3NCz) and Table
S2 (for TTM-3PCz). As one can see that regardless of TTM-
3NCz or TTM-3PCz, the 10 vibration modes with the lowest
frequencies contribute the largest displacement between S, and
S; these modes belong to the rotations of the TTM fragment,
carbazole, and phenyl (or naphthyl) ring. The range of
frequencies for TTM-3NCz S, is from 8.32 to 51.22 cm™},
which are slightly higher than those of TTM-3PCz S; (from
4.53 to 48.22 cm™"). Figure 4 visually shows that the high- and
moderate-frequency modes, which correspond to C—H and
C-C single bond and C=C and C=N double bond
stretching vibrations, contribute very small displacements; in
stark contrast, the low-frequency modes of TTM-3NCz and
TTM-3PCz present more large displacement. To lower excited
energy dissipation, we can prevent the rotations of these
fragments by the steric hindrance effect or other intermolecular

https://dx.doi.org/10.1021/acs.jpca.9b10343
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Table 1. Selected Bond Lengths (A), Angles, and Dihedral Angles (in deg) in the Optimized S, and S, States for TTM-3NCz
and TTM-3PCz

TTM-3NCz TTM-3PCz

So S1 A(So = S)) So S1 A(So = S))
C9-C10 1.4698 1.4680 0.0018 C9-C10 1.4699 1.4695 0.0004
C15—-C34 1.4812 1.4744 0.0068 C15—-C34 1.4812 14716 0.0096
CSS—NS3 1.4247 1.4184 0.0063 CSS—NS3 1.4253 1.4248 0.000S
C20-CI30 1.7543 1.7667 —0.0124 C20-CI30 1.7543 1.7665 0.0122
C19—-CI29 1.7546 1.7614 —0.0068 C19-CI29 1.7546 1.7610 —0.0064
C18-C20 1.4197 1.4278 —0.0081 C18-C20 1.4197 1.4276 —0.0079
C18-C19 1.4193 1.4302 —0.0109 C18—-C19 1.4193 1.4303 —0.011
C14-C1S 1.4036 1.4018 0.0018 C14-C1S 1.4036 1.4033 0.0003
C12—-C14 1.3884 1.3879 0.0005 C12—-C14 1.3884 1.3871 0.0013
C41-NS5s3 1.3934 1.3914 0.002 C41-NSs3 1.3938 1.3842 0.0096
C44—-NSsS3 1.4009 1.4051 —0.0042 C44-NS3 1.4002 1.4056 —0.0054
C39-C43 1.4494 1.4585 —0.0091 C39-C43 1.4493 1.4579 —0.0086
C43-C44 1.4189 1.4168 0.0021 C43—-C44 1.4189 14162 0.0027
C39-C41 1.4198 1.4205 —0.0007 C39—-C41 1.4198 1.4236 —0.0038
CS5—-CS8 1.4216 1.4219 —0.0003 CS5—-CS§7 1.4004 1.4007 —0.0003
CS55—-C69 1.3801 1.3849 —0.0048 CS5—Ce61 1.4008 1.4007 —0.0002
C10—-C9-C18 120.14 119.43 0.71 C10—-C9-C18 120.10 119.36 0.74
C3-C9-C10 120.12 119.42 0.70 C3-C9-C10 120.14 119.37 0.77
C15—-C34-C35 120.65 120.79 —0.14 C15—-C34-C35 120.43 120.75 —0.32
C41-NS53-CsS 125.62 125.70 —0.08 C41-NS3-CsS 125.77 125.69 0.08
C44—NS3—-CSS 125.96 125.46 0.5 C44—NS3—-CSS 125.80 125.35 0.45
C58—-CS55—-C69 120.30 120.72 —0.42 C57—-C55—-C61 120.05 120.67 —0.62
C3—-C9—-C18-C20 —130.93 —136.99 6.06 C3—-C9-C18-C20 —130.98 —137.24 6.26
C3-C9-C10-C11 —132.66 —130.92 -1.74 C3-C9-C10-C11 —132.65 —130.26 -2.39
C18-C9-C10-Cl11 47.33 49.02 —1.69 C18-C9-C10-Cl11 47.35 49.71 -2.36
C13—-C15-C34-C35 144.60 146.96 -2.36 C13—-C15—-C34-C35 144.45 148.27 —3.82
C41-N53—-C55-Cs8 —61.16 —50.23 —-9.93 C41-NS3—-CS§5-C57 —62.43 —54.20 —-8.23

HOMO(191B) diagram of S, state for TTM-3PCz LUMO(192B) diagram of S, state for TTM-3NCz.

