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Abstract

In this work, the geometrical, optical, and phosphorescence properties of four complexes with general formula
[dRpypy—C(OCH3)R'—dRpypy]Pt, with Pt-1 (R = F, R'=methyl), Pt-2 (R = F, R'=hexyl), Pt-3 (R = methoxy, R'=methyl) and Pt-4 (R =
methoxy, R'=hexyl) were studied using the B3PW91 and TD-B3PW91 methods. The effect of the double substitution R and R' on
the electronic properties of the four complexes has been investigated. Replacing the two fluorine atoms with the two methoxy
groups modifies the shape of the UV-vis spectra and red shift the phosphorescence spectra, while the substituents on the linker R'
do not induces changes in both spectra. Normal modes involved in the vibronic structure were identified and analyzed using
adiabatic Hessian approaches according to the Franck-Condon approximation. The computed phosphorescence wavelengths
agree with the observed ones and indicate that the fluorinated complexes exhibit a bright light blue color, while the methoxy
complexes display a light spring green color.

Introduction

Cyclometalated iridium and platinum complexes have been extensively studied in the last two decades owing principally to their
applications in phosphorescent organic light-emitting diodes (OLEDs) and also in photocatalysts [1-5]. Octahedral iridium
complexes, with C*N bidentate ligands in particular phenylpyridine, phenylpyrazole, and acetylacetonate ligands showed a high
luminescence quantum yield and short luminescent lifetime into the microsecond range at room temperature [6—9]. These
remarkable properties have made these complexes highly preferable in OLED applications as phosphorescent emitters. Square
planar geometry around the metal has also been widely considered due to the different coordination possibilities that can develop
between the ligands and the metal in this geometry [10-13]. The easy synthesis of square planar complexes and the flexibility of
their geometrical structures have allowed the use of various cyclometalating ligands such as bidentate, tridentate, or tetradentate
[14-16]. In recent years, several studies have shown that Pt square planar complexes can be considered as an excellent alternative
to the usual octahedral iridium complexes [17-19]. Square planar Pt complexes based on tetradentate ligands have recently been
of great interest due to their rigid structures and due to their efficiency in OLED applications [20-22]. Chiheon Lee et al have
synthesized and characterized a new series of four square Pt(Il) complexes based on two tetradentate bipyridine ligands (pypy)
linked by C(OCH3)R' group [23]. The four complexes have general formula [dRpypy— C(OCH3)R'—dRpypy]Pt, with Pt-1 (R=F,
R'=methyl), Pt-2 (R = F, R'=hexyl), Pt-3 (R = methoxy, R'=methyl) and Pt-4 (R = methoxy, R'=hexyl). The authors studied the effects of
the substituents methyl or hexyl at the linker and the effects of the introduction of an electron-donating/withdrawing fragment
(fluorine or methoxy) on the structure and the phosphorescence properties of the four complexes.

In this work, we studied geometrical structure, optical and phosphorescence properties of the four complexes using density
functional theory (DFT) and time-dependent DFT (TD-DFT) methods. Our study provides detailed investigation on structural and
electronic properties of both ground state and excited triplet state of the four complexes. The emission spectra were modeled
using the Franck-Condon (FC) approximation taking into account the vibrational structure contributions to S0-T1 transition.

Computational details

Starting from X-ray geometries, all studied complexes were fully optimized in dichloromethane (CH,Cl,) using hybrid exchange—
correlation functional B3PW91 [24-26]. We have employed LANL2DZ base set [27, 28] for all atoms augmented with d
polarization functions on C, N, S, and O, and augmented with f polarization functions on Pt. The "relativistic" HayWat pseudo-
potential associated with LANL2DZ basis set was used to describe the inner electron of the Pt. The solvent effects were introduced
using the polarizable continuum model PCM [29, 30] implemented in Gaussian [31]. The low-lying excited states were studied
using the TD-DFT method in term of natural transition orbitals (NTOs) [32]. All spectra were simulated with gaussian function
(FWHM = 0.35 eV) using GaussSum GUI application [33]. S; geometries were used as starting point to optimize the first triplet
excited states T, of all studied complexes by unrestricted DFT (UB3PW91) in CH,Cl, with the same basis sets cited above.
Frequency calculations were performed to confirm that both Sy and T, geometries of all complexes correspond to true minima on

the Potential Energy Surface (PES). Phosphorescence wavelengths were calculated according to ASCFYet and ASCFadiab
procedures. 0—-0 wavelengths were calculated taking into account zero-point vibrational energy (ZPVE) corrections. To simulate
the phosphorescence spectra, the vibrational structure contributions to the T;-S; electronic transition were studied using adiabatic

Page 2/13



Hessian (AH) and adiabatic shift (AS) approaches according to the FC approximation. Emission spectra were plotted using VMS
program [34]. All calculations were performed by Gaussian 09. We have use Avogadro-1 [35] to get isosurface orbitals and to
visualizing geometric structures.

