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The absorption and emission properties of a series of five Pt(Il) planar complexes with bidentate ligands, namely [Pt(bpy)Cl,] (bpy =
2,2’-bipyridine) 1 and [Pt(ppy)CL] (ppy = 2-phenylpyridine) 2 and terdentate ligands, namely [Pt(tpy)CI]" (tpy = 2,2°:6°,2”-terpyridine)
3, [Pt(phbpyR)CI] (phbpy = 6-phenyl-2,2’-bipyridine; R = H) 4 and [Pt(dpybR)CI] (dpyb = 2,6-di(2-pyridyl)benzene; R= CHj3) 5 have
been investigated by means of density functional (DFT) and time-dependent DFT (TD-DFT) methods including solvent correction and
spin-orbit coupling (SOC). The DFT optimized structures of the five complexes in the electronic ground state agree with the
experimental X-ray data and the theoretical absorption spectra reproduce quantitatively the main features of the experimental spectra. It
is shown that the structures remain nearly planar in the low-lying singlet and triplet excited states of charge transfer character, metal-to-
ligand (MLCT) or Cl to ligand (XLCT) whereas a significant distortion corresponding to the out-of-plane-bending of the Pt-Cl bond
characterizes the geometry of the metal-centered (MC) states. In terdentate complexes 3, 4 and 5 this distortion is energetically
unfavorable and not competitive with radiative decay via the low-lying MLCT and XLCT excited states. The absorption spectra of all
complexes are significantly affected by spin-orbit coupling (red-shift and broadening), especially in the non-cyclometalated complexes 1
and 3 characterized by the presence of pure low-lying *MC states. The SOC effects are less important in the terpyridine complex 2 the
lowest part of its spectrum being contaminated by mixed SMLCT/XLCT states. In the cyclometalated complexes 4 and 5 the presence of
several LC states in the lowest part of the spectra is responsible for a small shift to the red as compared to the other complexes. The
solvatochromism that characterizes the absorption of this class of molecules in the visible is interpreted by the MLCT/XLCT mixed
character of the excited states in this energy domain (400-450 nm). Indeed the solvent depedent XLCT contribution will control the
magnitude of SOC in these excited states and will move the band to the red when diminishing and to the blue when increasing. As far as
emission is concerned it is shown that strongly distorded non-radiative MC states minima, situated below the charge transfer states
minima (AE = -0.3 eV to -0.8 eV) are easily accessible upon irradiation in the visible in complexes 1 and 3, and in 2 to a lesser extend,

s leading to no or low luminescence at room temperature. In contrast, the minima of the emissive states of mixed MLCT/XLCT/LC

character are efficiently populated in 4 and 5. The luminescence of complex 5, cyclometalated in axial position, is particularly efficient
because the minimum of the lowest emissive state is well separated from those of the MC states (AE = +0.23 eV) in contrast to its analog,
complex 4, cyclometalated in lateral position where the emissive MLCT/LC state minimum is nearly degenerate with the lowest MC
state minimum (A = +0.01 eV).

* Laboratoire de Chimie Quantique UMR-7177 CNRS-UdS, Université de Strasbourg, 1 Rue Blaise Pascal BP 296/R8 F-67008 Strasbourg, France.
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Introduction