Figure 2. Frontier molecular orbital diagrams of TTM-3NCz and TTM-3PCz.

interactions, such as by introducing all sorts of groups on the listed in Table 2. It is found that the configuration coeflicient
title molecules to decrease molecular deformation. of 204B (HOMO) — 205B (LUMO) for the S, state of TTM-

On the basis of the optimized S, and S; minima, the 3NCz is 97.16% and that of 191B (HOMO) — 192B
emission spectra of the title free radical molecules were (LUMO) of TTM-3PCz is 96.95%. These single HOMO and

theoretically investigated. The detailed electronic excitation LUMO diagrams display the 7 and 7* characteristics as shown
energies, configuration coefficients, and oscillator strengths are in Figure 2, which indicates the intersystem crossing process
665 https://dx.doi.org/10.1021/acs.jpca.9b10343
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Table 2. Emission Data of TTM-3NCz and TTM-3PCz According to TDDFT, Together with the Experimental Data

compound oscillator strength main configuration
TTM-3NCz 0.1280 204B — 205B
203B — 20SB
201B — 205B
TTM-3PCz 0.1281 191B — 192B
189B — 192B

The Predicted Emission Data of the TTM-3NCz Dimer, TTM-3PCz Dimer, and the Perfluorinated TTM-3NCz Molecule

dimer of TTM-3NCz 0.0838 402B — 409B
408B — 409B
382B — 383B
173A — 175A
169B — 173B
171B — 173B

172B — 173B

dimer of TTM-3Pcz
TN-F,

0.0669
0.1639

assignment Acat (nm) Aexp-pr, (nm) “Debye
0.9716 709.80 707 5.8648
0.1057
—0.1462
0.9695 701.65 695 5.8631
—0.1720
—0.1077 721.05
0.9814
0.9867 711.88
—0.2403 610.10 5.2012
—0.1605
0.1296
09211

“Transition electric dipole moments between the ground and excited states, the electric dipole moment is 5.9544 for the ground state of TTM-
3NCz, 5.6760 for the ground state of TTM-3PCz, and 4.884S5 D for the ground state of TN-Fq.

Table 3. Selected Frequency (freq/cm™"), Displacement (D/au), Huang—Rhys Factors (HR), Franck—Condon Factors (FC),
and Nonadiabatic Electronic Coupling (V;/cm™") for the First Excited State of the TTM-3NCz Molecule

freq (S, state) D HR FC v

8.32 —95.00 0.17 0.10 74.30
10.65 43.87 0.05 0.04 108.36
15.46 126.00 0.56 0.10 247.34
26.99 123.83 0.94 0.14 307.64
32.17 —6.74 0.00 0.00 322.83
34.52 113.65 1.02 0.13 315.07
38.23 —46.59 0.19 0.13 73.97
44.51 184.80 3.46 0.00 201.60
51.22 140.22 2.29 0.02 191.35
52.33 —=57.01 0.39 0.18 179.98
67.79 15.49 0.04 0.03 130.13
74.09 —4.26 0.00 0.00 272.60
81.60 9.45 0.02 0.02 214.64
114.19 —8.39 0.02 0.02 153.76
134.74 7.16 0.02 0.02 259.28
143.38 —-5.50 0.01 0.01 102.81
145.41 7.59 0.02 0.02 449.76
150.48 —6.17 0.01 0.01 79.59
155.03 21.88 0.17 0.12 44.48
156.88 —6.48 0.01 0.01 87.30
162.55 —6.66 0.02 0.02 123.00
172.83 13.44 0.07 0.06 464.44
207.97 11.55 0.06 0.06 261.94
219.81 18.30 0.17 0.12 747.90

freq (S, state) D HR FC v
249.74 7.43 0.03 0.03 225.57
255.93 —9.37 0.05 0.05 336.43
289.10 3.01 0.01 0.01 289.71
299.00 2.99 0.01 0.01 43.44
413.21 3.81 0.01 0.01 539.92
520.63 7.16 0.06 0.05 355.65
525.74 —-3.22 0.01 0.01 171.84
701.35 4.15 0.03 0.03 82.79
715.57 —-2.20 0.01 0.01 34221
782.38 —11.95 0.25 0.15 2.14
945.09 —-1.71 0.01 0.01 197.29

