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Abstract
This paper presents a theoretical investigation of structural, optical, and phosphorescence properties of four cyclometalated 
Pt(II) complexes containing substituted 2-(2-thienyl)pyridine ligands using DFT and TD-DFT methods. Geometrical param-
eters of ground states were calculated and compared with available experimental data. Electronic absorptions were studied 
and assigned in terms of natural transition orbitals. Phosphorescence spectra have been simulated with adiabatic Hessian and 
adiabatic shift approaches according to the Franck–Condon approximation. Theoretical and experimental results agree and 
show that the four complexes exhibit two intense bands in orange region. Main normal modes involved in phosphorescence 
bands were analyzed and assigned.
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1 Introduction

Cyclometalated platinum (II) complexes have been exten-
sively studied in the past two decades for use in different 
domain and application e.g. photoredox catalytic reac-
tion, bioimaging, sensors and as emitters for organic 
light emitting diodes (OLEDs) [1–9]. Platinum (II) and 
iridium (III) complexes containing 2-phenylpyridyl (ppy) 
have been widely investigated due to their high lumi-
nescence efficiencies and stability [10, 11]. To improve 
luminescence quantum yield of theses complexes, sci-
entists have focused their studies on replacing phenyl 
and/or pyridine of ppy by another aromatic group (such 
as thiophene, picolinate, and Schiff base) [12–15] or by 
introducing electron donating and/or withdrawing groups 
at different site in ppy ligand [16–18]. Also, combina-
tion of C^N type ligands with acac ligand has also been 
considered to modify the optical properties of platinum 
complexes, notably the character of the lowest excited 
states to obtain better luminescence efficiency and tun-
able emission color [19–21]. Moreover, symmetry around 
metal ion plays an important role to enhancing the per-
formance phosphorescent properties of platinum com-
plexes [22–24].

Usuki and all have synthesized and characterized four 
cyclometalated Pt(II) complexes (thpy)Pt(acac) (Pt-1), 
(R-thpy)Pt(acac) (Pt-2), (R′-thpy)Pt(acac) (Pt-3) and 
(Rʺ-(thpy)Pt(acac) (Pt-4), with thpy = (2-(2-thienyl)pyri-
dine), acac = acetylacetonate, R = (2-phenylpropan-2-yl), 
R′ = (dimethyl(phenyl)silyl and Rʺ = ((2,6-dimethylphe-
nyl)(2-methoxyphenyl)(methyl)silyl) [25]. The structures 
of the four complexes were determined by X-ray diffrac-
tion analysis. Electronic absorption spectra, emission 
spectra and phosphorescence quantum yield were inves-
tigated. The authors studied effects of the introduction 
of a sidechain containing tetrahedral silicon or carbon 
fragments (R, R′ and Rʺ) to thpy ligand on the phospho-
rescence properties of (thpy)Pt(acac) complex in solu-
tion and in the solid state. They reveal that all complexes 
exhibited orange emission bands between 500 and 800 nm 
with high phosphorescence efficiency. In this work, we 
studied the structural, optical and phosphorescence prop-
erties of Pt-1, Pt-2, Pt-3 and Pt-4 complexes by mean 
density functional theory (DFT) and its time-depend-
ent extension (TD-DFT) methods. Our study provides 
detailed information on structural and electronic proper-
ties of the ground state  (S0) and the first excited triplet 
state  (T1) of the four complexes. The phosphorescence 
spectra were studied taking into account the vibronic 
contributions to  T1-S0 transition. The vibrational modes 
responsible for the phosphorescence signatures were iden-
tified and assigned.

