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ABSTRACT: 
[bookmark: OLE_LINK12][bookmark: OLE_LINK15]A series of cyclometalated platinum(II) complexes with aromatic ligands, such as pyridyl, pyrimidinyl and pyrazolate, were investigated with theoretical calculations. To investigate the relationship between ligands with molecular orbital, molecular rigidity, electroluminescent properties and spectroscopic properties, the electrostatic potential (ESP), density-of-states (DOS), root mean squared displacement (RMSD) were calculated. On the basis of calculated absorption and phosphorescence data, the analysis of “hole” and “electron” have also been performed. From the RMSD calculations, complex 3 shows significant structural distortions on S1 state and it may be applied in thermal activation delayed fluorescence (TADF) materials. The electroluminescent properties calculations show that complex 1 is suitable for hole transport material and complex 4 can be applied in electron transport material.  

1. Introduction
[bookmark: OLE_LINK4]With the development of organic light emitting diodes (OLED) in the past few decades, Pt(II) metal complexes have attracted much more attention since their huge potential applications in many fields[1-3]. Most of the Pt(II) atoms possess a d8 electronic configuration, and when Pt(II) atoms coordinate with aromatic ligands to form Pt(II) complexes, the coordination compounds usually show square planar geometry. The overlap of metal dz2-dz2 orbitals and square planar geometry could induce a greater tendency in forming π–π stacking interaction between adjacent molecules in solid state[4]. Furthermore, the planar structure is conductive to producing and separating electron and hole, which is an important indicator for luminescent materials[5]. 

Recently, a series of planar Pt(II) complexes with aromatic ligands, such as pyridyl, pyrimidinyl and pyrazolate chelates, have been synthesized by Hung, Chou and Chi[6-9]. These complexes exhibited fairly high emission efficiencies and reduced radiative lifetimes upon the formation of ordered thin films by vacuum deposition. Near-infrared (NIR)-emitting OLEDs were attained with these complexes and the maximum external quantum efficiency (EQE) were over 30%. In this paper, we selected a series of cyclometalated aromatic platinum(II) complexes to calculate, we try to provide an in-depth theoretical understanding about the molecular orbital, molecular rigidity, electroluminescent properties and spectroscopic properties.

2. Computational details
Density functional theory (DFT) [10-11] was employed to optimize the stabilized structures with Gaussian 09 software package[12]. The spectroscopic properties related to the absorptions and emissions in CH2Cl2 solution were calculated by time-dependent density functional theory (TDDFT) [13-14] with Truhlar's continuum solvation model based on the quantum mechanical charge density (SMD)[15]. The M06-2X functional[16-17] with Grimme's dispersion of D3 version[18] were selected in all the calculations. The Def2TZVP[19-20] basis set associated with the pseudopotential were adopted for Pt atoms and TZVP [21-22] basis sets was adopted for C, H and N atoms. The oscillator strength from S0 to T1 state and the phosphorescence lifetime (τ) were calculated by Dalton package with effective charge approximation[23].
3. Results and discussion
[bookmark: OLE_LINK8][bookmark: OLE_LINK9][bookmark: OLE_LINK5]3.1. Electrostatic potential (ESP) and density of states (DOS)  
[bookmark: OLE_LINK10][bookmark: OLE_LINK20]The molecular structures of complexes 1-4 are shown in Figure 1. The main body of all the complexes present planar structures. For complex 2, the electron withdrawing groups (-CF3) were introduced to replace the electron-donating groups (-CCH3) in complex 1. With respect to 3 and 4, another nitrogen atoms were introduced into complex 2 to replace C atoms at different position of pyridyl ligands. 
[image: 1]
Figure 1. Schematic structures of complexes 1-4.

[bookmark: OLE_LINK21]To explore the difference of electronic structure, the electrostatic potential (ESP) and density of states (DOS) on the ground state (S0) were calculated with Multiwfn software[24]. ESP measures the electrostatic interaction between a unit point charge placed at somewhere and the system of interest. A positive (negative) value implies that current position is dominated by nuclear (electronic) charges. Molecular ESP has been widely used for prediction of nucleophilic, electrophilic sites and the intermolecular interaction for a long time[25]. Figure 2 shows the isosurface maps of electrostatic potential of complexes 1-4. The negative values (nucleophilic sites) are around nitrogen atoms while the positive values (electrophilic sites) appear on carbon atoms. In comparison with complex 1, the minimum values and maximum values are all elevated with the -CF3 introduced, which implies electrons are transferred from six member ring to electron withdrawing group.



[image: ESP]
Figure 2. The isosurface maps of electrostatic potential.