Luminescent square planar Pt(II) complexes coordinated to
bidentate and terdentate ligands are of great interest in the
development of new efficient organic light-emitting devices
(OLED) or bio-imaging agents."** In third-row transition metal
complexes fluorescence is not a concurrent process because of
ultra-fast S, — T, intersystem crossing that populates the low-
lying triplet excited states in a few picoseconds.** Consequently,
the time-scale, quantum yield and wavelength of luminescence are
entirely controlled by the character of the low-lying triplet states,
namely metal-to-ligand-charge-transfer (MLCT), metal-centered
(MC), ligand-centered (LC) or ligand-to-ligand-charge-transfer
(LLCT). Hundred of new ligands have been synthesized in the
past decades since the discovery of the first emissive Pt(II)
complex [Pt(bpy)Cl,] (bpy = 2,2’-bipyridine) 1 (SCHEME 1) and
its derivatives.” The branching ratio between radiative and non-
radiative decays is governed by AE, the energy gap between the
lowest *MC state and the potentially emitting states, "MLCT or
3LC, the coupling between the electronic ground states and the
2 lowest triplet state and the medium (solution, solid). Whereas
solid state may enhance luminescence intensity by formation of
excimers accompanying a red shift of the emission,® strong
coupling with the electronic ground state will favor non-radiative
decay. Other parameters such as temperature effects may decrease
s quantum yield of luminescence by thermal activation of the non-
radiative decay via the *MC state. In order to play with the
*MCPLC relative energies a number of complexes have been
synthesized by substitution of CI by other ligands such as cyano or
thiolate groups leading to luminescent molecules in solution over
a wide range of energies.' Unlike bidentate substituted complexes,
flexible enough for efficient distortion of the N,N plan that
stabilizes the *MC states, the more rigid terdentate family leads to
efficiently luminescent molecules such as [Pt(tpy)CI]" (tpy =
2,2°:6°,2”-terpyridine) 3 (SCHEME 1) under specific
s experimental conditions (in glassy solution).”'® The terdentate
substituted complexes are characetrized by a rich variety of
emissive states, finely tune according to the structure and
electronic properties of the ligands."'
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The introduction of a covalent Pt-C bond in cyclometalated
4« derivatives increases the ligand-field splitting by strong o
donation and destabilizes the MC states improving the emissive
properties for efficient triplet emitters.'>'> #1516 A gmall AE
energy gap guarantees luminescence at low temperature only, as
examplified by [Pt(ppy)CL]" (ppy = 2-phenylpyridine) 2
s (SCHEME 1)."" A larger *MC/MLCT energy gap (> 3500 cm™)
obtained by introducing a more rigid cyclometalated terdentate
ligand that shortens the Pt-C bond and decreases the o donation,
leads to highly luminescent compounds. Combining small
distortion in the excited state, Pt-C covalent bond, large MC —
s MLCT energy gap and weak coupling with the electronic ground
states minize non-radiative decay. This is illustrated by the
terdentate [Pt(phbpyR)Cl] (phbpy = 6-phenyl-2,2’-bipyridine; R =
H, CH;) 4 and [Pt(dpybR)CI] (dpyb = 2,6-di(2-pyridyl)benzene;
R= H, CH;) 5 complexes (SCHEME 1) that exhibit strong
ss luminescence at room temperature in solution at 565 nm.'®!? The
position of the phenyl group may influence the emissive
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properties, especially the emission lifetime t.,, and quantum yield
¢em measured at 0.51 us and 0.025 for 4 (phenyl in lateral
position) and 7.2 us and 0.6 for 5 (phenyl in central position).

« The colour is modulated by the auxiliary ligand R.>-*!2%23

3

The huge experimental activity motivated by the search for new
luminescent devices efficient over a wide range of energy and
eventually applicable to bio-imaging, """ is not
balanced by substantial theoretical investigations. Most of the
s recent density functional theory (DFT) and time-dependent DFT
(TD-DFT) based studies are dedicated to the interpretation of the
puzzling experimental data and are devoted to structural and
electronic properties of the ground state and lowest singlet S; and
triplet T, excited states®2%?***3% sometimes supplemented by
configuration interaction single (CIS) for the structural
investigation of more S, and T, excited states.>* Whereas the S,
— S, electronic absorption spectra are easily obtained by means
of TD-DFT without or with solvent corrections, the emissive
properties have been difficult to analyze until now because the
s determination of the degree of mixing between the singlet and
triplet states by spin orbit coupling (SOC) and the systematic
search for nuclear distortions in several close-lying excited states
is still a challenge for computational chemistry. Tentative
qualitative analysis based on Kasha rules for the determination of
radiative vs. non-radiative decays rate constants from T, to S, has
been applied with more or less success to square planar terdentate
Pt(II) complexes.’’® An illustration is given in the recent paper
by Che et al.”’ for some of the cyclometalated Pt(Il) complexes
discussed in the present article.
The recent improvement of quantum chemical methods for the
exploration of electronic and geometrical structures of excited
states including spin-orbit effects in transition metal complexes™
extended the range of applications to semi-quantitative
interpretation of absorption/emission spectroscopy in this class of
molecules. ™" I
Herein the electronic and geometrical structures of the ground
state and lowest S, and T, excited states of bidentate complexes 1
and 2 and of terdentate complexes 3, 4 and 5 depicted in
SCHEME 1 and their absorption spectra are studied at the TD-
DFT level, including solvent and SOC effects. Our goal is to
compare and interpret the remarkable disparity in the emissive
properties of these complexes, cyclometalated or not and
representative of a wide class of square planar Pt(II) complexes
investigated for their luminescent properties.
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;s SCHEME 1. Schematic regresentation of [Pt(bpy)CL] 1,
[Pt(ppy)CL] 2, [Pt(tpy)CI]" 3, [Pt(phbpyH)Cl] 4 and
[Pt(dpybR)C1] § (R = CHj).

