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Abstract

Organic light-emitting light diodes (OLEDs) have been increasingly used in displays,

replacing liquid-crystal displays (LCD) and light-emitting diodes (LEDs) panels. The

increase in commercial use of OLED has led to the search for OLED with high perfor-

mance. For that reason, the OLED properties of monomers and dimers of some

synthesized platinum(II)-based complexes were estimated by using different compu-

tational chemistry tools with different codes. The electron/hole reorganization ener-

gies, the adiabatic/vertical ionization potentials, the adiabatic/vertical electron

affinities, the chemical hardness values, the dipole moments, the frontier orbital

shapes/energy levels, the energy gaps, the emission wavelengths, spin-orbit matrix

elements, the rates of reverse intersystem crossing and intersystem crossing of the

investigated complexes were determined. From the theoretically obtained data, it

was found that Pt(hppz)2 and Pt(fppz)2 complexes can be used as electron transfer

material. Furthermore, it was stated that Pt(f2bipz)(bpy) is both electron-blocking

layer and hole blocking layer materials. Moreover, it was noted that that PtOEP com-

plex can be utilized as a good electron injection layer and hole injection layer mate-

rial. Addition to these, it was emphasized that that Pt(f2bipz)(bpy) can be considered

as a good candidate for near infrared organic light emitting diodes and thermal acti-

vated delayed fluorescent organic light emitting diodes. In light of computational

chemistry, it should be expected that the study will provide a great contribution to

studies related to organic light emitting diodes.
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1 | INTRODUCTION

Since the first organic electroluminescence (EL) from tris-(8-hydroxyquinoline) aluminum (Alq3) has been discovered by Tang and Van Slyke [1], a

lot of work has been made to develop the performance of organic light-emitting diode (OLED) devices [2–10]. Particularly, advances in device

engineering technology have opened up a great deal of space for OLEDs in small and large panel manufacturing [11–15]. While large sized-OLED

panels are used for high-performance displays such as television screens, computer monitors, signages, and so on, whereas small-sized-OLED

panels are preferred for screens like smartphones, smartwatches, and handheld game consoles [16–23]. Compared with other display
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technologies, OLEDs have some advantages because of their economical, flexible, bendable, foldable, transparent, and so on [24–28]. For that

reason, it is hoped that OLEDs will take an important place in the display market in the future [29–32].

Multilayer OLED devices consist of anode–cathode electrodes and several organic layers (or organometallic layers) added between them,

including the electron injection layer (EIL), the electron transfer layer (ETL), the hole blocking layer (HBL), the light emitting layer (LEL), the elec-

tron blocking layer (EBL), the hole transfer layer (HTL), the hole injection layer (HIL) [33–35]. All mentioned layers effect the performance of the

OLED device [36]. Among them, the emissive layers play a dominant role in deciding the OLED performance, such and efficiency and color [37].

There are three kinds of light-emitting layers for OLED, namely fluorescent, phosphorescent, and thermal-activated delayed fluorescent (TADF)

materials [38–40]. Fluorescent materials are primarily utilized in OLEDs [41]. However, the efficiency of first-generation OLEDs with fluorescent

compounds is quite low [42]. The fluorescents can convert only 25% of excitons generated by electronic excitation to light because spin statistics

determines that single and triplet excitons formed under electronic excitation are in a ratio of 1:3 [43]. This implies that the internal quantum effi-

ciency (IQE) of the fluorescent OLEDs is capped at 25% [44]. For that reason, with the discovery of second-generation OLEDs called phosphores-

cent OLEDs (PhOLEDs) that utilized triplet excitons for light emission through intersystem crossing (ISC), the IQEs of green and red PhOLEDs

have increased dramatically up to 100% [45, 46]. Nevertheless, blue PhOLEDs have been found to be not stable enough for industrial applica-

tions [47]. In this instance, the third-generation of the OLED materials that called TADF OLEDs have recently emerged [48]. By TADF materials,

as in PhOLEDs, an internal quantum of efficiency of 100% is achievable because all excitons can be converted to light [49]. In addition, TADF

OLEDs promise a longer device lifetime [50]. The TADF process can occur if the energy gap (ΔEST) between the first singlet (S1) and the first trip-

let excited states (T1) is low enough (<.2 eV) [51–53]. The small ΔEST facilitates reverse inter-system crossing (RISC) where triplet excitons may be

up-converted to singlet excitons and radiate back to the ground state (S0) via delayed fluorescence [54]. The aforementioned emission mecha-

nisms used in the three generations of OLEDs are depicted in Scheme 1.