[bookmark: OLE_LINK11][bookmark: OLE_LINK13]To give an in-depth understanding about electron structure and spectroscopic properties, density-of-states (DOS) and frontier molecular orbitals of complex 1 were shown in Figure 3. The DOS of complexes 2-4 were given with Figure S1-S3 in supporting information. For isolated molecule, the energy levels of molecular orbital are discrete, which are represented by vertical lines on the x-axis in Figure 3, so we need to broad them with normalized Gaussian function. The black curve represents Total-density-of-states (TDOS), while red curve, blue curve and green curve correspond to the atomic orbitals of platinum, six-membered ring (pyridyl and pyrimidinyl ligands) and five-membered ring (pyrazolate ligands). It is obvious that the frontier MOs higher than -0.30 a.u. mainly come from pyrazolate ligand (green curve), platinum atomic orbital (red curve) only takes a small percentage of the HOMO. The HOMO-4 is composed by platinum atomic orbital, since there is a significant red peak. Concretely, it is dz2 orbital of platinum atom which can be seen from MO diagram of HOMO-4. Pyridyl and pyrimidinyl ligand (blue curve) account for a large proportion of low-lying MOs and virtual MOs. For the other three complexes, there is a similar situation about molecular orbital composition, the major difference is the MO energy levels are gradually declined from 1 to 4.    
[image: DOS_1]
Figure 3. The density-of-states (DOS) on ground state of complex 1.

3.2. Absorption spectra
[bookmark: OLE_LINK14]The absorption data for complexes 1-4 in CH2Cl2 solution were listed in Table 1. As we know, the single-electron excitation usually was represented as mixed transition of multiple MO pairs with corresponding weighting coefficients. It is hard to know where the electron is coming from and where it is going to. To explore the nature of single-electron excitation, hole-electron analysis proposed by Lu[26] was introduced to measure this process, which describe where the excited electron leaves as “hole” and arrives as “electron”. In Table 1, D index indicates the charge transfer (CT) length, which was measured by the distance between centroid of hole and electron. Inaddition,  t index is designed to measure separation degree of hole and electron, and if t < 0, it implies that hole and electron is not substantially separated. An evidently positive t index means that the hole and electron distributions was separated clearly. Sr index is defined to characterize the overlapping extent of hole and electron. The maximum of Sr index is 1, which means the hole and electron are overlapped perfectly. 

[bookmark: OLE_LINK7][bookmark: OLE_LINK6][bookmark: OLE_LINK93][bookmark: OLE_LINK94][bookmark: OLE_LINK16]Table 1. The Singlet Excited States (Sn) of complexes 1-4 in CH2Cl2 Computed by TDDFT/SMD.
	
	[bookmark: OLE_LINK31][bookmark: OLE_LINK32]Sn
	Excitationa
	MLCT(%)
	Eb /eV
	fc
	D/Å
	Sr/a.u.
	t/Å

	1
	S1
	H→L (0.67)
	18.4
	3.78
	0.1296
	0.06
	0.58
	-2.19

	
	S5
	H-2→L(0.61)
	8.26
	4.49
	0.6895
	0.32
	0.71
	-1.98

	
	S12
	H-5→L(0.40)
	27.8
	5.12
	0.6063
	1.00
	0.71
	-1.38

	2
	S1
	H→L(0.65)
	20.3
	4.15
	0.1593
	0.01
	0.64
	-2.17

	
	S6
	H-2→L(0.63)
	17.3
	4.75
	0.5732
	0.01
	0.71
	-2.26

	
	S12
	H→L+2(0.45)
	17.2
	5.39
	0.9335
	0.02
	0.75
	-2.79

	3
	S1
	H→L(0.66)
	25.3
	4.14
	0.0842
	0.03
	0.59
	-2.15

	
	S6
	H-2→L(0.63)
	18.5
	4.73
	0.5216
	0.02
	0.71
	-2.39

	
	S16
	H-5→L(0.53)
	45.5
	5.32
	0.6107
	0.02
	0.69
	-1.88

	4
	S1
	H→L(0.66)
	22.3
	3.82
	0.1252
	0.01
	0.61
	-2.32

	
	S7
	H-2→L(0.63)
	15.2
	4.42
	0.5431
	0.01
	0.68
	-2.18

	
	S15
	H-1→L+1(0.44)
	5.52
	5.22
	0.5018
	0.01
	0.75
	-2.71


aOrbitals involved in the major excitation (H = HOMO and L = LUMO).
bVertical excitation energy. cThe oscillator strength.

[bookmark: _GoBack]The S1 state usually plays an important role in molecular photophysics. In Table 1, we applied the hole-electron analysis to S1 and other excitations with bigger oscillator strength (f). The distributions of hole (blue) and electron (green) were displayed with VMD software[27] and shown in Figure 4 and Figure S4. The absorption spectra also have been simulated with Gaussian function in Figure 5 and Figures S5, S6 and S7. 
[image: abs_h_e]
Figure 4. The distributions of hole and electron of absorptions, (a) is S1 of complex 1, (b) is S16 of complex 3, blue and green represent hole and electron, respectively.

