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Abstract 
The formation of charge-transfer (CT) exciplexes in m-

MTDATA–BPhen (4,4',4''-tris[(3-methylphenyl)phenylamino]-
triphenylamine)–bathophenanthroline) donor-acceptor pair is 
studied using density functional theory (DFT) and multireference 
quantum chemistry. It is shown that the lowest excited singlet S1 
and one of the low-lying triplets have the CT character, while the 
lowest triplet is localized on the BPhen molecule, which agrees 
with the experimental fluorescence and phosphorescence data. A 
multireference treatment agrees with the DFT calculations and 
shows that the CT character of the exciplex states in such donor-
acceptor systems is not an artifact of the functional. 

 

Key words: exciplex, organic light-emitting diodes, density functional theory, complete active space self-consistent field, 
extended multi-configuration quasi-degenerate perturbation theory. 

Introduction 

Exciplexes (intermolecular complexes existing only in the 
excited state) are rather common in blends of donor and 
acceptor organic semiconductors [1]. Their presence can be 
detected by the exciplex luminescence appearing as a strongly 
red-shifted broad structureless band, which frequently has low 
intensity. Exciplex luminescence at the interface contact was 
observed earlier [2–7]. 

In organic light-emitting diodes (OLEDs), the exciplex 
formation is considered as a factor that reduces their emission 
efficiency and color purity [8–12]. However, owing to the close 
position of the excited singlet and triplet levels in such 
exciplexes, thermally activated delayed fluorescence is possible, 
the effect allowing one to utilize up to 100% of excitons 
generated through electron and hole injection into the emitting 
layer [13]. Additionally, exciplex states can be used to transfer 
excitation to emitting dopants. Recently, these two effects were 
used in the design of OLEDs [14–18]. Amorphous structure of 
OLED layers allows almost arbitrary arrangement of the donor 
and acceptor molecules, some of which are favorable for the 
exciplex formation. 

Thermally activated delayed fluorescence (TADF) is a 
promising mechanism of efficient and long-lifetime OLEDs 
without any heavy metal [19, 20]. It makes it possible to harvest 
up to 100% of triplet and singlet excitons electrogenerated in an 
organic light-emitting device. Although TADF is a complicated 
process [21–31], the important feature of TADF-capable 
systems is quasi-degeneracy of the lowest singlet and triplet 

 
excited states. Further processes include competing direct and 
reverse intersystem crossing assisted by the presence of triplet 
states of different nature and emission from the lowest excited 
singlet state assisted by the Herzberg–Teller effect [26, 31]. 

In this work, we present a computational study of the 
exciplex formation in the donor-acceptor pair m-MTDATA–
BPhen, which was studied earlier experimentally [32, 33]. The 
absorption spectrum of the m-MTDATA–BPhen blend is just 
the sum of absorption spectra of the individual compounds. The 
fluorescence spectrum of the blend is strongly red-shifted 
relative to both emission spectra of the individual compounds, 
and the phosphorescence spectrum of the blend resembles that 
of individual BPhen. This may indicate that an exciplex exists in 
the S1 state, while the T1 state is a local excitation of BPhen. 

We studied theoretically the formation of exciplexes at 
different arrangements and conformations of m-MTDATA and 
BPhen and showed that, indeed, the lowest excited singlet S1 
and one of the low-lying triplets have the CT character, while 
the lowest triplet is localized on a BPhen molecule. Previously, 
we used this approach to calculate the exciplex states in a series 
of oligothiophene–fullerene PC61BM donor-acceptor pairs [34]. 

Results and discussion 

Monomers 

Although m-MTDATA can have many conformers, we 
considered only the two representative lowest-lying ones (Fig. 
1). 
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Figure 1. Top and side views of the studied conformers of m-MTDATA 
and its characteristic torsions. 

The electron detachment in m-MTDATA, in addition to 
bond length reorganization, is followed by the change in the two 
torsion angles φ1 and φ2 shown in Fig. 1. Upon ionization, these 
torsions change from 41 to 38° and from 44 to 19°, respectively. 
The calculated ionization potential is 5.35 eV, which agrees with 
the experimental value of 5.1 eV [35]. 

BPhen has two conformers characterized by the torsion 
angles ψ1 and ψ2 between the phenyl rings and phenanthroline 
moiety. These torsions have either same or opposite signs, and 
the corresponding conformers have almost the same energy. The 
conformers are shown in Fig. 2. 

  

 

Figure 2. Studied conformers of BPhen and their characteristic torsions. 

Electron attachment to BPhen, in addition to bond length 
reorganization, is followed by the change in these torsions from 
±57–58° to ±34 and ±53°, and the molecule loses its symmetry 
(the pseudo-Jahn–Teller effect). The calculated electron affinity, 
however, is negative, –0.1 eV, which means that the electron 
attachment to BPhen is slightly unfavorable. The HOMO energy 
is calculated as –7 eV, which agrees with the experimental 
ionization potential of –6.4 eV [36] or –6.9 eV [37]. The LUMO 
energy is calculated as –0.3 eV. 