Even after the OLED developments mentioned above, the emergence of different types of OLEDs has continued [55–58]. For example,

recently reported near-infrared (NIR) OLEDs that have emission peak wavelengths beyond 700 nm have used in important applications such as

optical signal processing, commutation networks, night-vision devices, sensors, portable thermal imaging camera, photodynamic therapy, bio-

imaging, photopolymerization, and military systems used for defense [59–63]. In spite of the great potential for applications, the improvement of

high-performance NIR OLEDs is hampered by strong nonradiative procedures as regulated by the energy gap law [64]. This law states that owing

to the vibrational couplings and the vibrational overlaps existing between lowest excited singlet or triplet states and the ground state, non-

radiative deactivation pathways can occur, and these nonradiative processes are greatly enhanced for compounds having small energy gaps [65].

Therefore, it can be stated that NIR emissive materials possessing small energy gap are excellent candidates for many intrinsic quenching

mechanisms [66].

Basically, to eliminate this quenching process, the aforementioned vibrational overlap must be reduced [67]. For that reason, perfluorinated

or perdeuterated approaches are utilized to reduce the number of high-frequency X–H vibrations (where X = C, N, or O) [68]. Nevertheless, the

procedure mentioned is synthetically difficult and not also cost-effective [69, 70]. In addition, the aforementioned approach give rise to only par-

tial or even insignificant improvements [71]. Alternatively, the high-frequency vibrational quenching can be theoretically importantly eliminated if

the transition to the ground-state has a shallow and/or repulsive potential energy surface (PES), which describes the energy of a system, in the

ground state [72]. The formation of the mentioned PES can be achieved by the creation of an excimer [73]. In this case, a way to surpass

the energy gap law is provided [74].

On the other hand, platinum(II) transition-metal complexes having extended π-conjugation can be used as a key to induce the π-π stacking

interactions between square-plane dimers to obtain longer wavelength emissions [75]. The lowest energy excited state of the platinum(II) com-

pounds are generally characterized by a metal-to-ligand-charge transfer (MLCT) and/or ligand-to-ligand-charge transfer (LLCT) as well as ligand-

centered (LC) triplet character in many examples [76]. Especially, the MLCT transition character meets the needs for shallow or repulsive PES in

the ground state [77, 78].

SCHEME 1 Schematic energy diagram for emission of the fluorescent, phosphorescent, and TADF OLED materials.
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In this article, inspired by the above-mentioned studies, the OLED behaviors of some platinum(II)-based compounds given in Scheme 2 are

predicted by computational chemistry tools with different codes. The OLED parameters of the studied Pt(II)-complexes are determined using den-

sity functional theory (DFT) method within different computational chemistry software packages. From the theoretically achieved results, it is

hoped that suitable Pt(II)-compounds for OLED designs will be found.

2 | METHODS

All calculations were carried out by different computational software in the gas phase. Monomer calculations of the mentioned platin-based com-

plexes were performed in Gaussian 16 [80], Amsterdam Density Functional (ADF) 2019 [81], and Schrödinger Suite 2021-2 [82] programs,

respectively.

More than one code had to be used in the article. B3LYP hybrid functional of DFT was preferred because that is a good function for calcula-

tions of conjugated systems [83]. However, PBE0 hybrid functional of DFT for calculations involving emission calculations was used because the

PBE0 functional gives good results in emission computations [84].

In some theoretical studies related to OLED materials, it is preferred the 6-31G(d) basis set. Because the 6-31G basis set takes into account

all the electrons of the system. In this study, the 6-31G(d) basis set was used for atoms excluding the platinum element. In the calculations of Pt

metals which are third-row transition metals, it cannot used aforementioned basis set. LANL2DZ basis set only takes into account valence and

core electrons of the system. For that reason, it can be selected for large atoms. Furthermore, LANL2DZ is a good and safe choice for calculating

properties based on valence electrons (as ionization energy, electron affinity, and reorganization energy…). Therefore, LANL2DZ basis set had to

be selected for Pt metal. In other words, 6-31G(d) + LANL2DZ mixed basis set was used for performed calculations in Gaussian program such as

the electron/hole reorganization energies, the adiabatic/vertical ionization potentials, the adiabatic/vertical electron affinities, the chemical hard-

ness values, the dipole moments, the lowest unoccupied molecular orbital (LUMO) energy levels, the highest occupied molecular orbital (HOMO)

energy levels and energy gaps.

On the other hand, there are not 6-31G(d) and LANL2DZ basis sets in Amsterdam Density Functional program. Instead of this mixed basis

set, TZP basis set which is good basis set was preferred in ADF program because the TZP basis set can be used for all atoms in the examined

complexes. In ADF program, the energies of the complexes in singlet ground, first singlet excited, and first triplet excited states were

SCHEME 2 Molecular structures of the investigated Pt-based complexes [61, 79].
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computed at PBE0/TZP level. From the obtained data, the emission values and TADF parameters of the investigated Pt(II)-complexes were

calculated.