2  Computational details

Starting from X-ray geometries, the four complexes Pt-1, 
Pt-2, Pt-3 and Pt-4 were optimized in chloroform using 
hybrid exchange–correlation functional B3PW91 [26–29]. 
LANL2DZ [30, 31] base set was employed for all atoms, 
augmented with d polarization functions on C(0.587), 
N(0.736), S(0.496), and O(0.961), and augmented with 
f polarization functions on Pt(0.993). The “relativistic” 
HayWat pseudo-potential was used to describe the inner 
electron of the Pt, Si and S. The choice of this calculation 
level is justified by the good results obtained in previous 
work for similar complexes [32–34]. The solvent effects 
were introduced using the polarizable continuum model 
(PCM) [35, 36]. Electronic absorption spectra were stud-
ied using TD-B3PW91 method with same basis sets used 
above. All spectra were simulated with Gaussian func-
tion (FWHM = 0.35 eV) using Gabedit program [37]. The 
first triplet excited states  T1 of the studied complexes were 
optimized using unrestricted DFT (UB3PW91/LANL2DZ) 
in chloroform. Frequency calculations were performed to 
confirm that both  S0 and  T1 of all complexes correspond to 
true minima on the Potential Energy Surface (PES). Phos-
phorescence wavelengths were computed with ΔSCFvert 
and ΔSCFadiab procedures. To simulate the emission spec-
tra, the vibrational contributions to the  T1–S0 transition 
were studied using adiabatic Hessian (AH) and adiabatic 
shift (AS) approaches according to the Franck–Condon 
(FC) approximation. Emission spectra were plotted using 
VMS program [38]. All calculations were performed by 
Gaussian 09 [39]. We have use Avogadro-1 [37] to get 
isosurface orbitals and to visualizing geometric structures.

3  Results and discussion

3.1  Geometric structures and frontier molecular 
orbitals

Starting from X-ray structures, the geometries of the 
studied complexes Pt-1, Pt-2, Pt-3 and Pt-4 (Fig. 1) were 
fully optimized in chloroform using B3PW91 functional. 
Selected bond lengths and angles are given in Table 1 
together with experimental values. Around the metal, 
computed and recorded results agree except for Pt–O2 
bond lengths, the error is about 0.01 Å. For all studied 
complexes,  O1,  O2, N and  C1 adopt near-square planar 
arrangement around the platinum, almost coplanar with 
acac and thpy plans. In all complexes, Pt–O1 bonds in 
cis position with pyridine are longer than Pt–O2 bonds 
in cis position with thiophene group. For the sidechain, 
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bond lengths around the tetrahedral carbon (C) in Pt-2 
are shorter (~ 1.5 Å) than equivalent bond lengths around 
tetrahedral silicon (Si) in Pt-3 and Pt-4 (~ 1.8 Å), this 
result agree with experimental values.

Energy gaps and energy levels of selected frontier 
molecular orbitals (FMOs) and their composition are rep-
resented in Scheme 1. As Pt is bonded to four atoms in 
square planar symmetry, the highest occupied orbitals 
HOMO, H-1 and H-2 are contributed by a set of dPt orbit-
als, probably  dyz,  dxy and  dz2. HOMOs of the studied com-
plexes are composed with a mixed contribution of dPt and 
πthpy orbitales, with domination of thiophene moiety orbit-
als. H-1 orbitals of the four complexes are delocalized over 
πacac and dPt orbitals. H-2 orbitals of the four complexes, 

computed at ~ − 6.4 eV are entirely localized in  dz
2 orbital 

of Pt. For the lowest unoccupied orbitals, LUMOs of all 
complexes are delocalized on π⋆thpy orbitals while L + 1 of 
all complexes are delocalized principally on acetate and 
thiophene moiety. Noting that the sidechain do not con-
tribute on the FMOs of Pt-2, Pt-3 and Pt-4 cited above. 
The first highest occupied orbitals containing a sidechain 
contribution have been calculated at -6.90  eV (Pt-2), 
-7.03 eV (Pt-3) and -6.52 eV (Pt-4). The introduction of 
the sidechain reduces slightly the energy gap in Pt-2, Pt-3 
and Pt-4 compared to Pt-1. Energy gaps of Pt-3 and Pt-4 
complexes containing tetrahedral silicon sidechain are 
equal (3.653 eV) and 0.036 eV larger than tetrahedral car-
bon sidechain (Scheme 1).

Fig. 1  Geometric structures of the four studied complexes obtained with B3PW91. *Colored bonds used in Table 4

Table 1  Selected optimized and 
experimental bond lengths (in 
Å) and bond angles (in °) of the 
studied complexes calculated 
with B3PW91

a Bond lengths around the tetrahedral carbon (C) of sidechain in Pt-2
b Bond lengths around the tetrahedral silicon (Si) of sidechain in Pt-3 and Pt-4

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

B3PW91 B3PW91 Exp B3PW91 Exp B3PW91 Exp

Pt–O1 2.102 2.104 2.088 2.102 2.081 2.108 2.079
Pt–O2 2.008 2.012 2.004 2.011 2.000 2.011 1.987
Pt–N5 2.004 2.007 2.005 2.007 2.003 2.007 2.008
Pt–C1 1.954 1.958 1.974 1.959 1.957 1.958 1.986
(C–C)a