« Computational details

The electronic ground states geometries of the five complexes 1-5
depicted in SCHEME 1 have been optimized by means of density
functional theory (DFT) with the B3LYP functional®® without
4s any symmetry constraint for 1-4 and in Cs symmetry for 5, using
the all-electrons scheme and a triple-C polarized basis set (TZP).51
The scalar relativistic effects have been introduced by the zeroth
order regular approximation ZORA,* the spin-orbit corrections
being included as a perturbation. The nature of the stationary state
so was checked through a complete set of real frequencies.
The transition energies to the low-lying singlet and triplet excited
states have been computed by means of time-dependent DFT (TD-
DFT) method®* including solvent corrections  for
dichloromethane (g = 8.9, rad =2.94 A) through the Conductor
s like screening model — (COSMO)™>*7 as implemented in
ADF**¥_ The geometries of the low-lying singlet and triplet states
have been optimized at the TD-DFT level using a state specific
approach. In case of low-lying triplet metal-centered *MC excited
states geometry optimization by means of TD-DFT may fail
o because of near-degeneracy problems. In these cases (complexes
1, 3 and 4) the optimized structures have been obtained by A-SCF
procedure. The B3LYP results have been validated by the TD-
DFT computation of the theoretical absorption spectrum of
complex 2 [Pt(ppy)CL,]” by means of CAM-B3LYP functional
s developed for long-range charge transfer states.” The
computation of the emissive properties, namely the optimization
of the lowest triplet and singlet excited states potential energy
minima, has been performed without spin-orbit perturbation. The
absorption and emissive properties of complex 2 [Pt(ppy)CL]
70 have been computed within the Tamm-Dancoff Approximation
(TDA)® as well in order to check a possible over stabilization of
the lowest LC states. The analysis of the theoretical absorption
spectra is based on electron density differences computed from
Kohn-Sham orbitals and their occupations in the electronic ground
75 state and excited states using the DGRID package from Kohout.®
The composition of the “spin-orbit” states En is determined by the
percentage of the singlet Sn and triplet Tn “spin-free” components
generated by SOC. The shape of the theoretical spectra has been
constructed by Gaussian fit (fwhm = 15). The B3LYP, CAM-
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B3LYP and TDA theoretical absorption spectra of complex
[Pt(ppy)Cl,]" 2 are represented in Figures S1 and S2 (SI section).

The calculations have been performed with ADF quantum
chemistry software.®

Results

Structure and absorption spectroscopy of polypyridine
complexes [Pt(bpy)Cl, 1 and [Pt(tpy)Cl]* 3

Some important optimized bond lengths and bond angles of
complexes 1 and 3 are reported in Table 1 for the electronic
ground state and some of the lowest excited states. X-ray data are
provided, when available for comparison.**%

-Table 1-

Table 1. Some important DET/B3LYP optimized bond lengths (in
A) and bond angles (in °) of [Pt(bpy)Cl,] 1 and [Pt(tpy)CI]" 3 in
the electronic ground state Sy and lowest singlet S, and triplet T,
excited states (numbering of the atoms according to SCHEME 1).
The states are labeled according to their adiabatic transition
energies given in eV.

The absorption spectroscopy of complexes 1 and 3 is composed
essentially of ligand-centered (LC), MC, MLCT and XLCT
excited states. SCHEME 2 represents the electronic densities
characterizing important excited states reported in Table 2,
selected for their contribution to the theoretical absorption spectra
of [Pt(bpy)Cl,] 1 and_[Pt(tpy)C1]" 3, respectively.

[Pt(bpy)Cl,] 1

S3 MLCT/XLCT S9LC

[Pt(tpy)CI]* 3.

S1 MLCT/XLCT

S6 MLCT/LC 8§24 MLCT/LC

SCHEME 2. Electronic densities characterizing important excited
states reported in Table 2, selected for their contribution to the
theoretical absorption spectra of [Pt(bpy)Cl,] 1 and_[Pt(tpy)C1]" 3
(Color code; red: decrease in density, green: increase in density).

When relaxing the geometries the character of the excited states as
well as their relative energies are modified, eventhough the main
electronic composition is usually preserved. In the bipyridine
complex 1 the MLCT and XLCT states or their mixed counterpart
MLCT/XLCT or XLCT/MLCT, remain nearly planar with a
geometry very similar to the electronic ground state S,. The

Journal Name, [year], [vol], 00-00 | 3
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agreement between the theoretical structures in the electronic
ground state and the experimental structures is rather good in both
complexes 1 and 3. The S;, T, and T; excited states of 3,
corresponding to MLCT, MLCT/LC and LC/MLCT/XLCT states
are nearly planar. In contrast the MC states, namely T, and T, in
[Pt(bpy)Cl, 1 and T, in [Pt(tpy)CI]" 3 are strongly distorted with a
significant opening of the Cl-Pt-N bond angle and an out-of-plane
bending of the Pt-Cl bond (Table 1) leading to a non-planar
conformation. The population and stabilization of these low-lying
3MC states will be highly effective only when this strong
distortion will be facilitated by experimental conditions, namely
temperature, flexible ligand or counterion influence. From this
point of view, the theoretical results clearly confirm the
experimental observations.

The energetics of the optimized excited states defined by the
adiabatic transition energies in Table 1, will be discussed in the
section devoted to emission properties.