Similar to ADF program, MIDIXL basis set was selected in Schrödinger program. MIDIXL basis set is a new basis set and it can be applied for

all atoms such as TZP. In Schrödinger program, the reorganization energies, absorption/emission values, TADF parameters and dipole moments of

the aforementioned monomers were calculated at B3LYP/MIDIXL level by using optimized structures obtained at B3LYP/6-31G(d)-LANL2DZ

(Pt) level in Gaussian program.

It is required to note that the computational cost of dimer molecules in both Gaussian and ADF programs is quite high. Therefore,

dimer compounds were optimized by using PBE0 functional with 6-31G(d)/LANL2DZ(Pt) basis sets in Gaussian program. After that, the

reorganization energies, absorption/emission values, TADF parameters and dipole moments of the mentioned dimers were determined at

B3LYP/MIDIXL level in Schrödinger program using the optimized geometries of the dimers. In this way, the computational cost of dimer

complexes was greatly reduced.

Charge transfer rate (k) can be calculated by Marcus theory via the following equation [85]:

k¼4π2

h
V2 exp �λ=4kBTð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

4πλkBT
p , ð1Þ

where V is the charge transfer integral, T is the absolute temperature, and λ is the sum of internal reorganization energy (λint) and external

(λext) reorganization energy. In addition to these parameters, kB and h are the Boltzmann and Planck constants, respectively. The charge-

transfer rate is determined by two key parameters, which are V and λ, at a certain temperature. To examine V, crystal data is usually needed.

Nevertheless, the designed compounds can be noncrystal, and the charge transfer integral is very limited. For that reason, to explain the

charge transfer rates of the studied complexes, their reorganization energies were taken into account. The reorganization energies are usually

determined by a rapid change in molecular geometry when a charge is removed or added from compound (λint) and indicates the impact of the

enraptured medium on charge transfer (λext). The λext was ignored in the previous studies because there is an obvious correlation between λint
and charge transfer rates. Therefore, it was focused on the debate of the λint to explain the charge transfer rates of the investigated

Pt(II)-complexes in this paper.

The reorganization energies (λs), the adiabatic/vertical ionization potentials (IPs), and the adiabatic/vertical electron affinities (EAs) can be cal-

culated from single point energies via Equations 2–7: [86–88]

λe ¼ E�0 �E��
� �þ E0��E00

� �
, ð2Þ

λh ¼ Eþ0 �Eþþ
� �þ E0þ �E00

� �
, ð3Þ

IPa¼ Eþþ �E00, ð4Þ

IPv¼ Eþ0 �E00, ð5Þ

EAa¼ E00�E��, ð6Þ

EAv¼ E00�E�0 , ð7Þ

where E�0 Eþ0
� �

presents the energy of the anion (cation) obtained through the optimized neutral complex. Likewise, E�� Eþþ
� �

stands for the energy

of the anion (cation) calculated using the optimized anion (cation) structure, E0� E0þ
�

) defines the energy of the neutral compound computed at the

anionic (cationic) state. E00 also states the energy of the neutral molecule at the ground state.

In addition to the aforementioned parameters, to estimate the stability of molecules, the absolute chemical hardness (η) [89] may be found by

the adiabatic ionization potential (IPa) and the electron affinity (EAa) by Equation 8:

η¼ IPa�EAað Þ=2: ð8Þ

The investigated complexes are both closed and open-shell systems. The emission calculation of the open-shell systems is harder than that of

closed-shell systems. However, the emission values closed- or open-shell systems can be predicted by utilizing the energy differences between

ground-state energy (E0) and the lowest excited-state energies (E1) of the compounds via Equations 9 and 10.
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ΔE¼ E1�E0 ð9Þ

λ¼hc=ΔE ð10Þ

wherein ΔE and λ presents the emission energy and wavelength, respectively. c shows the light speed and h states Planck constant.

Thermal activated delayed fluorescent (TADF) performance of compounds can be predicted by means of Equation 11 [90]:

ΔEST ¼ ES1�ET1ð Þ: ð11Þ

Here, ES1 is the lowest-energy excited singlet state, while ET1 is the lowest-energy excited triplet state. Additionally, TADF involves a reverse

intersystem crossing (RISC) process, in which S1 states are populated from T1 levels. RISC competes with other processes such as the S1 ! T1

intersystem crossing (ISC). However, if non-radiative paths are negligible, kRISC represents the rate-determining factor for TADF.