(Si–C)b
1.523 1.539 1.879 1.853 1.886 1.873
1.541 1.540 1.879 1.870 1.884 1.884
1.538 1.540 1.888 1.881 1.894 1.888

O1–Pt–O2 91.5 91.5 93.4 91.5 92.9 91.9 93.1
O1–Pt–N 93.2 93.2 92.3 93.4 92.9 93.5 91.0
C1–Pt–O2 93.8 93.9 91.9 93.7 92.8 93.6 94.1
C1–Pt–N 81.3 81.2 81.1 81.2 81.2 81.3 81.5
C1–Pt–O1 174.6 174.5 173.6 174.7 173.3 174.8 172.4
O2–Pt–N 175.1 175.1 174.1 174.9 174.0 174.9 175.5



1044 Photochemical & Photobiological Sciences (2022) 21:1041–1053

1 3

3.2  Electronic absorption spectra

On optimized geometries, low-lying singlet excited states 
of the four complexes have been studied in the chloroform 
using B3PW91 functional. Wavelengths, oscillator 
strengths, assignment and characters of main excited states 
are given in Table 2 together with experimental values. 
Simulated absorption spectra of the studied complexes are 
similar to experimental ones in both visible and UV 
regions (Fig. 2). S0−Sn absorptions were analyzed in term 
of NTOs (Pt-1, Pt-2 in Table S1 and Pt-3, Pt-4 in Table 3). 
In the visible region, (λ > 400 nm) the absorption spectra 
of the four complexes exhibit a weak band attributed to 
 S0-S1 absorptions, calculated at 408 nm (Pt-1), 419 nm 
(Pt-2), 415 nm (Pt-3) and 415 nm (Pt-4). NTO analyzes 
show that these absorptions have a mixed character ligand 
to ligand charge transfer (LLCT) and metal to ligand 
charge transfer (MLCT) which correspond principally to 
dPt + πthiophene → π⋆

pyridine
 transition. S0−S1 absorptions are 

assigned to the weak bands observed experimentally in 
visible domain of all complex spectra. Two intense absorp-
tions S0−S2 and S0−S3 were computed in the UV region of 
all studied complex spectra, with λcal lower than 350 nm. 
According to NTO study, S0−S2 absorptions correspond to 
two NTO pairs with different contribution weights. For 
Pt-1 and Pt-2, the first Hole–Electron transition (majority) 

Scheme 1  Energy gaps, FMO 
energy levels (eV) and their 
composition of the studied com-
plexes obtained with B3PW91

Table 2  Wavelengths (λcal and λexp), oscillator strengths and the char-
acter of selected singlet excited states. λexp from Ref [25]

λcal f Transition Character λexp

Pt-1
 S1 408 0.08 HOMO → LUMO (93%) LLCT/MLCT 424
 S2 344 0.23 H-1 → LUMO (52%)

HOMO → L + 1 (40%)
LLCT/MLCT

  S3 307 0.12 H-3 → LUMO (62%)
H-1 → L + 1 (18%)

LLCT/MLCT 316

Pt-2
  S1 419 0.10 HOMO → LUMO (94%) LLCT/MLCT 434
  S2 346 0.18 H-1 → LUMO (67%)

HOMO → L + 2 (19%)
LLCT/MLCT

  S3 321 0.18 H-3 → LUMO (63%)
H-1 → L + 1 (22%)

LLCT/MLCT 326

Pt-3
  S1 415 0.10 HOMO → LUMO (93%) LLCT/MLCT 433
  S2 348 0.21 H-1 → LUMO (38%)

HOMO → L + 1 (57%)
LLCT/MLCT

  S3 315 0.23 H-3 → LUMO (59%)
H-1 → L + 1 (24%)

LLCT/MLCT 319

Pt-4
  S1 415 0.11 HOMO → LUMO (93%) LLCT/MLCT 429
  S2 348 0.22 H-1 → LUMO (43%)

HOMO → L + 1 (51%)
LLCT/MLCT

  S3 317 0.27 H-4 → LUMO (62%)
H-1 → L + 1 (18%)

LLCT/MLCT 319
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occurs principally from acetate moiety orbitals to pyridine 
orbitals, while the second Hole–Electron transition 
(minority) occurs from dPt + πthiophene (Hole) to pyridine 
orbitals (Electron). For Pt-3 and Pt-4, the introduction of 
quaternary silicon sidechain swap the two NTO pairs, 
dPt + πthiophene → πpyridine transition (weight = 0.6) become 
slightly more dominant than πacac → πpy transition 
(weight = 0.4). For the second intense absorption  S0-S3, 
the two Hole–Electron transitions with large (0.7) and low 
(0.4) contribution weights have principally a pure LLCT 
charge transfer character. The large one corresponds to 
πacac → πpyridine transition while the weak corresponds to 
πthpy → πacac transition. The introduction of sidechain 
ligand to the reference complex Pt-1 causes a bathochro-
mic shift of the electronic absorption spectrum without 
modifying its shape.