1050.40 5.38 0.07 0.06 30.04
1065.94 —3.65 0.03 0.03 308.94
1180.97 3.44 0.03 0.01 71.84
1182.53 —-1.33 0.00 0.00 153.42
1187.93 —-2.35 0.02 0.01 53.85
1207.86 —4.41 0.05 0.05 20.70
1274.91 2.69 0.02 0.02 5.01
1314.40 —0.96 0.00 0.00 623.67
1454.52 —4.0S 0.05 0.05 466.67
1608.78 —0.96 0.00 0.00 700.92
1613.99 —2.20 0.02 0.01 131.08
1662.17 —-1.90 0.01 0.01 126.65
3206.63 —-0.99 0.01 0.01 11.68

can be ignored due to lack of n — 7 transition, thus the
internal conversion becomes mainly nonradiative channels of
dissipating energy for excited state.'® The largest calculated
emission peak (A.) for TTM-3NCz is 709.8 nm with the
oscillator strength 0.1280 and the experimental one (Aey,.pr) is
707 nm; as to TTM-3PCz, the 4. is 701.65 nm with the
oscillator strength 0.1281 and the ,.p, is 695 nm. The above
data show that both the calculated values are consistent with
the observed values, which implies that the method is suitable
for the molecular systems.

In comparison, several other functionals (PBEO, CAM-
B3LYP, M06, ®B97XD, and HF) with different Hartree—Fock
components are employed to obtain the absorption and
emission data (listed in Table S1) with the 6-31+G(d) basis
set. It is found that the absorption and emission wavelengths
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change significantly when functionals are different, and the
data calculated by B3LYP happened to be in good agreement
with experimental values. Thus, B3LYP is adopted in all of the
following calculations in this work.

3.2. Photophysical Properties. The nonadiabatic cou-
pling term V), which results from vibrational and electronic
interactions in a molecule for all of the normal modes, has
been implemented by the MOMAP package, and selected data
with relatively large couplings are given in Table 3. The normal
vibrational frequencies, the Huang—Rhys factor (HR), and the
Franck—Condon (FC) factors are listed together. In the S,
state of TTM-3NCz, the displacement of the modes with
15.46, 26.99, 34.52, 44.51, 51.22 cm™" exceeds 100 au, due to
the relation of the Huang—Rhys (HR) factor and the
displacement (D), HR, = (U]-Djz)/ 2h; thus, these modes have
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more large HR values. Therefore, they are the main channels
for determining the internal conversion rate.”® The largest HR
factor for the TTM-3NCz molecule is 3.46 corresponding to
the vibrational mode with 34.52 cm™". It is assigned to the
twisted vibration of aromatic rings, as shown in Figures 3 and

Figure 3. Scheme of the largest normal mode displacement vectors
for the first excited state of the TTM-3NCz (top) and TTM-3PCz
(bottom) molecules.

4. As regards the TTM-3PCz molecule, the vibrational modes
with low frequencies are similar to TTM-3NCz; for example,
the displacements of the modes with 8.54, 24.31, 34.92, 48.22,
51.32 cm™' exceed 100 au too. The largest HR factor for the
TTM-3PCz molecule is 2.18 corresponding to the 48.22 cm™
vibrational mode; it is also assigned to the twisted vibration of
aromatic rings in Figure 3.

Furthermore, the radiative decay rate (k,) and nonradiative
decay rate (k,) for both the TTM-3NCz and TTM-3PCz
molecules were obtained theoretically and are listed in Table 4.
One can observe from Table 3 that (i) the calculated k, values
of TTM-3NCz and TTM-3PCz are 4.53 X 107 s™" and 3.85 x
107 at room temperature and the corresponding lifetimes are
22.1 and 26.0 ns, respectively, which are consistent well with
the observed value 17.2 ns for the TTM-3NCz molecule and
21.2 ns for the TTM-3PCz molecule, this indicates that the
method to predict the radiative decay is reasonable; (ii) the
calculated k,, values are 2 orders of magnitude higher than the
k. values at room temperature, which implies that the
fluorescence quantum efficiency is very low and much less
than the experimental result; Shuai et al. pointed out that the
nonadiabatic coupling is easily influenced by the external
environmental factors, such as the polarity of the solvent, the
steric hindrance, and the different molecule packings;'®
meanwhile, the Duschinsky effect influences k,, dramatically,"®
and the experimental data are from the thin film comprising
TTM-3NCz and TTM-3PCz molecules and other charge
transport materials,'””> so the calculated k,, values are
inaccurate; (iii) the change of k, is insensitive to the decrease