The rate of reverse intersystem crossing (kRISC) and the rate of intersystem crossing (kISC) and between S1 and T1 are calculated according to

the Fermi Gulden rule [91, 92] given by Equations 12 and 13:

kRISC ¼2π
ℏ

S1 bHSO

��� ���T1

D E��� ���2ρFCWD, ð12Þ

kISC ¼3kRISC exp
�ΔEST
kBT

� 	
 ��1

, ð13Þ

where S1 bHSO

��� ���T1

D E
is the spin-orbit coupling matrix element (SOCME) between S1 and T1 states and ρFCWD stands for the Franck-

Condon-weighted density of states. While S1 bHSO

��� ���T1

D E
can be interpreted as probability for the T1!S1 transition, ρFCWD describes the thermo-

kinetic barrier associated with this process. Classical Marcus theory (CMT) provides a simple way to describe this thermokinetic barrier. ρCMT
FCWD can

be expressed with Equation 14:

ρCMT
FCWD ¼

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4πλMkBT

p exp � ΔEST þλMð Þ2
4λMkBT

 !
: ð14Þ

Here, λM the Marcus reorganization energy [93] related with the intramolecular low-frequency vibrations and it can be calculated by the for-

mula given in Equation 14:

λM ¼ ES1=T1�ES1=S1, ð15Þ

where ES1=S1 and ES1=T1 are the excited states energies of optimized S1 and T1 structures, respectively.

3 | RESULTS AND DISCUSSION

3.1 | Monomers

All Pt(II)-complexes are optimized at B3LYP/6-31G(d)-LANL2DZ(Pt) level. The structures of the optimized complexes are shown in Figure 1. All of

the Pt(II)-complexes given in Figure 1. are closed-shell systems, except for 1Pt and 2Pt complexes. In other words, the 1Pt and 2Pt compounds

are open-shell systems with single electron numbers.

3.1.1 | Frontier molecular orbitals and band gaps

The energy gap (Egap) values and the frontier molecular orbitals (FMOs), which are the highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) shapes, of these optimized compounds are also obtained at the B3LYP/6-31G(d)-LANL2DZ(Pt) level. The

acquired HOMO, LUMO shapes and energy gaps are presented in Figure 2.
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The interpretation of frontier molecular orbital shapes is useful for understanding electron transfer within molecular devices. One can see

from Figure 2 that frontier molecular orbitals are delocalized on almost all molecules except for Pt(f2bipz)(bpy) and Pt(mtpyim)(bipz) complexes.

The clear spatial separation of the FMOs of the Pt(f2bipz)(bpy) and Pt(mtpyim)(bipz) molecules causes to the obtaining of a small ΔEST as well as

the occurrence of the intra-molecular charge transfer (ICT) process. Small ΔEST value implies a more effective TADF material. For that reason, it

should be stated that Pt(f2bipz)(bpy) and Pt(mtpyim)(bipz) can be considered as suitable candidates for TADF OLED material. Additionally, it is

widely reported that the Egap values are related to the optical and electronic properties [94]. From Figure 2, it is noticed that the electronic transi-

tion with the lowest energy among the investigated closed-shell system occurs in Pt(fppz)(pic) and Pt(mtpyim)(bipz) complexes. Among the

closed-shell complexes, Pt(fppz)(pic) and Pt(mtpyim)(bipz) compounds exhibit high conductivity. Additionally, it can be said that the Egap values of

compounds with open-shell systems are smaller than those of closed-shell complexes. Therefore, the conductivity is higher in the compounds

F IGURE 1 The optimized structures of the investigated Pt(II) monomers.
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with the open shell system compared with the complexes with the closed shell system. As a result, the compounds with the lower Egap value can

be preferred for OLEDs in the field of optoelectronics.

On the other hand, it has been reported that the frontier molecular orbital energy levels of molecules play an important role in OLED perfor-

mance [95]. According to the report, higher exciton recombination occurs when the energy barrier between OLED layers is lower than .4 eV. The

LUMO levels of the molecules in the layer play a more important role than its HOMO levels in the governance of exciton recombination. Accordingly,

F IGURE 2 Energy gaps and frontier orbital shapes of the investigated complexes.

TABLE 1 The obtained computational chemical parameters (in eV) of the studied Pt(II)-monomers at hybrid B3LYP with 6-31G(d) and
LANL2DZ(Pt) basis sets.