3.3  First triplet excited state properties

First triplet excited states  T1 of studied complexes have 
been optimized using UB3PW91 methods. A comparison 
between selected structural parameters of  S0 and  T1 of Pt-1, 
Pt-2, Pt-3 and Pt-4 complexes is reported in Table 4 and in 
Fig. 3. Around the metal, Pt-C1 bond length between plati-
num and the thiophene is the most modified bonds between 
 S0 and  T1 structures. In  T1 thiophene ligand comes closer 
to the Pt by 0.025 Å (Pt-1), 0.04 Å (Pt-2), 0.028 Å (Pt-3) 
and 0.029 Å (Pt-4) compared to  S0. While Pt–O2 and Pt–N 
bond lengths change by about ~ 0.01 Å in all complexes. 
Same,  S0-T1 transition turn pyridine nitrogen closer to the 
metal by ~ 0.01 Å. Counter to the bond lengths (Pt-ligand) 
discussed above, Pt–O1 bond length between Pt and acac 
do not change dramatically after  S0-T1 transition. After 

Fig. 2  Simulated (green) and experimental (blue) electronic absorption spectra of studied complexes. Experimental spectra digitized from ref 
[25]. The calculations were performed in the presence of the solvent chloroform
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relaxation of T1, intra- and inter-deformation occurs in the 
ligands. The most affected ligand bond lengths are listed 
in decreasing order of |T1−S0| (Table 4). Only ligand bond 
lengths with |T1−S0|> 0.001 are given. As shown in Table 4 
(for colored bonds see Fig. 1), the most affected bonds are 
located in thiophene fragment and in pyridine moiety. This 
result shows that the electronic redistribution during relaxa-
tion process occurs only over thpy ligands. Visualization 
of unrestricted natural orbitals (NO) shows more clearly 
the character of all T1 (Fig. 4). The singly occupied orbital 
(SONO) pairs show that electron density distribution is delo-
calized in thpy ligand orbitals. Both geometry comparison 

and NO visualization show that T1 of the four complexes 
correspond to 3LLCT.

3.4  Phosphorescence properties

Luminescence properties of the studied complexes were 
studied in chloroform solution with the same functional and 
basic sets used previously. Phosphorescence wavelengths 
(λmax) of Pt-1-Pt-4 were computed adiabatically with 
ΔSCFadiab method (Table 5). According to this procedure, the 
adiabatic transition energy is obtained as difference between 
the energies of  T1 and  S0 at their optimized geometries. In 

Table 3  NTO pairs of selected singlet excited states of Pt-3 and Pt-4 obtained with B3PW91

Stat Pt-3 Pt-4

Hole Electron Hole Electron

S1 0.9 0.9

S4 0.6 0.6

0.3 0.3

S6 0.6 0.6

0.3 0.2
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addition, zero-point vibrational energy (ZPVE) corrections 
have taken in account to get 0–0 wavelengths. Experimen-
tally the four complexes exhibit two intense bands (α and β) 
in the orange region 560–626 nm. Wavelengths computed 
with ΔSCFadiab are intermediate between the wavelengths of 
the two intense bands observed in each complex spectrum. 
ZPVE corrections do not reproduce the experimental values, 
indeed 0–0 transition wavelengths are blue shifted compared 
to ΔSCFadiab. One photon phosphorescence spectra of the 
four complexes were simulated using the Franck–Condon 
approximation taking in account vibronic contribution to 
 S0-T1 transition.