667

pubs.acs.org/JPCA Article
200
TTM-3NCz

150
-
S 100
©
L
c
S 50
§
8 0 B‘-‘ T I‘ A T + gl T r L T T 1
ot 200 400 600 00 1000 1200 1400 1600 1800 2000
8
oS 50

-100

-1
frequency/cm
150
TTM-3PCz

100
-
3
@ 50
L
=
[
o 0 Lol o "
c L ) T ™ ™ LJ T T T 1
© 2 400 600 800 1000 1200 1400 1600 1800 2000
(&)
& 50
Q.
8
©

-100

El
-150 frequency/cm

Figure 4. Calculated displacement versus the normal mode for (top)
the TTM-3NCz molecule and (bottom) the TTM-3PCz molecule.

of the temperature; in contrast, the k,, values are sensitive to
the temperature and their change is apparent, which shows that
the fluorescence quantum efficiency of the TTM-3NCz
molecule will increase distinctly compared with the TTM-
3PCz molecule; (iv) obviously, there are more atoms in a
TTM-3NCz molecule compared with TTM-3PCz, and the
corresponding vibrational modes of a TTM-3NCz molecule
are more than those of the TTM-3PCz molecule. However, the
calculated nonadiabatic coupling about the TTM-3NC:z
molecule is 19964 cm™' and the counterpart about the
TTM-3PCz molecule is 20 135 cm™" (all of the V; values and
frequencies are listed in Table S3). Therefore, the k,, of the
TTM-3PCz molecule at different temperatures is larger than
that of the TTM-3NCz molecule accordingly, although the
latter possesses more channels of internal conversion, which
implies that the predicted fluorescence quantum efliciency of
the TTM-3NCz molecule is always larger than the one of the
TTM-3PCz molecule.

Table 4 shows that the k, of TTM-3NCz at 300 K is 4.53 X
107 s~ when the Duschinsky effect is considered, while the k,,
is 3.96 x 10" s7'. The former plummets about 3 orders of
magnitude compared with the latter, and the k, is far greater
than the k; nevertheless, when the Duschinsky effect is
ignored, the k, of TTM-3NCz at the same temperature reduces
to 5.24 x 10° s and the k,, becomes 7.18 X 10° s™'. We can
see that both of them decrease in contrast to the data with the
Duschinsky effect and have the same order of magnitude. In
addition, it is found that the k, of TTM-3NCz with the
Duschinsky effect possesses less variation range compared to
the k, without the Duschinsky effect. In stark contrast, the

https://dx.doi.org/10.1021/acs.jpca.9b10343
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Table 4. Calculated Radiative Decay Rate (k,) and Nonradiative Decay Rate (k) from S; to S, and the Corresponding
Fluorescence Quantum Yield (7) at Different Temperatures for TTM-3NCz and TTM-3PCz Molecules

TTM-3NCz TTM-3PCz

T/K kr/s_1 km/s_1 n T/K Icr/s_1 km/s_l n
300 4.53 x 107 3.96 x 10 0.11% 300 3.85 x 107 9.18 x 10 0.042%
200 7.94 x 107 1.69 x 10 200 8.39 x 107 543 x 10'°

100 8.14 x 107 222 % 10° 100 8.61 x 107 1.24 x 10%

50 8.24 x 107 1.64 x 10° 50 8.71 x 107 1.12 X 10°

no Duschinsky effect

300 524 % 10° 7.18 x 10° 41.8% 300 327 x 10° 3.97 X 10° 45.2%

variation of the k, is significant with and without the
Duschinsky effect (from 3.96 X 10" to 7.18 X 10° s™"). The
changing trends for the TTM-3PCz molecule are the same, but
with different degrees of variations (k, is 3.85 X 10" s™' and k,,
is 9.18 x 10" s~ with the Duschinsky effect, k, is 3.27 X 10°
s™! and k,, is 3.97 X 10° s™" without the Duschinsky effect at
300 K). This is because formula S contains the nonadiabatic
transition momentum Ry, which includes both diagonal and
nondiagonal terms to calculate the k,. When taking the
Duschinsky effect into account, the nondiagonal term increases
significantly; thus, the nonradiative rate also increases. If not,
there is only the diagonal term in Ry, without the Duschinsky
mixing effect, so the k. decreases, but for formula 4 to
calculate the radiative rate, it refers to the integral of the
emission spectrum, and the change of the integral area is minor
with the Duschinsky mixing effect.'® As a result, the
Duschinsky effect on the k, is not significant.