Complex HOMO LUMO λe λh IPa IPv EAa EAv η Dipolea

Pt(fprpz)2 �6.52 �3.00 .22 .32 7.77 7.92 1.73 1.62 3.02 .00

Pt(fprpz)(fppz) �6.31 �2.69 .22 .31 7.56 7.71 1.40 1.29 3.09 3.11

Pt(fprpz)(tbfppz) �6.22 �2.60 .23 .31 7.44 7.58 1.33 1.21 3.06 4.46

Pt(hppz)2 �6.17 �2.30 .18 .32 7.37 7.52 1.08 .99 3.15 .00

Pt(fppz)2 �6.11 �2.25 .18 .31 7.36 7.50 1.00 .91 3.18 .00

Pt(f2bipz)(bpy) �5.38 �3.07 .39 .62 6.63 6.94 1.79 1.59 2.43 13.79

Pt(fppz)(pic) �6.15 �2.29 .21 .43 7.48 7.68 1.00 .89 3.24 2.28

Pt(mtpyim)(bipz) �5.21 �2.26 .32 .63 6.44 6.75 1.02 .86 2.71 15.49

1Pt �5.46 (α) �1.63 (α) .22 .32 6.48 6.64 2.84 2.73 1.82 2.49

�5.52 (β) �4.06 (β)

2Pt �5.50 (α) �1.66 (α) .22 .32 6.54 6.71 2.85 2.74 1.85 1.95

�5.54 (β) �4.09 (β)

PtOEP �4.92 �1.86 .23 .36 6.01 6.32 .94 .67 2.54 .28

aThe unit of dipole moment is Debye.
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to obtain high-performance OLEDs, especially the differences between the LUMO values of the compounds located next to each other in the OLED

layers should be taken into account. The HOMO and LUMO energy levels of the investigated complexes are calculated at B3LYP/6-31G(d)-

LANL2DZ(Pt) level and given in Table 1. Considering Table 1, high-performance OLED consisting of the studied platinum(II) complexes can be

designed. For example, Pt(fprpz)(fppz) and Pt(fprpz)(tbfppz) can be found in adjacent layers because their LUMO energy difference is .09 eV.

3.1.2 | Reorganization energies

Some OLED parameters of the mentioned complexes are calculated at the B3LYP/6-31G(d)-LANL2DZ(Pt) level in the Gaussian program and

these values are presented in Table 1. It can be shown from data given in Table 1 that electron reorganization energies of the mentioned Pt(II)-

complexes change from .18 to .39 eV. Considering the calculated electron reorganization energies, the λe values of all examined complexes except

for Pt(f2bipz)(bpy) and Pt(mtpyim)(bipz) complexes are smaller than that of standard electron transport materials (ETL) which is AlQ3

(λe = .276) [96]. For this reason, one says that all complexes studied except for Pt(f2bipz)(bpy) and Pt(mtpyim)(bipz) compounds can be used as

better ETL material than ALq3. Additionally, it is clear from Table 1 that the complexes with the lowest electron reorganization energy (.18 eV)

are Pt(hppz)2 and Pt(fppz)2 molecules. Therefore, it can be indicated that Pt(hppz)2 and Pt(fppz)2 compounds can be utilized as the best candidates

for ETL materials. Moreover, it is shown that the molecule having the highest electron reorganization energy (.39 eV) is Pt(f2bipz)(bpy). Thus, it

can be stated that Pt(f2bipz)(bpy) can be suggested as an electron-blocking layer (EBL) material because of its high λe value [86].

From Table 1, it is seen that hole reorganization energies of the mentioned compounds vary from .31 to .62 eV. All hole reorganization ener-

gies obtained are higher than that of standard hole transport material (HTL) which is TPD (λh = .290) [97]. Therefore, it can be noted that all the

complexes investigated are worse HTL candidates than TPD. However, it can be said that complexes 6 and 8 can be considered as hole-blocking

layer (HBL) materials due to their high λh values [86].

As shown in Table 1, the compound having the lowest ionization and electron affinity potential is PtOEP compound. Thus, it can be said that

PtOEP complex can be used as a good electron injection layer (EIL) material and a good hole injection layer (HIL) material [98]. In addition, when

the chemical hardness values are examined from the same table, it is seen that the complex with the highest hardness value is Pt(fppz)(pic) com-

plex. Accordingly, it can be said that the most stable complex among the studied platinum complexes is Pt(fppz)(pic) compound. In addition to

these, Table 1 also shows that the dipole moments of Pt(fprpz)2, Pt(hppz)2, Pt(fppz)2, and PtOEP compounds are zero or close to zero.