Results and discussions
Ground-state study

Ground state geometries (S;) of the four complexes were fully optimized in CH,Cl, using B3PW91 functional. Selected bond
lengths and angles are given in Table 1 together with available experimental data (data not available for complex Pt-3). As the
crystal structures, all optimized geometry complexes display a distorted square planar geometry around the metal (Fig. 1). As
shown in Table 1, computed bond lengths and bond angles agree with experimental values. For all complexes, Pt - N bond lengths
are slightly longer than Pt - C bond lengths. Pt - N; and Pt-N, bond lengths are closes in each complex, which means that N; and
N, coordinate similarly with Pt. Same conclusion for Pt - C; and Pt - C,. Replacing methyl with hexyl and/or fluorine atoms with
methoxy groups does not affect Pt-ligand bonds lengths.

Table 1

Selected optimized and experimental bond lengths (in A) and bond angles (in °) of the four
studied complexes calculated with B3PW91.

Pt-1 Pt-2 Pt-3 Pt-4

B3PWOT Eypl28l  B3PWOT  pypl2sl  B3PWOT  B3PWOT  pypl2d]
Pt- N, 2.079 2064  2.079 2068 2.075 2.080 2.057

Pt- N, 2.093 2.077  2.093 2.075  2.080 2.075 2.054

Pt-C, 1.988 1.995 1.988 1.987 1.989 1.988 1.980
Pt-C, 1.987 1.996 1.986 1.993 1.988 1.988 1.997
N; - Pt-N, 933 93.9 929 93.6 95.4 95.2 96.0
N, - Pt-C, 80.7 80.8 80.7 80.9 81.6 81.1 80.8

C,-Pt-C; 104.0 103.8 104.3 103.6 101.8 102.9 102.1

C,-PtN, 813 81.0 81.3 81.4 81.8 81.4 81.3
C, - PtN; 167.5 171.1 167.2 168.9 170.0 169.6 171.1
C;—-PtN, 1734 173.5 172.7 173.7 174.8 174.8 176.5

Frontier molecular orbitals (FMOs) of the four complexes were studied using B3PW91 functional. Energy levels, energy gaps and
the composition selected FMOs in term of orbital fragments are depicted in Scheme 1. Energy levels of fluorinated complexes (Pt-1
and Pt-2) are lower than those of Pt-3 and Pt-4 containing methoxy groups instead fluorine atoms due to the electron withdrawing
character of fluorine atoms. While replacing methyl with hexyl at the linker do not affect the energies and the compositions of
FMOs of Pt-1 and Pt-3. The five highest occupied orbitals (HOMO — H-5) of Pt-1 and Pt-2 are delocalized over pypy ligands and
dPt orbitals with different percentages. The proportion of dPt orbitals are dominated only in H-2 orbitals in both Pt-1 and Pt-2. For
the complexes Pt-3 and Pt4, the two highest occupied orbitals HOMO and H-1 are delocalized only over pypy orbitals while the
four orbitals H-2, H-3, H-4 and H-5 are contributed with dPt and pypy orbitals. The lowest unoccupied orbitals of the four
complexes (Scheme 1) are delocalized in pypy orbitals without any contribution of dPt orbitals. Replacing methyl with hexyl at the
linker don't affect the energy gaps, indeed Pt-1 and Pt-2 have very close energy gaps 4.02 and 4.03 eV respectively also Pt-3 and
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Pt-4 have almost same energy gaps (AE = 3.72 eV). While, the energy gaps of the fluorinated complexes (Pt-1 and Pt-2) are larger
than Pt-3 and Pt-4 containing dimethoxy-pypy ligands.