If we do not consider the Duschinsky mixing effect, the
fluorescence quantum yield for TTM-3NCz increases dramat-
ically from 0.11 to 41.8% and for TTM-3PCz from 0.042 to
45.2%, which happen to reach the same order of magnitude
compared with the experimental data. Besides the influence of
the nonadiabatic transition momentum Ry, there are three
other possible reasons in the case as follows: first, the
calculated excited energy is underestimated for open-shell
systems due to spin contamination;”"*® second, for the
optimized geometry of the excited state and the adiabatic
energy, there exists some error because TDDFT is a single-
configuration approximation method instead of a multi-
configuration method,>**” and the errors derived from the
above may offset each other. Finally, both the title molecules
are surrounded by other materials in OLED. The steric
hindrance from these materials results in a higher rigidity of
both the radical emitters; moreover, an ingredient of the
displaced harmonic oscillator increases and the distorted
displaced harmonic oscillator decreases. It seems that the
Duschinsky effect between the ground state and the first
excited state can be ignored.'®

3.3. Simulated Fluorescence Spectrum of TTM-3NCz
Using the Distorted and Displaced Harmonic Oscillator
Model at Room Temperature. At the S, minima, the
HOMO-LUMO is predominantly responsible for the S; — S,
electronic de-excitation transition (weight of TTM-3NCz,
97.16% and TTM-3NPz, 96.95%), and the calculated
maximum peak of S; — S, at the emission spectrum for the
TTM-3NCz molecule appears in the 0 — 0 transition, which is
1.75 eV (709 nm). To get a band spectrum instead of a line
spectrum, we simulated the emission spectrum of TTM-3NCz
using the correlation function method (eq 3), and the total
time interval for the correlation function is set to [—1000 fs,
1000 fs], with a time increment, At, of 0.01 fs. For the
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calculation of the vibronic spectrum, all of the vibrational
modes have been included and the Duschinsky effect, which is
derived from the difference between the frequencies of the
ground state and the excited state, has also been
considered.”®*” The simulated fluorescence spectrum of
TTM-3NCz containing a contribution of the FC factor is
shown in Figure 5, where two emission peaks can be seen in
the spectrum: one is main peak corresponding to the 0 — 0
transition and the other is a shoulder peak coming from the
contribution of the FC factor. Obviously, the intensity of the
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Figure S. Simulated fluorescence spectrum of TTM-3NCz using the
distorted harmonic oscillator model at room temperature (top). The
emission peak at 709.8 nm is corresponding to the 0 — 0 transition,
and the maximum A changes from 709.8 to 747.7 nm with the
Duschinsky effect. The simulated fluorescence spectrum of TTM-
3NCz using the displaced harmonic oscillator model at room
temperature (bottom). The maximum A, has a red shift of S0
cm™! without the Duschinsky effect.
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Figure 6. Molecular orbital energy levels with au for TTM-3NCz, TTM-3PCz, and their dimers at the B3LYP/6-31+G(d) level.

main peak is far stronger than that of the shoulder peak.
Whether the peak position or peak shape of the simulated
emission spectrum employed the correlation function, our
calculated results are consistent with the observed spectrum,
which indicated that the distorted harmonic oscillator model
can well describe the spectral characteristics.

To further understand the appearance of the shoulder peak
in the fluorescence spectrum, we also calculated the
approximate FC factor of each normal mode.”® On the basis
of the harmonic oscillator model, the FC factor of each mode
can be expressed by a Poisson distribution as follows

Sk
[T 161007 = [T e
A A Vk!

(6)

For both the electronic states of a molecule, there is a small
displacement in the potential energy surface using the
harmonic oscillator model. For simplicity, the contribution to
the spectrum of the 0 — 0 and 0 — 1 vibrational transitions
has been considered and other transitions are ignored; thus,
the FC factor of vibrational modes is simplified as Se™>* for
each mode and all of the data are listed in Table 3 and S2. As
can be seen that the FC factors with low frequencies, 8.32,
15.46, 26.99, 34.52, 38.23, 52.53 cm™, are considerably large,
these normal modes significantly impact on the shape of the
emission spectrum. In addition, because the peak will spread
with FWHM in the Gaussian spectrum, the effect of the low-
frequency modes will overlap with the main peak (correspond-
ing to the 0 — O electron transition), which makes the
emission peak frequency red-shift about S0 cm™. The 782.38,
995.82, 1050.40, and 1207.86 cm ™! modes, which are assigned
to the breathing vibration of the naphthalene ring, deformation
vibration of the naphthalene ring, twisted vibration of the
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naphthalene ring, and H atom rocking vibration of the benzene
rings in place, have a significant impact on the spectrum, which
leads to the appearance of a shoulder peak in the emission
spectrum, it entirely corresponds with the shape of the
emission spectrum in nonpolar solvent cyclohexane. Figure S1
shows the simulated fluorescence spectrum of TTM-3PCz
using the distorted and displaced harmonic oscillator model at
room temperature, which has the same spectral shape as that of
the TTM-3NCz molecule.