©
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a

The vertical TD-DFT/B3LYP transition energies to the low-lying
singlet excited states of [Pt(bpy)Cl, 1 and [Pt(tpy)CI]" 3 with
significant oscillator strengths (f> 0.075 ) are reported in Table 2
and the corresponding absorption spectra are represented in
Figures 1 and 2, respectively. The vertical transition energies to
the full set of singlet and triplet states can be found in the SI
section (Table S1).

The absorption spectra of 1 and 3 including SOC are represented
in Figures 1 and 2 (in red), respectively whereas the energetics of
the low-lying excited states calculated with SOC is given in Table
3.

2

S

2;

o

Intensity (arbitrary unit)

0 1 | L | . I " | . | L
200 250 300 350 400 450 500 550 600
‘Wavelength (nm)

30
Figure 1. Theoretical (TD-DFT/B3LYP) absorption spectrum of
[Pt(bpy)Cl,] 1 without (in black) and with SOC (in red).

35 The theoretical absorption spectrum of [Pt(bpy)Cl] 1 is
dominated by MLCT/XLCT transitions and characterized by one
first intense band centered at 365 nm (without SOC, Table 2)
shifted to 418 nm when SOC is included (E16, Table 3). This red
shift is accompanied by a large SO mixing between S3 (43%) and

40 T7 (42%) leading to the MLCT/XLCT maximum at 418 nm, the
electronic density of which is represented in SCHEME 2. The
upper MLCT/XLCT states compose the next intense band
characterized by a double peak with maxima at 308 nm (S9) and
292 nm (S11) (without SOC). The band at 308 nm corresponds

4 | Journal Name, [year], [vol], 00—00

4s mainly to a LC transition. When SOC is activated these two bands
mix to give E42 and E50 and merge into a single peak centered at
310 nm. The upper band calculated at 204 nm with a weak
shoulder at 230 nm is assigned to MLCT/LC and XLCT
transitions. Whereas the maximum at 205 nm is not affected by
so SOC and remains purely singlet LC (E157), the MLCT/XLCT
states are reorganized by SO mixing leading to a more intense
shoulder at ~250 nm composed of XLCT transitions (E92, E96,
Table3). Low-lying excited states of weak oscillator strengths (f <
10”%) generated by spin-orbit splitting of the lowest *MC (T3, T4,
ss Table 3) compose the lowest experimental absorption starting at
475 nm whatever the solvent is (di-chloromethane or
butyronitrile).66 The experimental absorption spectrum of
[Pt(bpy)Cl,] 1 is also characterized by an intense band extremely
solvent dependent, observed at 345 nm in water, 415 nm in
0 chlorobenzene, 394 nm in butyronitrile. This solvent dependent
absorption can be attributed to the first intense MLCT/XLCT band
at 365 nm (418 nm with SOC). Indeed, the XLCT contribution to
this band will vary as function of the solvent polarity. Since the
SOC effect increases with the MLCT (or MC) character it will be
s indirectly solvent dependent and produces a more or less
significant solvatochromism. The experimental features correlate
rather well with the SOC/TD-DFT absorption spectrum of
[Pt(bpy)Cl,] 1 represented in Figure 1.

N
&

70 -Table 2-

Table 2. TD-DFT/B3LYP transition energies (in eV) to the low-
lying singlet excited states of [Pt(bpy)Cl,] 1 and [Pt(tpy)CI]" 3,
absorption wavelengths (in nm) and associated oscillator strengths
f(>0.075).

7

o

The theoretical absorption spectrum [Pt(tpy)C1]" 3 represented in
Figure 2 exhibits two intense peaks at 250 nm and 326 nm
corresponding to LC/MLCT and MLCT/LC mixed states,
respectively (Table 2). When SOC is included the band at 320 nm,
predominantly MLCT, is red shifted and splitted into several
shoulders whereas the LC/MLCT peak at 250 nm remains but
decreases in intensity. The band covering the region between 370
nm and 383 nm is red shifted by SOC to 390 - 445 nm (Table 3)
and is assigned to mixed MLCT/XLCT and MC states of weak
oscillator strengths. The shape of the theoretical absorption
spectrum of 3 calculated with SOC (Figure 2) agrees rather well
with the experimental one (inset in Figure 2) recorded in
acetonitrile®” and with most recent data in methanol.®® In contrast
to [Pt(bpy)Cl,] 1, that was characterized by a lowest MC state
calculated at 488 nm (Table 3), the lowest part of the spectrum of
the terpyridine complex 3 shows three low-lying MLCT/XLCT
states, the first MC states being calculated at 410 nm and 402 nm
(Table 3). This difference leading to a more important red-shift of
the lowest absorption band in 1 than in 3 can only be obeserved
when spin-orbit is included.
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Figure 2. Theoretical (TD-DFT/B3LYP) absorption spectrum of

0 [Pt(tpy)C1]" 3 without (in black) and with SOC (in red); the
experimental spectrum is represented in the inset (by courtesy of
Dr. D. R. McMillin).