Simulated phosphorescence spectra of the studied com-
plexes modelled with AH and AS are given in Fig. 5 with 
the digitized experimental spectra. Sufficient spectrum pro-
gressions were obtained for all complexes Pt-1 (99%), Pt-
2 (98%), Pt-3 (97%) and Pt-4 (92%). As shown in Fig. 5, 
both AH and AS phosphorescence spectra are structured 
and have the same experimental signatures, indeed the two 
intense bands α and β observed in orange region are very 
well reproduced. Emission energies computed with AS are 
red shifted compared to AH and experimental emission ener-
gies with deviations from 20 to 30 nm. While the wave-
lengths of the two intense bands calculated using AH are 
very close to the experimental ones with a small average 
errors less than 6 nm. Phosphorescence bands of Pt-2, Pt-3 
and Pt-4 are slightly red shifted compared to Pt-1 which 
mean that introduction of the sidechain do not affect greatly 
the emission wavelengths. To accurately determine the emis-
sions colors of studied complexes, color phosphorescence of 
the four complexes were determined according to Commis-
sion Internationale de I'Eclairage 1931 (CIE-1931) color 
system. CIE (x,y) coordinates were generated from simu-
lated and experimental spectra using Color-calculator tool 

Table 4  Bond lengths (in Å) of S0 and T1 of the studied complexes computed with B3PW91. For bond length colors see Fig. 1

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

S0 T1 |T1−S0| S0 T1 |T1−S0| S0 T1 |T1−S0| S0 T1 |T1−S0|

Pt-C1 1.954 1.93 0.025 Pt-C1 1.958 1.918 0.04 Pt-C1 1.959 1.931 0.028 Pt-C1 1.958 1.929 0.029
Pt–O2 2.008 2.025 0.017 Pt–O2 2.104 2.088 0.016 Pt–O2 2.102 2.112 0.01 Pt–O2 2.011 2.022 0.011
Pt–N 2.004 1.994 0.01 Pt–N 2.007 1.991 0.016 Pt–N 2.007 1.995 0.012 Pt–N 2.007 1.995 0.012
Pt–O1 2.102 2.103 0.001 Pt–O1 2.012 2.018 0.006 Pt–O1 2.011 2.021 0.01 Pt–O1 2.108 2.111 0.003
C-Cblack 1.395 1.483 0.088 C-Cblack 1.393 1.449 0.056 C-Cblack 1.395 1.482 0.087 C-Cblack 1.396 1.482 0.086
S-Cblue 1.737 1.793 0.056 C-Cbron 1.391 1.431 0.04 S-Cblue 1.749 1.815 0.066 S-Cblue 1.748 1.815 0.067
C-Cred 1.436 1.395 0.041 S-Cblue 1.755 1.788 0.033 C-Cred 1.44 1.396 0.044 C-Cred 1.44 1.396 0.044
N-Cgreen 1.375 1.412 0.037 N-Cgrey 1.346 1.369 0.023 N-Cgreen 1.375 1.41 0.035 C-Cyellow 1.427 1.398 0.029
C-Cyellow 1.429 1.403 0.026 C-Cred 1.436 1.415 0.021 C-Cyellow 1.428 1.4 0.028 C-Corange 1.404 1.425 0.021
C-Cmauve 1.403 1.423 0.02 C-Cyellow 1.43 1.41 0.02 C-Corange 1.404 1.425 0.021 C-Cmauve 1.402 1.422 0.02
C-Corange 1.405 1.425 0.02 N-Cgreen 1.376 1.394 0.018 C-Cmauve 1.402 1.421 0.019 C-Cpink 1.39 1.405 0.015
C-Cbron 1.391 1.378 0.013 C-Ccyan 1.391 1.408 0.017 C-Cpink 1.389 1.404 0.015 C-Cbron 1.392 1.378 0.014
C-Cpink 1.378 1.391 0.013 S-Colive 1.744 1.73 0.014 C-Cbron 1.392 1.378 0.014 N-Cgrey 1.346 1.341 0.01

Table 5  Computed and experimental phosphorescence wavelengths 
of the studied complexes calculated with B3PW91

ΔSCFadiab 0–0 AS AH Exp

Pt-1 582 558 684, 630 560, 603 560, 607
Pt-2 607 583 609, 660 586, 630 579. 626
Pt-3 596 572 600, 649 576, 620 574, 622
Pt-4 596 575 602, 650 580, 623 577, 626

Table 6  Frequencies of selected 
vibrational modes (in  cm−1)

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

Modes S0 T1 Modes S0 T1 Modes S0 T1 Modes S0 T1

20 425 394 43 616 585 44 620 587 63 618 597
28 633 585 47 665 645 52 702 698 70 708 699
34 725 698 51 706 701 86 1128 1101 111 1103 1099
54 1139 1135 83 1117 1109 92 1222 1214 121 1223 1212
55 1172 1149 92 1260 1244 161 1607 1557
58 1300 1229 118 1537 1523
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(Osram Sylvania). As shown in Fig. 6, all CIE coordinates 
are generated in orange region of horseshoes which mean-
ing that all complexes exhibit orange phosphorescence color 
and therefore reproduce correctly the experimental colors. 
However, calculated (x, y) coordinates with AH/FC slightly 
differs from the experimental ones.