3.4. Electronic Structure and Fluorescent Property of
Dimers. As is well known that free radical molecules are
generally unstable,’ two free radicals tend to form a dimer by
the central head-to-head C—C bond to attenuate reactivity.*>>
Thus, we investigated the dimers composed of both the title
molecules. To obtain the stable geometry of the dimer of
TTM-3NCz and TTM-3PCz, the relaxing potential energy
scan was performed at the UB3LYP/6-31+G(d) level for each
dimer. The scanning along the molecular horizontal axis and
the vertical direction was executed to confirm the spatial
position of both the molecules in a dimer. Then, making both
the molecules rotate each other to get the geometry with
minimum of energy, finally, the dimer was optimized based on
this geometry again using UB3LYP/6-31+G(d). Figure S2
illustrates the optimized geometries of both the conformations
of the TTM-3NCz and TTM-3PCz dimers; moreover, based
on the application of the counterpoise correction for the basis
set superposition error,”*** the binding energies of the single
molecules in the dimer are —5.01 kJ/mol for TTM-3NCz and
—5.23 kJ/mol for TTM-3PCz. The calculated data imply that
both the free radicals do not form C—C bonds due to the
stereo-hindrance effect of chlorobenzene; nevertheless, the
total energy decreases during the formation of dimer systems
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and there is a chance that this effect exists in the optoelectronic
device. Therefore, the electronic structures and fluorescent
properties of both the dimers were further explored.

The energy levels of both the TTM-3NCz and TTM-3PCz
single molecules and their dimers, low-lying states, based on
the optimized geometry are shown in Figure 6. For the TTM-
3NCz dimer, the HOMO is 409A and 410A, respectively,
which mainly delocalized over the TTM and the dibenzo-
pyrrole moiety, while the LUMO is distributed on the
naphthalene ring and dibenzopyrrole moiety. Similarly, the
HOMO (205A) of the single TTM-3NCz molecule is mainly
distributed on dibenzopyrrole and TTM moieties. Meanwhile,
the LUMO of the single molecule is localized on the TTM
moiety. As for the dimer composed of both TTM-3PCz
molecules, the HOMO is 383A and 384A, respectively, the
electronic density of each orbital belongs to the different
molecule and is distributed on all of the molecules. Meanwhile,
the LUMO (385B) localizes on the TTM unit. In comparison,
there is hardly any change between the frontier orbitals of the
dimer and ones of the single TTM-3PCz molecule, which once
again demonstrates that both the dimers have no significant
interaction between two single molecules.

It is found that the 408B — 409B transitions mainly
contribute to the first excited state for the TTM-3NCz dimer.
This transition configuration accounts for 98% of the total
listed in Table 2. Both the orbitals involving the fluorescence
emission process belong to the same molecule in the dimer.
Obviously, both HOMO (408B) and LUMO (409B) cannot
effectively overlap each other, as observed from Figure 6; thus,
the oscillator strength is only 0.0838. The maximum emission
wavelength is 729 nm at the UB3LYP/6-31+G(d) level for the
dimer, which shows an about 20 nm red shift compared with
the maximum one (708 nm) of the single molecule. Regarding
the transition of the TTM-3PCz dimer in the fluorescence
emission process, the 382B — 383B transition is dominant and
accounts for almost 100%, and the maximum emission peak
with oscillator strength 0.0669 is 711 nm. Compared to the
transition of the single TTM-3PCz molecule, the dimer shows
a red shift of 10 nm.