-Table 3-

Table 3. Vertical TD-DFT/B3LYP transition energies (in eV)

including SOC to the low-lying E, excited states of [Pt(bpy)Cl,] 1

and [Pt(tpy)CI1]" 3, corresponding absorption wavelengths (in nm)

and associated oscillator strengths (£>0.001 below 370 nm and
30 £>0.05 above 375 nm).

Structure and absorption spectroscopy of cyclometalated
complexes [Pt(ppy)CL]" 2, [Pt(phbpyH)Cl] 4 and
s [Pt(dpybR)Cl] 3 (R = CH3)

w
b

Some important optimized bond lengths and bond angles of

complexes 2, 4 and 5 are reported in Table 4 for the electronic

ground state and lowest excited states. X-ray data are provided,
0 when available for comparison.®7%""

-Table 4-

4s Table 4. Some important DFT/B3LYP optimized bond lengths (in
A) and bond angles (in °) of [Pt(ppy)Cl,] 2, [Pt(phbpyR)CI] 4 and
[Pt(dpybR)CI] 5 (R = CH3) (C, symmetry) in the electronic ground
state Sy and lowest singlet and triplet excited states (Numbering of
the atoms according to SCHEME 1). The excited states are

so labeled according to their adiabatic transition energies given in
eV.

SCHEME 3 represents the electronic densities characterizing
important excited states reported in Table 5, selected for their

s contribution to the theoretical absorption spectra of [Pt(ppy)Cl,]
2, [Pt(phbpyH)CI] 4 and [Pt(dpybR)Cl] § (R = CH;). Whatever
the functional used, B3LYP or CAM-B3LYP the excited states of
2 are very similar in nature. Only the B3LYP results are discussed
here.

60
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[Pt(phbpyH)CI] 4 [Pt(dpybR)CI] 5 (R = CHj,)

[Pt(ppy)Cl,l 2

S11 A” MLCT/XMCT/MC

S9LC/MC

S6LC

SCHEME 3. Electronic densities characterizing important excited

s states reported in Table 5, selected for their contribution to the
theoretical absorption spectra of [Pt(ppy)Cly]" 2, [Pt(phbpyH)CI]
4 and [Pt(dpybR)Cl] § (R = CH;) (Color code; red: decrease in
density, green: increase in density).

s The theoretical geometries of the three complexes, 2, 4 and 5, in
the electronic ground states agree with the experimental structures
as illsutrated by the values reported in Table 4. In general the
cyclometalated complexes are less distorded in the excited states
than the bipyridine and terpyridine complexes 1 and 3 discussed

10 in the previous section. In [Pt(ppy)Cl,]” 2 the major deformations

correspond to significant elongation of the Pt-Cl and Pt-N bonds
whatever the nature of the excited state, MC, MLCT or of mixed
charge-transfer character, keeping a nearly planar structure. In
contrast, the lowest MC states of [Pt(phbpyH)Cl] 4 and

10s [Pt(dpybR)C1] 5 (R = CHj;) are characterized by an out-of-plane

deformation, especially critical in the T3 and T4 MC states of the
strongly emissive complex 5 and to a lesser extend in the T, MC
state of 4. The optimized geometries of the two low-lying nearly
degenerate T; and T4 MC states in 5 are represented in SCHEME

10 4. Whereas in T, the deformation corresponds to a “classical” out-

of-plane bending of the Pt-Cl bond, in T; the metal atom Pt is out-
of-plane as well.

[Pt(dpybR)CI] R=CH,

Journal Name, [year], [vol], 00-00 | 5§
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s SCHEME 4. Optimized geometries of the two low-lying nearly
degenerate T; and T, MC states in [Pt(dpybR)CI] (R = CH;) 5
(Table 4).

10 The vertical TD-DFT/B3LYP transition energies to the low-lying
singlet excited states of [Pt(ppy)Cl]" 2, [Pt(phbpyH)CI] 4 and
[Pt(dpybR)Cl] 5 (R = CHj;) are reported in Table 5 and the
corresponding absorption spectra are represented in Figures 3,4
and 5, respectively. The vertical transition energies to the full set
of singlet and triplet states can be found in Table S2 in the SI
section. The absorption spectra of 2, 4 and § including SOC are
represented in Figure 3, 4 and 5 (in red), respectively whereas the
energetics of the low-lying excited states calculated with SOC is
given in Table 6.