For S1 excitations, all the D index are very small and Sr index are about 60%, this indicates the centroid of hole and electron are very close and the distributions are overlapped by 60%. The t index are all smaller than -2, which also means hole and electron are not separated clearly, so the S1 excitations are local excitation (LE). In Figure 4 and Figure S4, we can see the distributions of hole and electron easily. All the hole (blue) are located in pyrazolate ligands and metals, while electron (green) are mainly located in pyridyl and pyrimidinyl ligands. So these excitations are mainly arised from pyrazolate ligands and metals (blue) to pyridyl and pyrimidinyl ligands (green), so they can be assigned as LLCT(ligand-to-ligand charge transfer) mixed with little MLCT (metal-to-ligand charge transfer). As shown in Table 1, the proportions of MLCT in S1 excitations are about 20%. The S12 of complex 1 and S16 of complex 3 have larger proportions of MLCT, which are 27.8% and 45.5%, respectively. The simulated absorption spectra can be divided into two groups, complex 1 and complex 4 have similar absorption wave peaks, which are red-shifted than 2 and 3.  


[image: abs]
Figure 5. The absorption spectra of complexes 1-4 (a) and the major electron transitions of complex 1(b).

3.3. Fluorescence and Phosphorescence
[bookmark: OLE_LINK22]The molecular structures on T1 and S1 state were optimized with UDFT method. On the based of optimized structures, the phosphorescent and fluorescent emissions in CH2Cl2 were calculated with Gaussian 09 and Dalton package, the data were listed in Table 2. The calculated phosphorescence wavelengths are red-shifted in the order of 3(479nm)<2(495nm)<1(533nm)<4(558nm). For complex 1, the calculated value is closed to experimental value (518nm), since both of them were obtained from CH2Cl2 solution. The experimental data of 3(542nm), 2(595nm) and 4(740nm) are red-shifted in the same order with calculated data, but they were measured on the thin film at room temperature, so the experimental values are larger than the calculated data, since the intermolecular interaction in solid state will lead to red-shifted in phosphorescence. The oscillator strength (f), emission rate (kr), and lifetime (τ) are calculated with Dalton package, which are all in the same order of magnitude. The hole-electron analysis have also been applied to phosphorescent emission and the distributions were shown in Figure S8. The three indexes indicate that the holes and electrons in phosphorescent emission are separated better than those in absorption, since they have bigger index D and index t. All the phosphorescent emissions are mainly arised from pyrazolate ligand and metal to pyridyl and pyrimidinyl ligand, so they can be assigned as 3LLCT mixed with little 3MLCT.
Table 2. The Photoluminescence and fluorescence data of complexes 1-4 with the oscillator strength (f), emission rate (kr), and lifetime (τ).
	
	Phosphorescence

	
	
	Enma
	Expb
	10-5 s
	
	fc10-5
	D/Å
	Sr/a.u.
	t/Å

	1
	H→L(0.61)
	533
	518
	4.95
	2.02
	5.09
	1.02
	0.65
	-0.85

	2
	H→L(0.64)
	495
	595d
	5.65
	1.76
	3.96
	0.64
	0.70
	-1.20

	3
	H→L(0.62)
	479
	542d
	3.39
	2.94
	6.15
	0.52
	0.71
	-1.29

	4
	H→L(0.63)
	558
	740d
	8.21
	1.22
	3.42
	0.92
	0.66
	-0.68

	
	Fluorescence

	1
	[bookmark: OLE_LINK3][bookmark: OLE_LINK2]H→L(0.67)
	380
	MLCT(19.5%)+LLCT(69.6%)
	0.2072
	1.05
	0.55
	-1.12

	2
	H→L(0.67)
	352
	MLCT(22.6%)+LLCT(61.3%)
	0.2793
	0.82
	0.65
	-1.15

	3
	H→L(0.59)
	757
	MC(58.7%)+LLCT(14.3%)
	0.0203
	0.02
	0.48
	-0.76

	4
	H→L(0.66)
	380
	MLCT(20.4%)+LLCT(67.5%)
	0.2177
	1.12
	0.60
	-0.86



[bookmark: OLE_LINK17]aCalculated by TDDFT method with Gaussian 09 package in CH2Cl2. bExperimental data from ref [6-9]. cCalculated with Dalton package. dmeasured on the film at room temperature;

With respect to fluorescent emissions, complex 3 represents distinctive characteristics. The fluorescent wavelength of complex 3 is 757 nm, which is much larger the others. The index D is only 0.02 Å, which means the centroid of hole and electron are almost overlapped together. To analyze this phenomenon, the distributions of hole and electron were shown in Figure 6. For complexes 1, 2 and 4, the electron is excited from metal ion and five member ring to the adjacent six member ring, so these excitations can be assigned as MLCT with LLCT. For complex 3, most of the hole and electron are located in the centered metal ion, so this excitation should be assigned as MC (metal-centered transition).
[image: S1_h_e]

Figure 6. The distributions of hole and electron of fluorescent emission, blue and green represent hole and electron, respectively.