3.1.3 | NIR properties

In the Amsterdam DFT program, very costly energy calculations of the ground state (S0), the lowest energy singlet (S1) and the lowest energy trip-

let (T1) geometries of monomer complexes are made. After that, the energy differences between the mentioned states and the fluorescence or

phosphorescence wavelengths corresponding to the differences are calculated. The obtained results are shown in Table 2. From Table 2, it is clear

that the lowest energy emission value occurs in Pt(hppz)2 compound. The emission color of this compound can be rudely predicted to be blue or

close to blue. Additionally, it is clear from Table 2 that the compound with the highest emission wavelength is Pt(f2bipz)(bpy) complex. Consider-

ing the emission value of this complex, it can be stated that it is expected to be a good candidate for NIR-OLED because it has emission

TABLE 2 The energy differences (eV) between the ground (S0) and the singlet (S1) / the triplet (T1) states, the emission wavelengths (nm),
spin-orbit matrix element (cm�1), the rates of reverse intersystem crossing (s�1) and intersystem crossing (s�1) of the examined Pt(II)-complex
monomers at 298.15 K.

Compound S1–S0 T1–S0 S1–T1 Fl. Ph. SOCME S1$T1 KRISC T1 ! S1 KISC S1 ! T1

Pt(fprpz)2 2.78 2.51 .27 447 495 65.26 1.24 � 1015 1.36 � 1020

Pt(fprpz)(fppz) 2.85 2.54 .31 435 488 91.15 4.70 � 1014 2.45 � 1020

Pt(fprpz)(tbfppz) 2.83 2.44 .39 439 508 117.53 3.17 � 1013 3.71 � 1020

Pt(hppz)2 3.13 2.81 .32 397 442 96.72 3.19 � 1014 2.46 � 1020

Pt(fppz)2 3.11 2.79 .33 399 445 84.79 1.42 � 1014 1.61 � 1020

Pt(f2bipz)(bpy) 1.52 1.49 .03 813 831 .01 1.09 � 109 1.05 � 1010

Pt(fppz)(pic) 2.95 2.77 .19 420 448 15.86 1.60 � 1015 7.84 � 1018

Pt(mtpyim)(bipz) 2.22 2.13 .09 558 581 11.02 3.60 � 1013 3.58 � 1015

1Pt - - - - - - - -

2Pt - - - - - - - -

PtOEP 2.64 2.02 .63 469 615 17.53 7.76 � 10�6 1.04 � 106
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wavelengths beyond 700 nm. Furthermore, it can be seen from the results given in the mentioned table that the triplet energies of 1Pt and 2Pt

with open shell systems cannot be calculated. Therefore, the singlet-triplet transitions of the mentioned monomers could not be calculated.

3.1.4 | TADF performances

When the S1–T1 transition values, which determine the TADF OLED performance of the complexes, are examined in Table 2, it is seen that the

S1–T1 values of Pt(f2bipz)(bpy), Pt(fppz)(pic) and Pt(mtpyim)(bipz) in the complexes examined are smaller than .2 eV. From these values, it can be

noticed that these three complexes can be utilized as TADF OLED materials. From Table 2, it should be noted that Pt(f2bipz)(bpy) and Pt(mtpyim)

(bipz) can be used as excellent TADF materials owing to their low S1–T1 value. Furthermore, it should be noted from results presented in Table 2

that Pt(f2bipz)(bpy) can be both a good TADF and a good NIR candidate.

To better interpret singlet-triplet transitions, the rates of reverse intersystem crossing (kRISC) and the intersystem crossing (kISC) calculated

298.15 K with ΔEST and spin-orbit matrix element (SOCME) values are also reported in Table 2. Considering given data in Table 2, it is clear that

intersystem crossing rates of Pt(fprpz)2, Pt(fprpz)(fppz), Pt(fprpz)(tbfppz), Pt(hppz)2, and Pt(fppz)2 complexes are quite high (�1020 s�1). From KISC

values, one can say that S1 ! T1 intersystem crossing transitions of Pt(fprpz)2, Pt(fprpz)(fppz), Pt(fprpz)(tbfppz), Pt(hppz)2, and Pt(fppz)2 will occur

quite easily in the compounds studied. Referring to Table 2, it is seen that the rates of reverse intersystem crossing of the Pt(fprpz)2 and Pt(fppz)

(pic) compounds are quite high (�1015 s�1) among the investigated complexes. From KRISC values, it can be stated that T1 ! S1 reverse inter-

system crossing transitions of Pt(fprpz)2 and Pt(fppz)(pic) molecules can be quite easily in the examined Pt-complexes. Additionally, it can be said

from given data in Table 2 that both KRISC and KISC values of PtOEP complex is quite low among the studied molecules. Especially, it can be noted

that T1-S1 reverse intersystem crossing transition of PtOEP compound is quite difficult.