Complexes 

The optimized pairs in the ground state (Fig. 3) mostly have 
stacked geometry, i.e., the phenanthroline plane is above the 
average plane of the triphenylamine moiety approximately 
parallel to it. In all the structures except F, the angle between the 
plane of phenanthrene moiety of BPhen and the central 
triphenylamino group of m-MTDATA is within 10–15°, while 
in F it is 40–50°. The distance between the central N atom of m-
MTDATA and phenanthroline plane is ~4.6–5.2 Å. After 
optimization of the S1 state, the structures remain stacked, but 
the intermolecular distance decreases to ~4.3–4.6 Å. The 
optimized T1 geometries are also stacked, and the intermolecu- 

  
A 0.00 B 0.51 

  
C 0.21 D 1.27 

  
E 0.62 F 3.30 

  
G 2.86 H 1.90 

 
I 1.90 

Figure 3. Studied m-MTDATA–BPhen pairs with their relative energies 
in kcal/mol. 
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Table 1. Calculated (BHHLYP) and experimental absorption and emission energies 

 
Absorption, eV Fluorescence, eV Phosphorescence, eV 

 
BHHLYP XMCQDPT Exp. [32] BHHLYP XMCQDPT Exp. [32] Exp. [33] BHHLYP XMCQDPT Exp. [33] 

BPhen 4.48  4.31 
  

3.61–3.66  3.3 3.2 2.29–2.30  2.23 

m-MTDATA 4.00  
 

3.94 3.55 3.66  2.89 2.84 2.64  2.52 

Blend 3.95–4.03 4.37 4.35 3.96 3.59 2.43–2.77 3.42 2.33 2.23 2.23–2.29 3.07 2.23 

 
lar distances are ~4.5–5.1 Å. Other geometry changes upon 
excitation include bond redistribution corresponding to either 
locally excited or ionized states of the monomers. 

The calculations showed that the energy levels of all pairs 
only slightly depend on the conformation of m-MTDATA or 
BPhen or their mutual arrangement. A typical energy level 
scheme of structure A is shown in Fig. 4. The lowest two singlet 
excitations are always to 1CT states; the corresponding 
transitions are almost forbidden. The next lowest state is 1LE 
with localization on m-MTDATA. The absorption of BPhen lies 
higher. This qualitatively agrees with the experimental 
absorption spectra of BPhen, m-MTDATA, and their blend [32], 
while the calculated excitation energies of the individual 
monomers and monomers in the blend are overestimated by 
BHHLYP (Table 1). The lowest triplet state of the pairs in the 
ground state geometry is 3LE with localization on BPhen, and 
the next two are 3LE states with localization on m-MTDATA. 
3CT lies much higher. The orbitals responsible for these states 
are shown in Fig. 5. 

In the optimized S1 geometry, 1CT remains the lowest 
excited singlet, while the lowest triplet state becomes 3CT, and 
the next lowest state is 3LE with localization on BPhen. It is 
important that 1CT and 3CT are quasidegenerate; the S–T gap is 
~1 meV. The calculated fluorescence energies of individual 
monomers and their blend are compared with the experimental 
data (Table 1). Again, the calculated spectra qualitatively agree 
with the experimental data, although the calculated emission 
energies are overestimated. 

 

Figure 4. Energy level scheme (BHHLYP/6-31+G(d,p)) of structure A. 

In the optimized T1 geometry, the lowest excited singlet is 
1CT, the lowest triplet state is 3LE with localization on BPhen, 
as in the ground state, while the next lowest triplet is 3CT 
quasidegenerate with 1CT. This level alignment agrees with the 
phosphorescence spectrum of the blend, which coincides with 
the phosphorescence spectrum of BPhen. In the case of triplet 
states, the agreement between the calculated and experimental 
emission energies is very good (Table 1). 

The Mulliken analysis of the electron density in the states of 
interest showed that the charge transfer in the states charac- 

 
 

1CT state 

  
3LE(BPhen) 

Figure 5. Singly occupied orbitals of low-lying excited states. 

terized as LE is negligible, less than 0.01 electron, while the 
charge transfer in the CT states is ~0.9–1.0 electron. 

The exciplex binding energies with respect to BPhen– and 
m-MTDATA+ are rather large, 2.5–2.6 eV. The exciplex is also 
stable relative to the states where any of the monomers is locally 
excited: for m-MTDATA* + BPhen, the energy gain is 1.0–1.2 
eV, while for m-MTDATA + BPhen*, it is 1.5–1.7 eV. 

Previously we have shown that for efficient TADF, two 
triplet states of different nature should lie close in energy to the 
emitting singlet S1 [31]. One can see from the energy diagrams 
and orbital localization that this condition is fulfilled. This fact 
may indicate that TADF is possible in this system. 