The natural transition orbitals (NTOs) of S; states for both
the TTM-3NCz and TTM-3PCz molecules are illustrated in
Figure 7, which provides a dramatic simplification in the
qualitative description of an electronic transition.”®*” The
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Figure 7. Transition characteristics of the natural transition orbitals
for the single molecules.
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highest occupied natural transition orbital (HONTO) of both
the single molecules is localized in dibenzopyrrole, and the
lowest unoccupied natural transition orbital (LUNTO) mainly
concentrates at the TTM moiety. The HONTO — LUNTO
transition of TTM-3NCz accounts for 98.8% of the total and
that of TTM-3PCz is 98.5%. The contribution of each atom to
these orbitals can be obtained by the Multiwfn code as well.*”
For HONTOs of both the molecules, the main contribution
comes from these atoms in the dibenzopyrrole unit. Never-
theless, for their LUNTOs, besides the contribution of the
benzene ring in the TTM unit, the center C atom in TTM also
plays an important role; it accounts for 34.4% of the total for
the TTM-3NCz dimer and 34.0% for the TTM-3PCz dimer,
which exhibits the typical p electron characterization, so this
excitation characteristic can be referred to as 7 — p*.
Whether the TTM-3PCz dimer or TTM-3NCz dimer, their
oscillator strengths are far smaller than those of their respective
single molecules, while the emission energies of both the
dimers are close to those of the single molecules. Based on
Einstein’s spontaneous emission equation, the radiative rate is
related not only to the orbital overlap (the larger the orbital
overlap, the larger the oscillator strength) but also to the
square of the energy difference between the excited state (S,)
and the ground state (S,), and it can be simplified as follows™®

fAE; .
T Taw e A

T

(7)

here, f is the oscillator strength of the first excited state (S;)
and AE; is the emission energy, the calculated k,(rrum.ancs)/
kr(TTM—3NCz dimer) 1S 1.61, and kr(TTM—3PCz)/ kr(TTM—3PCz dimer) 18
1.97. Obviously, both the radiative rates are not so much
different; nevertheless, the dimers possess more channels of
internal conversion. The extra energy in excited dimers will be
taken away easily by more vibration modes. It can be expected
that the dimers make a little contribution to the fluorescence
spectra.

3.5. Prediction for the Fluorinated TTM-3NCz Mole-
cule. Due to the HOMO — LUMO transition accounting for
the vast majority proportion in the process of fluorescence
emission for both the TTM-3NCz and TTM-3PCz molecules,
one-electron approximation can be applied, i.e., the HOMO —
LUMO transition replaces the S; — S transition.””* Given
that the gap of the frontier molecular orbital energy level has a
major impact on the radiative rate based on one-electron
approximation and formula 7, the electronic structure of the
fluorinated TTM-3NCz molecules was investigated, in which
the fluorine atom substitutes the chlorine atom on the TTM
unit in turn. Thus, there are eight substituted compounds, and
these compounds contain different numbers of fluorine and
chlorine atoms. For simplicity, we write them TN-F,Cl,, which
means one chlorine atom is substituted by one fluorine atom,
the remaining seven chlorine atoms in the TTM moiety, TN-
F,Cls, TN-F;Cl;, etc., the meaning is the same as above. All of
the compounds were optimized using UB3LYP/6-31+G(d),
and their energy levels and gaps of the frontier orbitals are
listed in Table 5. One can see in Figure 8 that the gaps increase
with chlorine atoms anchoring to benzene rings; however, the
gaps of the frontier orbitals become irregular when the number
of substituent Cl atoms are 3, 4, 5, and 6. The minimum gap is
1.914 eV for perfluorinated TN-Fg, the maximum gap is 2.109
eV for perchlorinated TTM-3NCgz, and the difference between
both the compounds is about 0.195 eV, which corresponds to
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Table S. Frontier Orbital Energy Level (au) and the Energy
Level Gap (eV) of Fluorinated TTM-3NCz

compound orbital energy (au) energy level gap (eV)

TN-Fg HOMO —0.17422 1914
LUMO —0.10389

TN-ECL, HOMO ~0.17629 1959
LUMO —0.10428

TN-F,Cl, HOMO —0.17827 2.039
LUMO —0.10333

TN-F,Cly HOMO —0.17989 2.023
LUMO —0.10554

TN-F,Cl, HOMO —0.18236 2.001
LUMO —0.10883

TN-F;Clg HOMO —0.18465 2.025
LUMO —0.11021

TN-F,Clg HOMO —0.18636 2.001
LUMO —0.11281

TN-F,Cl, HOMO ~0.19063 2,062
LUMO —0.11486

TTM-3Ncz HOMO —0.19442 2.109
LUMO —0.11691
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Figure 8. Difference of the frontier orbitals for all fluorinated TTM-
3NCz molecules at the B3LYP/6-31+G(d) level.