Some quantum chemical descriptors calculated for the monomers in the Gaussian and ADF programs are calculated at the B3LYP/MIDIXL

level in the Schrödinger program using the optimized structures obtained in the Gaussian program. In this way, the computational cost is greatly

reduced. The results calculated are presented in Table 3. In this table, in addition to the data calculated in other programs, absorption values are

also given. When Table 3 is compared with Tables 1 and 2, it is seen that the results calculated with different codes in different computational

tools are largely compatible.

When Table 3 is compared with Table 1, it can be determined that reorganization energies and dipole moments calculated at B3LYP/6-31G(d)-

LANL2DZ level are rather close to those of obtained at B3LYP/MIDIXL level. Additionally, it can be said that OLED parameters can be calculated more

easily with the Schrödinger program using optimized geometries because the mentioned way has low computational cost. However, it can be noticed

from Table 3 that reorganization energies and dipole moments of 1Pt and 2Pt complexes having open-shell systems cannot be calculated in Schrodinger

program. It is required to note that it is easier to calculate the OLED parameters for molecules with a closed system with the Schrodinger program.

Another comparison is made to see whether the emission values in Table 3 are compatible with those in Table 2. For that reason, Emax values

in Table 3 are compared with the emission wavelengths which are fluorescence and phosphorescence emission values in Table 2. It is seen that

the wavelengths calculated at B3LYP/MIDIXL level in Table 3 is higher than those of PBE0/TZP level in Table 2. However, referring to both

tables, a similar trend is observed for wavelengths. From Table 3 and Table 2, it is clear that the complex with the highest emission values is

Pt(f2bipz)(bpy). As stated earlier, this compound is a good candidate for NIR OLED materials.

TABLE 3 The obtained reorganization energies (eV), absorption wavelengths (nm), emission wavelengths (nm), TADF parameters (eV), and
dipole moments (Debye) of the investigated monomers at B3LYP/MIDIXL level.

Molecule λe λh Lmax Emax S1-T1 Dipole

Pt(fprpz)2 .22 .30 347 510 .42 .00

Pt(fprpz)(fppz) .21 .30 336 503 .40 2.89

Pt(fprpz)(tbfppz) .21 .30 334 505 .40 4.14

Pt(hppz)2 .19 .33 322 453 .25 .02

Pt(fppz)2 .17 .70 322 451 .41 .00

Pt(f2bipz)(bpy) .37 .64 463 1000 .04 13.16

Pt(fppz)(pic) .21 .42 329 557 .45 1.82

Pt(mtpyim)(bipz) .99 .64 372 921 .07 14.82

1Pt - - - - - -

2Pt - - - - - -

PtOEP .15 .33 463 579 .59 .32
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Comparing Table 3 and Table 2 are compared in terms of TADF performances of molecules, it is shown that S1–T1 values in both the men-

tioned tables are quite compatible with each other. As shown in Table 3 and Table 2, one can say that Pt(f2bipz)(bpy) and Pt(mtpyim)(bipz) com-

pounds can be an excellent candidate for TADF OLED materials because they have very low S1-T1 values.

Considering only Table 3, it is clearly seen that the Emax value of Pt(mtpyim)(bipz) are calculated as 921 nm. This value implies that

Pt(mtpyim)(bipz) can be suggested as a good NIR OLED candidate such as Pt(f2bipz)(bpy).

3.2 | Dimers

Trans dimer structures of the mentioned Pt(II) complexes are optimized at PBE0/6-31G(d)-LANL2DZ(pt) level in the Gaussian program because

previous works have shown that investigated complexes are stable in the trans form Reference [99]. Then obtained optimized dimers are included

in the Schrödinger program. The geometries of the dimers taken from the Schrödinger program are shown in Figure 3. Some results of the dimers

given in Figure 3 are achieved at the B3LYP/MIDIXL level in the Schrödinger program. As mentioned above, the computational cost is quite low

in this way. The results obtained are given in Table 4. Apart from the aforementioned monomer calculations, Pt–Pt distances are also shown in

the same table.

F IGURE 3 The optimized structures of the studied platinum(II)-complex dimers (H atoms are not shown.).
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3.2.1 | Reorganization energies

The decrease of reorganization energies means the increase of OLED performance. As shown in Table 4, the dimerization, which occurs with the

exception of Pt(f2bipz)(bpy), 1Pt, and 2Pt complexes generally reduces the reorganization energies. In addition, it should be noted from the same

table that the 1Pt and 2Pt dimers are closed-shell since the 1Pt and 2Pt monomers have open-shell system form dimer. Therefore, it is seen that

the OLED parameters of these dimers are also calculated in the Schrödinger program. Among the dimers, the best ETL candidate is PtOEP dimer.