3.4 Electroluminescent Properties and Molecular Rigidity 
In this section, we calculated ionization potential (IP), electron affinity (EA), and reorganization energy (λ), together with hole extraction potential (HEP) and electron extraction potential (EEP). The results are listed in Table S1 and Figure 7. The computation details could be obtained from our previous papers [28]. It has been proved that a smaller ionization potential (IP) value means hole injection easier; whereas larger electron affifinity (EA) value will facilitate electron injection. The charge mobility is dominantly related to the internal reorganization energy for OLED materials [29–31]. From Figure 7 and Table S1, we can clearly find the IPs and EAs increased in the order 1<2<3<4. It means that the hole injection of complex 1 is much easier than the others. Complex 4 has the biggest EA value, so the electron injection is much easier than the other complexes. Complex 1 is suitable for hole transport material and complex 4 can be applied in electron transport material. For the charge mobility, there is no significant difference, since the internal reorganization energies shown in Table S1 are closed.
  [image: czn]
Figure 7. The vertical ionization potential (IP(V)), vertical electron affinity (EA(V)), the hole extraction potential (HEP) and electron extraction potential (EEP).

[image: RMSD]
Figure 8. The RMSD of different states relative to ground state. T1a is the RMSD of T1 relative to S1.

Table 3. The values of RMSD and energy differences between different states 
	
	RMSD/Å (E/eV)a

	
	S1/S0 
	T1/S0
	T1/S1b
	Cation/S0
	Anion/S0

	1
	0.1228(2.61)
	0.0814(1.84)
	0.1919(-0.76)
	0.1830(7.15)
	0.0510(-0.68)

	2
	0.0329(3.04)
	0.0370(2.18)
	0.0291(-0.87)
	0.0618(8.16)
	0.0167(-1.14)

	3
	0.3779(2.30)
	0.0354(2.15)
	0.3595(-0.15)
	0.0608(8.42)
	0.0166(-1.45)

	4
	0.0309(2.78)
	0.0397(1.93)
	0.0418(-0.85)
	0.0625(8.58)
	0.0199(-1.86)


athe number in bracket is the energy level difference
bthe differences of T1 relative to S1

[bookmark: OLE_LINK19]The molecular rigidity has obvious influence on transform between different state and the process of radiative decay[32-33]. Therefore, we calculated the root mean squared displacement (RMSD) of important states relative to ground state with VMD software. Figure 8 indicates that the RMSD of complexes 2 and 4 are smaller, that means they have stronger molecular rigidity and little structural distortions between these states. The smaller structural distortion would result in a bigger radiative decay rate. Complex 1 shows significant structural distortions on S1, T1 and cation states, since the values of RMSD on these states are bigger than others. Complex 3 could keep the molecular structure well on T1, cation and anion states except S1 state. The RMSD value of S1 state is 0.3779, which is far bigger than the others. To explore this phenomenon, we compared the structures of S0 and S1 in Figure 9. On S0 state, complex 1 has a flat structure and the bond lengths of four Pt-N bonds are closed. On S1 state, the molecular plane has a 7.5° distortion and the Pt-N bonds between Pt and  pyrimidinyl ligands were lengthened by 0.4 Å. The energy level difference between T1 and S1 is only 0.15 eV, which means complex 3 may be applied in thermal activation delayed fluorescence (TADF) materials.   


[image: 3_s0_s1]
Figure 9. The structures of S0 and S1 of complex 1.

4. Conclusions
In summary, a series of cyclometalated Pt(II) complexes have been explored with theoretical calculation methods. According to the calculations, the minimum values and maximum values of ESP are all elevated with the -CF3 introduced, which implies the electrons are transferred to electron withdrawing group. All the S1 excitations are local excitation (LE) and mainly arised from pyrazolate ligand, metal to pyridyl and pyrimidinyl ligand. With respect to fluorescent emissions, complex 3 represents distinctive characteristic. For complex 3, most of the hole and electron are located in the centered metal ion, so this excitation should be assigned as MC rather than MLCT and LLCT of other three complexes. The electroluminescent properties calculation shown that complex 1 is suitable for hole transport material and complex 4 can be applied in electron transport material. Complexes 2 and 4 have stronger molecular rigidity and little structural distortions between different states. Complex 3 shows significant structural distortions on S1 state and it may be applied in TADF materials.
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