a

20
The theoretical absorption spectrum of [Pt(ppy)Cly]" 2 including
SOC starts at ~ 470 nm in agreement with the experimental
spectra of this specific complex and of other cyclometalated
related molecules.”>” The broadening and extension to the red by
15 SOC effect of the two lowest bands calculated at 396 nm (S1) and
346 nm (S3) (Table 5 and Figure 3, black) is due to a large SO
mixing between S1 / S3 and a number of low-lying MLCT/XLCT
and MC triplet states, among them T3, T6 and T7 (Table 6). This
results into a broad band calculated between 473 nm (E1, Table 6)
and 375 nm (E18, Table 6) corresponding to the slightly
solvatochromic absorption observed between 365 nm and 400
nm.” Similarly to [Pt(bpy)CL] 1 the solvatochromism comes
from the XLCT contributions that may vary as function of the
solvent polarity influencing the SOC effects. The overall shape of
3s the theoretical spectrum characterized by a second absorption
region starting at 330 nm with a maximum at 300 nm followed by
a peak at 250 nm and a very intense absorption at 212 nm agrees
rather well with the experimental spectra of phenylpyridine
substituted complexes recorded in solution.”> Whereas the first
band at 300 nm composed of S9, S10 and S12 states is not
affected by SOC effects, the peak at 250 nm (S18, S21) is red
shifted to 265 nm by some triplet contribution (Table 6). The
SOC effects on the theoretical absorption spectrum of the simplest
cyclometalated complex [Pt(ppy)Cl,] 2 are less significant than in
4s the bipyridine complex [Pt(bpy)Cl,] 1. This is due to minor
contributions of MC states in the lowest region of the absorption
spectrum of 2.

w
=3

4

S

-Table 5-

Table 5. TD-DFT/B3LYP transition energies (in eV) to the low-
lying singlet excited states of [Pt(ppy)Cl]" 2, [Pt(phbpyH)CI] 4
and [Pt(dpybR)Cl1] 5 (R = CH3;), absorption wavelengths (in nm)
and associated oscillator strengths (f> 0.035).
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Figure 3. Theoretical (TD-DFT/B3LYP) absorption spectrum of
[Pt(ppy)Cl,]" 2 without (in black) and with SOC (in red).

The theoretical TD-DFT/B3LYP absorption spectra of
[Pt(ppy)CLy]" 2 represented in Figure 3 can be compared to the
TD-DFT/CAM-B3LYP and TD-DFT/TDA depicted in Figures S1
and S2 (SI section). The lowest part of the theoretical absorption
spectrum is blue-shifted by 40-50 nm when using CAM-B3LYP.
This shift is a little bit more important in the upper part of the
spectrum because of the presence of pure IL states in the UV and
far UV domain of energy. The spectra calculated within the TDA,
including or not SOC (Figure S2, SI section), are very similar to
the TD-DFT/B3LYP absorption spectra (Figure 3).

The theoretical absorption spectrum of [Pt(phbpyH)CI] 4,
cyclometalated in lateral position, starts at 520 nm when SOC is
included (Table 6, Figure 4, in red) in agreement with the
experimental spectrum recorded in dichloromethane that shows an
absorption tail between 450 nm and 500 nm.”* This part of the
spectrum is assigned to SOC splitted *MLCT and *MLCT/XLCT
states (E1 to ES, Table 6) of very weak oscillator strengths (<10
%). The solvatochromic band observed between 400 nm and 445
nm corresponds to the MLCT/XLCT transition calculated at 455
nm (Table 6, Figure 4, in red). The two intense peaks with
calculated maxima at 343 nm and 294 nm (without SOC, Table 5)
correspond to LC states and the third one at 235 nm is assigned to
a MLCT state. When including SOC these three peaks lose in
intensity by mixing with a number of MLCT/XLCT states
generating a broad absorption between 400 nm and 220 nm with
several more or less intense peaks (Figure 4, in red). The LC
states (Tabel 5, S6, S11) are slightly affected by SOC leading to
two nearly pure states E36 and E68 of same transition energies
(Table 6) in contrast to the upper MLCT state (Table 5, S30). The
low-lying *MC states contributions occur beyond 370 nm and do
not perturb the lowest part of the theoretical absorption spectrum.
The theoretical spectrum reproduces the overall experimental
shape of the experimental spectrum of [Pt(phbpyH)Cl] 4
characterized by three peaks at 330 nm, 275 nm and 220 nm.”

This journal is © The Royal Society of Chemistry [year]
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Figure 4. Theoretical (TD-DFT/B3LYP) absorption spectrum of
[Pt(phbpyH)CI1] 4 without (in black) and with SOC (in red).
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Figure 5. Theoretical (TD-DFT/B3LYP) absorption spectrum of
[Pt(dpybR)CI] 5 (R = CHj3) without (in black) and with SOC (in red).