UV-vis absorption spectra

Singlet excited states of the four complexes were studied using B3PW91 functional in CH,Cl,. Absorption spectra were simulated
using gaussian band shape with a fixed full width at half-minimum (FWHM) of 0.33 eV (Fig. 2). Wavelengths, oscillator strengths
and character of selected Sy-S,, absorptions are reported together with experimental data in Table 2 (Pt-1 and Pt-3) and Table S1
(Pt-2 and Pt-4). As shown in Fig. 2, B3PW91 gives acceptable results compared to the experience and reproduces the main
characteristic of the observed spectra. A comparison between Pt-1 and Pt-2 spectrum and between Pt-3 and Pt-4 spectrum, shows
that the replacement of methyl group with hexyl group do not change the shape of both simulated and experimental spectra. While
replacing the four fluorine atoms of Pt-1 and Pt-2 by four methoxy groups to get Pt-3 and Pt-4 affects the spectrum shapes.
Indeed, Pt-1 and Pt-2 spectrum contain multiple bands between 250 and 400 nm unlike Pt-3 and Pt-4 spectrum which contain two
distinctive bands. The singlet excited states of Pt-1 and Pt-3 reported in Table 2 are quasi similar with those of Pt-2 and Pt4
respectively. For this reason, we only studied the excited states of Pt-1 and Pt-8 in terms of NTOs (Tables 3 and S2). S-S, (f=
0.07) and Sy-S, (f=0.06) absorptions of Pt-1 calculated at 370 and 349 nm respectively correspond to single hole-electron
transition which occurs principally from dPt to pypy ligand orbitals and to intra-pypy ligands charge transfer. We can assign these
absorptions to the weak band observed at 350-390 nm. The weak band simulated at the region 325-350 nm is contributed with
S-S5 (f=0.13) and Sy-S, (f=0.11) absorptions calculated at 321 and 314 nm. S-S5 contains double hole-electron transitions, the
first (weight = 0.66) correspond to a mixed character MLCT/LLCT while the second (weight = 0.33) principally to LLCT transition.
Sy-S,4 absorption contains one hole-transition and corresponds to MLCT/ILCT character. The tow absorptions Sy-S3 and Sy-S, can
be attributed to the two absorptions observed at 332 and 306 nm respectively. The intense band simulated at ~ 300 nm is
contributed with Sy-S5 and Sy-S¢ absorptions with significant oscillator strengths £=0.27 and f=0.23 respectively.
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Table 2

Wavelengths (A, and Ayp,), oscillator strengths and the character of

selected singlet excited states of Pt-1 and Pt-3.

}‘cal
Pt-1
S, 370
S, 349
S; 321
S, 314
S; 285
S¢ 279
S, 250
Pt-3
S, 405
S, 356
S; 334
S, 309
Ss 290
S 281

f

0.01

0.06

0.13

0.11

0.27

0.23

0.22

0.06

0.16

0.21

0.22

0.39

0.14

Transition

H-1—-LUMO (95%)
H-2—LUMO (79%)
HOMO—-L +1 (52%)
H-3—LUMO (31%)
H-4—LUMO (78%)
H—-L+2 (36%)
H-3—-L+1(31%
H-3—-L+1 (45%
H2-L+1

)
)
25%)
H3—L +3 (46%)

)

(
(
(
H2—L +3 (20%

HOMO—LUMO (82%)
H-2—LUMO (61%)
H-4—LUMO (69%)
HOMO—L +1 (20%)
H-4—L+1 (15%)
HOMO—L +2 (64%)
H-4—L +1 (34%)
H-1-L +3 (18%)
H-4—L +2 (10%)
H-4—L+3 (11%)
(47%)

H3-L+3(47%

)\exp[23]

377

332

306

273

421

356

295

272

Character

MLCT/LLCT
MLCT/LLCT

MLCT/LLCT

LLCT

LLCT/MLCT

LLCT/MLCT

LLCT/MLCT

MLCT/LLCT
MLCT/LLCT

MLCT/LLCT

LLCT

LLCT/MLCT

LLCT/MLCT

NTO analyzes show that the two absorptions are composed with two hole-electron transitions, with two different proportions
corresponding to MLCT/LLCT characters. The two absorptions are assigned to the most intense band observed experimentally
above 270 nm. For Pt-3, S-S absorption computed at 405 nm containing one NTO pair transition correspond to a mixed
character MLCT/LLCT and can be assigned to the weak band observed at ~420 nm. The band simulated at 320-350 nm is
attributed principally with two absorptions S-S, (=0.16) and S-S5 (=0.21). NTO analysis show that the two absorptions
correspond to transitions from dPt and pypy ligand orbitals to pypy ligand orbitals. The two absorptions are assigned to the band
observed at 330-380 nm. The two most intense absorptions Sy-S, (f=0.22) and S-S5 (=0.39) computed at 309 and 290 nm are
assigned to the intense band observed at ~295 nm. S-S, and Sy-S5 contain two hole-electron transitions, one dominant and the

second minority corresponding both to MLCT/LLCT characters (Table 3).
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First triplet excited state study