We performed a multireference study of pair A, which has 
the lowest energy among the structures under consideration. The 
energy level schemes are shown in Fig. 6. The active space 
included two highest occupied orbitals of BPhen, three HOMO 
orbitals of m-MTDATA, two lowest unoccupied orbitals of 
BPhen, and three lowest unoccupied orbitals of m-MTDATA. 
This active space is sufficient to reproduce the lowest CT, 
LE(BPhen), and LE(m-MTDATA) states. The calculated 
energies (Table 1) are overestimated even in comparison with 
BHHLYP. 

Unlike our DFT calculation, the lowest excited singlet in the 
ground state geometry is the 1LE state with localization on m-
MTDATA. The lowest triplet state in the Franck–Condon region 
is 3LE(m-MTDATA), the next one is 3LE(BPhen), and the 3CT 
is the third one. As the excitation relaxes to S1 geometry, it 
becomes 1CT degenerate with the 3CT and 3LE(m-MTDATA), 
while the energy of 3LE(BPhen) rises; i.e., both the singlet and 
triplet states cross. Near the T1 minimum, however, the lowest 
triplet becomes 3LE(BPhen), while 3LE(m-MTDATA) and 3CT 
states lie higher and 3CT is degenerate with 1CT. Such a pattern 
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Figure 6. Energy level scheme (XMCQDPT2/SA(15)-
CASSCF(10,10)/6-31+(d,p)) of structure A. 

of the energy levels indicates that the exciplex fluorescence 
from the 1CT state is possible, although with low intensity, and 
the phosphorescence of the blend originates from BPhen, in 
agreement with the experiments. The authors of Refs. [33, 38] 
suggested multiple back and forth intersystem crossing between 
both CT states, which makes CT emission extremely long-lived. 
Our picture supports this assumption, especially due to the 
participation of 3LE(m-MTDATA) in the intersystem crossing 
owing to the El-Sayed rule. 

The Mulliken analysis of the electron density in the CT and 
LE states showed that the charge transfer in the CT states is full, 
~1 electron, while in the LE state it is almost zero. 

Calculations 

We tried several m-MTDATA–BPhen pairs with different 
orientations of the phenyl rings in BPhen, different 
conformations of m-MTDATA, and different mutual 
arrangement of the donor and acceptor (Fig. 3). We chose 
BHHLYP, because this functional has 50% of HF exchange, 
which rules out artifact charge transfer states; i.e., all the CT 
states obtained in BHHLYP can be considered as real. The 
geometry optimization of the ground state was performed by 
BHHLYP/6-31+(d,p), S1 state was optimized by TDDFT with 
the same functional and basis set using Firefly package [39] 
partially based on the GAMESS-US code [40], and T1 state 
were optimized by TDDFT within the Tamm–Dancoff 
approximation using ORCA v. 5 [41] and Gaussian16 [42] 
programs. The final optimization was performed in Gaussian. 
After optimization, the energies of S0, S1, and T1 states were 
calculated in Firefly in the single point mode in order to have all 
the energies calculated with the same integration grid and other 
settings. 

It is well known that the excited states are very sensitive to 
the choice of the DFT functional. Therefore, we verified our 
qualitative conclusions with multireference quantum chemical 
calculation. We chose structure A as having the lowest energy 
and being most typical one. 

The state energies for the optimized geometries were 
calculated by SA(15)-CASSCF(10,10)/6-31+(d,p). The energies 
were improved by the XMCQDPT method. The charge 
distribution was analyzed by the localization of singly occupied 
orbitals and Mulliken charges. 

As for the starting orbitals, we used either the orbitals from 
the single point DFT calculation in Firefly at the corresponding 
geometries, or the orbitals from the CASSCF calculation with a 
smaller active space. In some cases, converged orbitals from the 
same molecule in a different geometry were used, as the change 
in the system geometry does not involve large-amplitude 
motions. 

The specific choice of starting orbitals is not crucial. The 
main strategy is to obtain an approximate set of orbitals within a 
small number of iterations (up to 20), which adequately describe 
the specified number of averaged states in the given active 
space. The resulting orbitals are far from convergence, and 
adjustments of the active space or averaged states may be 
needed. Convergence is typically achieved within 3–4 of run-
and-check cycles. It is evident that, already in the second cycle, 
the new orbitals are far from the starting ones, and the problem 
of selection of the starting orbitals becomes less important. 

Conclusions 

The formation of charge-transfer exciplexes in m-
MTDATA–BPhen donor-acceptor pair was studied using DFT 
and multireference quantum chemistry. It was shown that the 
lowest excited singlet S1 and one of the low-lying triplets have 
the CT character in the minimum of the S1 state, while the 
lowest triplet is localized on a BPhen molecule in the minimum 
of the T1 state, which agrees with the experimental fluorescence 
and phosphorescence data. A multireference treatment agreed 
with the DFT calculations and showed that the CT character of 
the exciplex states in such donor-acceptor systems is not an 
artifact of the functional. 
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