60 nm wavelength change. Based on the above data, we expect
that the emission wavelength can be tuned within the range of
about 60 nm, maybe infrared optical materials with doublet
and eficiency will be able to be found. Moreover, the radiative
rate k, of the perchlorinated TTM-3NCz molecule is predicted
to be the largest in all of the compounds due to the maximum
gap. However, the calculated result indicates that the outcome
is almost diametrically opposite to what has been predicted
above. The wavelength of the maximum emission for the
perfluorinated TN-Fj is 610.10 nm with the oscillator strength
0.1639, and the difference is about 99.7 nm compared with the
single TTM-3NCz molecule. The oscillator strength and the
emission energy of TN-Fg are larger than those of TTM-3NCz.
The above facts suggest that TN-Fg is an orange luminescent
material rather than an infrared optical material. Perhaps, we
can elucidate the above fact by the corresponding dipole
moment and the transition configuration. The dipole moment
of the first excited state for TN-Fg is 5.20 D, which is about
90% of the dipole moment of the excited TTM-3NCz
molecule (5.86 D), which implies that the extent of charge
separation is smaller in the excited TN-Fg molecule, thus the
overlap of the HOMO and LUMO will be more efficient for
the TN-F; molecule. This indicates that the oscillator strength
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of TN-Fy is larger. In addition, compared with the excited
TTM-3NCz molecule, the main excited configurations for the
TN-Fg molecule in the emission process contain some
transitions with more higher energy, such as 173A — 175A
(the gap of the energy levels is 0.138 au), 169B — 173B (the
gap is 0.134 au), 171B — 173B (the gap is 0.114 au), and
172B — 173B (the gap is 0.097 au); the main excited
configurations for the TTM-3NCz molecule are 201B — 205B
(the gap of the energy levels is 0.130 au), 203B — 205B (the
gap is 0.105 au), and 204B — 205B (the gap is 0.089 au). The
above data indicate that the energy difference between the S;
and the S, states of the TN-Fg molecule is larger than that of
the TTM-3NCz molecule. As a result, the TN-F; emission
energy is even greater, ie., the maximum emission wavelength
of the TN-Fg molecule is smaller than that of the TTM-3NCz
molecule. Moreover, due to the high oscillator strength and the
emission energy, the radiative rate of the TN-Fg; molecule
increases obviously compared with the TTM-3NCz molecule
based on formula 5, which means that the fluorescence
efficiency of the TN-Fg molecule is probably even greater. The
above calculated data show that the A, (emission) of the TN-
F,Cl,, TN-F,Cls;, TN-F;Cl;, TN-F,Cl compounds changes
from 610 to 710 nm, which provides an opportunity to select
appropriate fluorescent materials with different colors. Finally,
we predicted the stability of all the TN-F,,Cl, free radicals by
the bond energy of their hydrides, and the specific discussion
can been seen in the Supporting Information (in section The
stability of the TN-F,,Cl, molecules). The calculated results
suggest that the TTM-3NCz free radical is the most stable in
all halogenated compounds because the chlorine atom can not
only form a p—x conjugate system but also supply 3d orbitals
to enlarge the delocalization space.’

4. CONCLUSIONS

In summary, we have theoretically studied the vibronic
spectrum of the TTM-3NCz molecule employing a thermal
vibration correlation function using the TDDFT method. The
calculated results indicated that the main peak was impacted by
the normal modes with lower frequencies and the shoulder
peak of the emission spectrum was impacted by the middle-
frequency modes. On the level of TDDFT, we investigated
changes in the potential energy surfaces of the ground and
excited states for TTM-3NCz and TTM-3PCz molecules. Both
the calculated radiative decay rates were in good agreement
with the observed data at room temperature, i.e., the calculated
fluorescence lifetimes of both the species match with the
experiment. It is noted that for the calculated nonradiative
decay rates far away from the actual situation with the
Duschinsky effect, there is a large deviation in the fluorescence
quantum efficiency between the simulated and experimental
data, which might be related to external factors and the nature
of TDDFT; however, the fluorescence quantum efficiencies for
both the compounds are in good agreement with the
experimental data without the Duschinsky effect. Furthermore,
the effect on the fluorescence, which comes from the dimers
composed of the single title molecules, can be nearly
eliminated due to the small binding energies. The predicted
fluorescence property of the fluorinated TTM-3NCz molecule
is perhaps better than that of the title compounds. With a
change in the number of fluorine atoms in TTM, various
multicolor luminescent materials can be exploited based on the
parent TTM-3NCz.
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