The first triplet excited states T, of the studied complexes were optimized in CH,Cl, using UB3PW91 functional. Frequency
calculations were performed to check that T, obtained correspond to true global minimum. A comparison between T of the four
complexes show that introducing substituents methyl or hexyl at the linker between the two pypy ligands does not change T, bond
lengths (Table 4 and S3). While, the substituents on the two pyridine ligands (fluorine or methoxy), cause a slight modification
around Pt and on intra-pypy ligand bonds. A comparative study between Sy and T, geometries are reported in Table 4 (Pt-1 and Pt-
3) and in Table S3 (Pt-2 and Pt-4). Only bond lengths with significant |T;-Sg| are reported and classified in descending order. In Pt-1
and Pt-2, Pt-N and Pt-C bonds of one pypy ligand are the most affected bonds around Pt. Indeed, the two pyridines of pypy
become closer to Pt through N and C by 0.044 and 0.022A respectively. Pt-N and Pt-C bond lengths between Pt and the second
pypy ligand don't change significantly (~ 0.003A) after Sy-T, transition. For intra-ligand bond lengths, the most affected bonds are
located in pyridine rings of one pypy ligand which shows that during T relaxation the electronic redistribution occurs only on this
ligand (colored bonds in Fig. 1). For the methoxy complexes (Pt-3 and Pt-4), Pt-N and Pt-N reducing by 0.035 and 0.034A after S-
T, transition, are the most affected bonds around the metal. For ligand bond lengths, the most important deformations occur over
the two pypy ligands. Visualizations of the singly occupied natural orbital (SONO) pairs of all T1 show that charge density
distribution are localized in one pypy ligand for Pt-1 and Pt-2 and delocalized over the two pypy ligands for Pt-3 and Pt-4.

Table 4
A comparison between Sy and T, geometries of Pt-1 and Pt-3 complexes. Bond
length colors are depicted in Fig. 1.

Pt-1 Pt-3

So T IT4-Sol So T IT1-Sol
Pt-N, 2.093 2049 0.044 Pt-N, 2.075 2040 0.035
Pt-C, 1.987 1965 0.022 Pt-N, 2.080 2.046 0.034
Pt-N, 2.079 2.076 0.003 Pt-C, 1989 1975 0.014
Pt-C, 1.988 1.991 0.003 Pt-C, 1988 1.976 0.012

C-Croy 147 1398 0072 NCyep 1373 1.403 0.03
NCyreen 1362 1426 0064 NCyeo 1.375 1403 0.028
CCpue 1400 1453 0053 CC,y 1463 1435 0.028
CCyofow 1436 1483 0047 CC, 1463 1435 0.028
CCoange 1402 1437 0035 CChye 1415 1.441 0.026
CCpack 1396 1428 0032 CCppe 1416 1.442 0.026
NCpupe 1319 1293 0026  CCygp, 1434 1453 0019
NCpown 1321 1346 0025 CCypo, 1434 1452 0018

CCpmk 1392 1369 0023 CCpy  1.391 1408 0.017

Phosphorescence properties

Phosphorescence spectra of the four studied complexes were modelled using AH method and superposed with experimental
spectra for comparison (Fig. 3). Normal modes with frequencies low than 150 cm™ " were cleared to get sufficient spectrum
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progressions (>95% for all complexes). Simulated phosphorescence wavelengths of most intense band of all spectra are given in
Table 5 together with experimental data. Simulated phosphorescence spectra of the four complexes reproduce nicely the
experimental ones. Introducing the substituent hexyl with methyl at the linker doesn’t change the shape of Pt-1 and Pt-3 spectra.
While replacing fluorine atoms with methoxy groups red shifts the phosphoresce spectra of Pt-1 and Pt-2. Normal modes involved
in the vibronic structure are reported in Table 6. For Pt-1 and Pt-2, the most intense band simulated at 470 nm is not contributed by
0-0 transition but with the modes 118 and 115 for Pt-1 and with 153 and 150 for Pt-2, which have intense stick near to 470 nm.
All these modes correspond to in-plane vibrations localized in one pypy ligand assigned to the breathing of the pypy rings and to
C-H bending, and are assigned to the intense band observed in Pt-1 and Pt-2 spectra. The shoulder simulated at ~ 500 nm is
contributed by the modes [1182 and [118"|115" for Pt-1 and by the modes [1532 and 1537|1507 for Pt-2. Noting that |n?
corresponds to the case where the vibration mode nisatv=2and |n'|m' is a combination of the vibration mode natv =1 with
the vibration mode mat v = 1. These vibration modes can be assigned to the weak band observed at 495 nm (Pt-1) and 500 nm
(Pt-2). The bands simulated at 442 nm (Pt-1) and 444 nm (Pt-2) which have not been recorded experimentally, are contributed with
0-0 transition and the mode 28 (Pt-1) and 36 (Pt-2). For the methoxy complexes, the intense band simulated at 486 nm (Pt-3) and
at 484 nm (Pt-4) are contributed principally with 0—0 transition. Additional modes near to 0—0 transition with non-negligible
intensity contribute to this intense band, in particular modes 41 (Pt-3) and 72 (Pt-4) assigned mainly to in-plane vibrations of pypy
fragment. The shoulder in 500-550 nm region of Pt-3 and Pt-4 spectra can be assigned to the vibrational signatures of two modes
(87,156) and (124, 135) in Pt-3 and Pt-4 spectra respectively (Table 6).