Additionally, one says that 1Pt and 2Pt dimers can be considered as good EBL materials because of their λe values. Although there are not a good

HTL candidate in monomer complexes, all investigated dimers except for Pt(f2bipz)(bpy), Pt(mtpyim)(bipz), 1Pt and PtOEP dimers can be proposed

as HTL candidates. Among these, it can be said that the best HTL compound is Pt(fprpz)(tbfppz) dimer. Furthermore, it can be said that Pt(fprpz)

(tbfppz), Pt(hppz)2, Pt(fppz)2 and Pt(fppz)(pic) dimers which can be used as both ETL and HTL material is an ambipolar material. Finally, it can be

stated that 2Pt dimer can be suggested as good HBL compound because of its high λh value.

3.2.2 | NIR properties

As seen in Table 4, the absorption values of the dimer complexes are usually higher than those of their monomers, whereas emission values

of the dimers have not changed much compared with their monomers. From Table 4, it should be noted that emission values of the 2Pt and

PtOEP dimers can be predicted as 1000 nm. Therefore, it can be indicated that these dimers can be suitable candidates as NIR OLED mate-

rials. Moreover, it may be seen from the same table that emission values of Pt(f2bipz)(bpy) dimer can be computed as 668 nm. This emis-

sion value is close to NIR region. For that reason, it can be suggested that Pt(f2bipz)(bpy) dimer may be NIR OLED candidate like its

monomer.

3.2.3 | TADF performances

It is obviously seen from Table 4 that dimerization generally increases the TADF performance of the Pt(II) complexes. Among the investigated

dimers, it can be said that Pt(fprpz)2, Pt(f2bipz)(bpy), Pt(mtpyim)(bipz), 1Pt and 2Pt dimers can be considered as TADF OLED material because

their S1-T1 values are smaller than .2 eV. Considering the TADF compounds, it can be easily said that the Pt(f2bipz)(bpy) dimer can be an excel-

lent TADF material.

4 | CONCLUSIONS

Many OLED parameters of some platinum(II) monomers are estimated by Gaussian, ADF and Schrödinger programs. Within framework of the the-

oretically obtained results, suitable candidate(s) for all layers in OLED structure can be predicted. From the obtained reorganization values, it is

apparent from the data presented in related table that Pt(hppz)2 and Pt(fppz)2 molecules can be used as ETL material. Furthermore, it should be

TABLE 4 The obtained reorganization energies (eV), the absorption wavelengths (nm), the emission wavelengths (nm), the TADF parameters
(eV), the dipole moments (Debye), the Pt–Pt distances (Å) of the mentioned dimers at B3LYP/MIDIXL level.

Dimer λe λh Lmax Emax S1-T1 Dipole Pt-Pt distance

Pt(fprpz)2 .18 .26 389 527 .17 .39 3.54

Pt(fprpz)(fppz) .17 .29 416 501 .25 2.92 4.48

Pt(fprpz)(tbfppz) .17 .17 414 502 .26 3.67 4.83

Pt(hppz)2 .17 .18 393 446 .25 .61 4.56

Pt(fppz)2 .16 .23 412 466 .20 .50 3.57

Pt(f2bipz)(bpy) .42 .36 521 1000 .05 2.52 4.33

Pt(fppz)(pic) .21 .26 401 527 .22 2.72 3.76

Pt(mtpyim)(bipz) .21 .37 366 668 .10 7.70 4.12

1Pt .72 .67 852 1000 .17 1.08 2.60

2Pt .74 1.25 873 1000 .17 .16 2.60

PtOEP .10 - 464 574 .58 .03 7.27
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noted that Pt(f2bipz)(bpy) is both EBL and HBL materials. Additionally, it can be stated that PtOEP complex can be used as a good EIL and HIL

material. Moreover, it is obvious from chemical hardness values shown in Table 1 that the most stable complex is Pt(fppz)(pic) compound among

the investigated Pt(II)-complexes. On the other hand, it may be predicted from emission values and TADF parameters shown in related table that

Pt(f2bipz)(bpy) molecule is a good candidate for NIR-OLED and TADF OLED.

Secondly, the OLED behaviors of the dimer form of the above complexes are estimated in a simple way by means of computational chemistry

programs. From the obtained results, it should be noticed that dimerization of the Pt(II)-complexes generally increase their OLED performance. It

is clear from data presented in Table 4 that reorganization energies of dimers are generally less than that of their monomers. Addition to this, it is

clear from values presented in related to table that S1-T1 energy differences are also decreased with dimerization. Consequently, it should be

noticed from the values given in related table that OLED performance of the examined Pt(II) complexes increase with dimerization. Finally, it

should be noted that Pt(f2bipz)(bpy) dimer can used as a good NIR OLED material such us its monomer.
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