The main normal modes involved in the vibronic structure 
are listed in Table 6 and represented graphically in Table S2. 
Normal modes were selected according to their contribution 
intensity in stick spectra (Fig. 5). For all the complexes, the 
intense bands (α) calculated above 600 nm with AH/FC are 
contributed by 0–0 transition. The second intense bands (β) 
computed at less than 600 nm for all emission spectra are 
composed of a blend of several vibrational modes. For the 
complex Pt-1, normal modes 28 (585  cm−1), 34 (698  cm−1), 
54 (1135  cm−1), 55 (1149  cm−1) and 58 (1300  cm−1) have the 
most intense stick. All these modes correspond to in-plane 
vibrations localized in thpy ligand. Normal mode 20 and 28 
are assigned principally to C–H pending and to C–C breathing 
from thiophene and pyridine ligands coupled with C–Pt–N 
and C–S–C scissoring. The most intense normal mode 34 can 
be assigned to the breathing of the aromatic pyridine ring and 
to symmetric stretching of C–C and C–S bonds in thiophene 
ring. For Pt-2, the normal modes 43 and 47 computed at 585 
and 645  cm−1 correspond to in-plane vibration of the pyridine, 
to the breathing of phenyl ring and the wagging of methyl 
groups of the sidechain. Mode 51, represents the most intense 
vibronic contribution to β band. This mode corresponds to o 
the in-plane bending (scissoring) of pyridine and thiophene 
fragments. Modes 83 and 92 correspond principally to dis-
placements of the hydrogen atoms of thpy ligand while mode 
118 corresponds to C–C stretching and C–H bending of pyri-
dine group. For Pt-3 the intense band β is ascribed to normal 
modes 44 (587  cm−1), 52 (698  cm−1), 86 (1228  cm−1) and 92 
(1122  cm−1). Mode 44 which has the most intense stick cor-
responds to in-plane pending of pyridine and thiophene atoms 
mixed with wagging of -CH3 fragments. The second intense 
stick (mode 92) corresponds to in-plane C–H scissoring from 
pyridine and thiophene ligands. For Pt-4, modes 56, 70, 121 
and 161 are assigned to the intense band β. Mode 70 which 
has the most intense stick corresponds to in-plane scissoring of 
pyridine and thiophene atoms. While mode 121 corresponds 
to C–H bending of pyridine mixed with C–C stretching of Fig. 3  Superimposed T1and S0 geometries of the studied complexes 

obtained with B3PW91
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Fig. 4  SONO pairs of the optimized T1 obtained with UB3PW91

thiophene. Finally, for the four complexes Pt-1, Pt-2, Pt-3 and 
Pt-4 the most intense vibronic contributions to  T1–S0 tran-
sition are located in pyridine and thiophene fragments. This 
result is in good agreement with the relaxation process of T1 
which occurs only over thpy ligand (see Sect. 3.3.).

4  Conclusion

In this paper, structural, optical and phosphorescence 
properties of Pt-1, Pt-2, Pt-3 and Pt-4 were studied using 
B3PW91 and TD- B3PW91 methods. Calculated geometric 

parameters reproduced nicely the experimental values. 
Natural orbital visualizations and geometry comparison 
(S0–T1) show that T1 of the four complexes correspond to 
intra-ligand (thpy) charge transfer. Simulated absorption 
spectra agree with experimental ones in both visible and UV 
regions. Main absorptions were assigned according to NTO 
analyzes. FC/AH phosphorescence spectra are structured 
and have the same experimental signatures. The introduc-
tion of the sidechain does not affect greatly the phospho-
rescence wavelengths. The two intense bands observed in 
orange region are very well reproduced. Main normal modes 
contributing to the intense bands were identified.



1050 Photochemical & Photobiological Sciences (2022) 21:1041–1053

1 3

Fig. 5  Simulated and experimental [25] phosphorescence spectra of the studied complexes
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