Table 5
Computed and experimental phosphorescence wavelengths of the studied complexes.
Pt-1 Pt-2 Pt-3 Pt-4
AH Exp23l AH Expl23l AH Expl23! AH Expl23]

A/nm 498/470/442  495/466 500/473/444  500/466 510/486 515/494 510/484 515/490

CIE(xy) (0.17,0.22) (0.15,0.26)  (0.17,0.24) (0.17,0.29) (0.17,0.47) (0.16,0.46) (0.17,0.50)  (0.20,0.47)

Phosphorescence colors of the four complexes were studied according to CIE-1931 color system. Color-calculator program was
used to generate the CIE (x,y) coordinates from simulated (FC/AH) spectra and also from digitized experimental spectra for
comparison (Table 6). As depicted in the CIE chromaticity diagram (Fig. 4), simulated and experimental (x,y) coordinates are
located in the same color region of the horseshoes. Which mean that AH/FC method reproduces nicely the observed
phosphorescence colors of all complexes. The fluorinated complexes Pt-1 and Pt-2 exhibit light bright blue color while the two
methoxy complexes Pt-2 and Pt-3 exhibit light spring green color. Replacing methyl with hexyl group does not significantly change
the CIE (x,y) coordinates of Pt-1 and Pt-3 and therefore don't affects the their phosphoresce colors.

Conclusion

In this study, the geometrical, optical, and phosphorescence properties of the four complexes were investigated using the B3PW91
and TD-B3PW91 methods. The computed bond lengths and bond angles align with experimental data. Analysis of Sg and T, for
all complexes indicates that the introduction of methyl or hexyl substituents in the linker, as well as the replacement of fluorine
atoms with methoxy groups, does not lead to significant modifications in Sy and T, bond lengths. Furthermore, the electronic
relaxation of T4 occurs principally on one pypy ligand for fluorinated complexes and over the two pypy ligands for methoxy
complexes. B3PW91 provides acceptable results compared to experimental data and reproduces the main characteristics of both
absorption and phosphorescence spectra. The substituents on the linker do not affect the spectra, while the replacement of
fluorine atoms with methoxy groups on the pyridine ligands modifies the shape of the UV-vis spectra and induces a red shift in the
phosphorescence spectra. NTO analyses show that the most intense absorptions, simulated in the 250—-300 nm region,
correspond to MLCT/LLCT character. Normal modes near to the 0—0 transition involved in the vibronic structure were identified
and analyzed. The fluorinated complexes exhibit light bright blue color while the methoxy complexes display light spring green
color. Moreover, replacing the two methyl groups with two hexyl groups doesn't affect the phosphorescent colors.
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Tables

Tables 3 and 6 are available in the Supplementary Files section.

Schemes

Scheme 1 is available in the Supplementary Files section

Figures

Figure 1

Geometric structures (S;) of the studied complexes optimized with B3PW91.
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Figure 2

Experimental (blue) and simulated (black) electronic absorption spectra of the four complexes. Experimental spectra digitized

from [23].
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Figure 3

Simulated and experimental phosphorescence spectra of the studied complexes with normal modes involved in the vibronic
structure.
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Figure 4

CIE chromaticity diagram of Pt-1 (orange), Pt-2 (red), Pt-3 (violet) and Pt-4 (black). AH/FC coordinates in circle and exp coordinates
in square (Exp!23)).
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