The theoretical absorption spectrum of [Pt(dpybR)CI] § (R =
CH;), cyclometalated in axial position, begins at 480 nm when
SOC is taking into account with two MLCT transitions of weak
intensities (Table 6) followed by a first LC/XLCT/MLCT state
calculated at 408 nm and remaining purely singlet after SOC
treatment (E7). A moderate red-shift of the lowest band is
observed in this complex mainly governed by singlet/triplet SO
mixing of the lowest LC/MLCT states. Similarly to
[Pt(phbpyH)CI] 4 there is no significant *MC contribution below
262 nm. Consequently the shapes of the theoretical spectra
calculated without SOC (Figure 5, black) and with SOC (Figure 5,
red) are very similar with two bands of increasing intensities, the
first one covering the 303 nm-271 nm region, the second one
centered at 247 nm (E59, Table 6). Two shoulders are present at
366 nm and 330 nm as observed in the experimental spectrum
(380 nm, 332 nm) recorded in CH,CL."" The lowest part of the
experimental spectrum is characterized by three bands at 401 nm,
454 nm and 485 nm attributed to the LC/XLCT/MLCT transition
(408 nm) and to the lowest states (E1, E2) generated by SOC
splitting of the two lowest 3MLCT states and calculated at 465 nm
and 480 nm (Table 6).

-Table 6-
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;s Table 6. Vertical TD-DFT/B3LYP transition energies (in eV)
including SOC to the low-lying excited states of [Pt(ppy)CL] 2,
[Pt(phbpyH)CI1] 4 and [Pt(dpybR)CI] 5 (R = CH3), corresponding
absorption wavelengths (in nm) and associated oscillator strengths
(£>0.001 below 370 nm and £>0.05 above 370 nm).

40

Emission spectroscopy of polypyridine complexes [Pt(bpy)Cl,
Land [Pt(tpy)CI]" 3

4s The TD-DFT/B3LYP adiabatic and vertical T, — S, transition
energies and corresponding emission wavelengths of [Pt(bpy)Cl,
1 and [Pt(tpy)CI]" 3 are reported in Table 7.

-Table 7-
50
Table 7. TD-DFT/B3LYP adiabatic and vertical T, — S,
transition energies (in eV) and corresponding emission
wavelengths (in nm) of [Pt(bpy)Cl, 1 and [Pt(tpy)C1]" 3. The
states are ordered and labeled according to their adiabatic
ss transition energies as in Table 1.
The emissive properties of complexes [Pt(bpy)Cl, 1 and
[Pt(tpy)CI]" 3 are governed by the presence of two low-lying MC
states, the minima of which are calculated at 1.49 eV and 2.21 eV,
o respectively, well below the potentially emissive minima. These
MC states are easily accessible after visible irradiation and
stabilized by the out-of-plane deformation that characterizes these
T, states (Table 1). A highly probable coupling with the electronic
ground state is responsible for the quenching of emission in these
s two molecules at room temperature. In the terdentate complex 3
the proximity of an emissive state T, of MLCT/LC character
calculated at 2.54 eV (Table 7) and emitting at 645 nm explains

the observed Iluminescence under specific experimental
conditions.”'°

70

Emission spectroscopy of cyclometallated complexes

[Pt(ppy)CL]" 2, [Pt(phbpyR)CI] 4 and [Pt(dpybR)CI] 5 (R =
CHy)

The TD-DFT/B3LYP adiabatic and vertical T, — S, transition
energies and corresponding emission wavelengths of [Pt(ppy)Cl,]
2, [Pt(phbpyH)CI] 4 and [Pt(dpybR)CI] 5 (R = CH3;) are reported
in Table 8. The vertical T, — S, transition energies calculated
within the TDA for [Pt(ppy)CL,]” 2 are given in parenthesis for
comparison. In contrast to recent studies reported for Ir’”> and Ru’®
complexes, both methods provide very similar emissive properties

8

=3

in terms of state character and transition energies for this complex
validating the B3LYP results discussed in this section.
85

-Table 8-

Table 8. TD-DFT/B3LYP adiabatic and vertical T, — S,
transition energies (in eV) and corresponding emission
wavelengths (in nm) [Pt(ppy)CL]" 2, [Pt(phbpyH)CI] 4 and
[Pt(dpybR)C1] 5 (R = CHj;). The states are ordered and labeled
according to their adiabatic transition energies as in Table 4.

o

3

Whereas [Pt(ppy)Cl,]" 2 and [Pt(phbpyH)Cl] 4 should be trapped
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into the lowest Ty MLCT/XLCT/LC and MLCT/LC states,
respectively calculated at 2.49 eV in 2 and 2.30 eV in 4, for
developping emissive properties, complex 5, cyclometalated in
axial position, is characterized by two states T; and T, of
MLCT/LC/XLCT character, calculated at 2.52 eV and 2.58 eV
and emissive at 513 nm and 500 nm, respectively.

In 4, cyclometalated in lateral position, the proximity of one MC
state calculated at 2.31 eV (T,) and nearly degenerate with the T,
emissive state calculated at 2.30 eV (Table 8) is probably
responsible for the low observed quantum yield of emission of
this complex at room temperature.'® Moreover the structural
deformation needed for stabilizing the T, state in 4 is not very
important (Table 4) and this MC state should be easily populated.
In complex 8§, characterized by a very efficient emission at about
565 nm,'” the MC states T; and Ty, the electronic densities of
which are represented in SCHEME 5, are well above the emissive
states (about + 0.25 eV) and need strong distortion of the complex
to be efficiently populated and stabilized as illustrated by their
optimized geometries depicted in SCHEME 4 and discussed in the
20 previous section.

©

15

a

[Pt(dpybR)CI] R=CH,

T, (A)3MC T, (A”) 3MC

SCHEME 5. Electronic densities characterizing the MC excited
45 states T; and T4 of [Pt(dpybR)CI] 5 (R = CH;) (Table 8) (Color
code; red: decrease in density, green: increase in density).

The cyclometalated terdentate complex [Pt(phbpyR)CI] 4 is the
only complex where one singlet state (S;) calculated at 2.55 eV
so and of MLCT/LC character, is competitive with the low-lying
triplet for participating to the emission of this molecule at an
estimated wavelength of 527 nm (Table 8). In the other complexes
the optimized minima of the singlet states are well above those of
the triplet states and cannot participate to the obseved
ss luminescence.
The estimated wavelengths of emission reported in Tables 7 and 8
for complexes 1, 3, 2, 4 and 5 do not take into account the SOC,
namely the splitting of the lowest states and their mixing with
singlet states. Indeed the determination of optimized structures in
e electronic excited states including SOC is simply impossible in
transition metal complexes with the nowdays computational
methods. Moreover, as illustrated by the “spin-orbit” states
reported in Tables 3 and 6 and calculated at the geometry of the S

8 | Journal Name, [year], [vol], 00—00

10

11

electronic ground state, the triplet states splitting and the
¢s contamination by singlet contributions is generally insignificant in
the lowest states.

Conclusion
70
Five square planar Pt(II) complexes with bidentate and terdentate
ligands, cyclometalated or not, and representative of a large
number of molecules synthesized for their luminescent properties
over a wide range of energy have been investigated by means of
DFT and TD-DFT approaches.
The theoretical absorption spectra computed with SOC and
solvent corrections reproduce the main experimental features and
point to the presence of low-lying triplet states (MC,
MLCT/XLCT) participating to the absorption between 450 nm
and 500 nm. SOC effects have to be included to obtain realistic
spectra quantitatively similar to the experimental spectra. The
complexes are characterized by low-lying states of mixed
character including charge transfer from the metal or the halide to
the m* acceptor ligands as well as LC components entirely
s localized on the bidentate and terdentate ligands.
The MC states are strongly distorded as compared to the charge
transfer or ligand localized excited states, especially in the non-
cyclometalated complexes. The MC states are stabilized by
important out-of-plane deformations accompanied by the bending
of the Pt-Cl bond whereas the other excited states remain nearly
planar.
The emissive properties of the series of complexes have been
rationalized on the basis of the optimized structures and energetics
of the low-lying singlet and triplet excited states. The presence of
low-lying MC states easily populated upon visible irradiation and
stabilized by out-of-plane distortion explains the poor
luminescence of the bipyridine and terpyridine non-
cyclometalated complexes at room temperature. In contrast, the
cyclometalated molecules possess low-lying emissive MLCT/LC
excited states easily populated, especially in the terdentate
complexes. The presence of these states associated to MC states
situated well above, needing strong structural stabilizing out-of-
plane deformation for being populated optimise the effectiveness
of luminescence in these complexes.

7

o

8

=3

%
&

o

=3

9;

b3

3

10s The usual oversimplified picture of one single T, triplet state

responsible for the luminescent properties of the Pt square planar
complexes discussed above is far from being realistic. The
presence of several close low minima opening the route to spin-
orbit/vibronic couplings induced decays via potential wells of
excited states of various natures renders luminescence process
into a very complicated mechanism not easily detectable by
standard spectroscopies. Modern computational theory may tackle
the challenge of interpreting and rationalizing this intricate
photophysics characterized by fluctuating radiative decay rates

15

s and luminescence efficiencies. These observables are entirely

controlled by subtle changed of electronic densities coupled to
small structural distortions themselves correlated to the
metal/ligand/substituants/media/temperature interplay.
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Theoretical “Spin-free” (in black) and “Spin-orbit” (in red)
absorption spectra of [Pt(tpy)Cl]" and electronic densities
characterizing the main intense bands MLCT/XLCT at 384
nm, MLCT/LC at 326 nm and 250 nm (experimental
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L 1 L | 1 1 L L L s | L
%OU 250 300 350 400 450 500 550 600
Wavelength (nm)




