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The influence of oxygen molecule on the luminescent properties of a cyclometalated Pt(Il) complex Lxp1, was in-
vestigated using density functional theory (DFT) and time-dependent density functional theory (TDDFT)
methods. Analysis of frontier molecular orbitals and electronic configuration indicated that the highest-occupied
molecular orbital of the Lxp1 has a significant mixture of metal Pt (d) as well as 2-phenylpyridine and acetyl
acetone(m). The lowest-unoccupied orbital of the Lxp1 primarily locates on * of 2-phenylpyridineligands. The
emission mechanism of the cyclometalated Pt(II) complex Lxp1 is assigned to the mixing of ligand-to-metal

Keywords: . . “F -
Recognition mechanism charge transfer and ligand-to-ligand charge transfer. The emission mechanism of the Lxp1-0, complex can be
Sensor attributed to the charge transfer from the oxygen molecule to the luminescent material Lxp1. Our study showed

that intermolecular hydrogen bonding between the Lxp1 and oxygen molecule was strengthened by the calcu-
lation of electronic excitation, leading to a luminescence-decreasing phenomenon. The calculation of the radia-

Charge transfer
Excited state

H-bond tive and non-radiative decay rate constants of the Lxp1 and the Lxp1-0, complex demonstrates that the
phosphorescence from T;-Sp of the Lxp1 would alter to the internal conversion from T;-Ty of the Lxp1-0, com-
plex. This alteration further explains the luminescence quenching phenomenon of the cyclometalated Pt(II) com-
plex Lxp1 after interacting with oxygen molecule.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction 15], as well as organometallic complexes of platinum(II) [16-24],

Molecular oxygen, an important Earth component, plays an essential
role in various processes, including physiological transformation, chem-
ical and biochemical reactions, and manufacturing protocols [1]. Thus,
considerable attention has been devoted to the detection of molecular
oxygen. Traditional methods of detecting oxygen molecule include
titration [2], measurement with Clark electrodes [3], chemilumines-
cence [4], and thermoluminescence [5]. These techniques have several
limitations, such as long response time, oxygen consumption during
monitoring, as well as poor selectivity [6-9]. However, detection by
optical oxygen sensors has become an increasingly competitive
method for oxygen sensing owing to its fast response, excellent
sensitivity and selectivity, low cost, as well as minimal analyte con-
sumption. The primary components of oxygen sensors are oxygen-
sensitive probes (OSPs). These OSPs include metal-free probes
fullerenes, such as Cgg and C;o [10-13], boron-complex dyes [14,
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palladium(Il) [25-27], ruthenium(II) [28], and iridium(III) [29].
Among these complexes, Pt(I) complexes are widely used because
of their extremely long lifetime, varying from microseconds to a
few milliseconds [30-33] and high-luminescence quantum yield.

Pt(II) complexes were applied in 1991 for the fiber optic oxygen sen-
sor [34] at the first time. Liu et al. [35] synthesized a series of
cyclometalated Pt(II) complexes in 2015. All of the cyclometalated
Pt(II) complexes exhibited intense phosphorescence emission at room
temperature. They evaluated the oxygen sensitivity of several
cyclometalated Pt (II) complexes in accordance with the following
Stern-Volmer equation:

To
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where, on the basis of the relationship between the luminous intensity
or the lifetime of OSPs and oxygen concentration, kg is the quenching
rate constant, po; is the partial pressure of oxygen, I is the phosphores-
cence intensity, 7 is the lifetime of an OSP, and I, and T are the corre-
sponding values in the absence of oxygen. However, the mechanism
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underlying the luminescence of cyclometalated Pt (II) complexes as op-
tical oxygen sensors remains unclear. Experiments are often from the
perspective of dynamic quenching to explain the mechanism of oxygen
sensing which is based on dynamic collision between molecular oxygen
(triplet) and the excited electronic state of luminescent molecules and
then producing the luminescent molecule in the ground state and the
singlet excited molecular oxygen [36,37]. So a detailed investigation
was needed, we focused on exploring the oxygen sensing mechanism
from the perspective of static quenching which resulting from complex
formation to enrich the theoretical study of oxygen sensing. In this
study, DFT and TDDFT methods were used to investigate the oxygen
sensing mechanism of cyclometalated platinum complex Lxp1. Frontier
molecular orbitals and electronic configuration of the Lxp1 and the
Lxp1-0, complex were calculated to reveal the mechanism of the lumi-
nescence procedure. We also explored photophysical processes by cal-
culating the radiative decay and non-radiative decay rate constants of
the Lxp1 and the Lxp1-0, complex. This theoretical study is expected
to provide insights into the design of highly efficient cyclometalated
Pt(I) materials for oxygen sensing.

2. Computation Methodology

All calculations were implemented using the Gaussian 09 software
program [38]. Ground-state and excited-state geometric structures for
the representative fragment of the Lxp1, molecular oxygen, and the
Lxp1-0, complex were fully optimized using DFT and TDDFT methods,
respectively. All optimized geometries were confirmed by frequency
calculation. A hybrid exchange-correlation functional using the Cou-
lomb-attenuating method (CAM-B3LYP) was used for all calculations
[39]. LANL2DZ was chosen as the basis sets because of relativistic effects
that needed to be considered [40,41]. While for excitation energies, we
used the LANL2DZ basis sets for the Pt atom and the 6-31G + (d, p) basis
sets for other light atoms. In addition, the frontier molecular orbitals and
electronic configurations were calculated with the ADF 2012 program,
by employing the GGA: PBE functional and the slater-type TZP basis
sets [42,43]. The MOMAP package [44-48] was employed to calculate
the rate constants of the photophysical processes of the Lxp1 and the
Lxp1-0, complex. The binding energies of hydrogen bonds were calcu-
lated using the counterpoise method.

3. Results and Discussion
3.1. Molecular Geometries in the Ground State

We intercepted a suitable finite representative fragment of the Lxp1
from the periodic structure to simplify computational processes (denot-

ed as motif). Fig. 1(a) presents the geometric configuration of the

(a)

fragment, which was constructed from 2-phenylpyridine with a
fluorophenyl substituent at para position and an acetyl acetone moiety
with Pt(II) ions as the node. The optimized geometry parameters (bond
lengths, bond angles, and dihedral angles) and the corresponding ex-
perimental values [35] of the motif are listed in Table 1. Meanwhile,
the calculated UV-vis spectrum with the maximum absorption band
at 278 nm is in good agreement with the experimental value 296 nm
(Table 1). These deviations were rather small, which indicated that
the precision of the calculation was satisfactory and that the
CAMB3LYP/LanL2DZ level was suitable for both the structural and elec-
tronic features of the motif and the complexes examined. In addition,
the structural fragment we used provides a credible representation of
the periodic crystal structure system.

The interaction of molecular oxygen with the motif at different sites
leads to the formation of different complexes (denoted as complex 1-
6), as shown in Fig. 2. Unlike many other molecules, the ground state
of oxygen molecule is a spin triplet [49]. This finding was verified by
optimizing the oxygen molecule with the CAMB3LYP functional
LanL2DZ basis sets in the singlet (Sp) and triplet (Ty) states, respectively.
The energies obtained were —94,253.21 and —94,292.97 kcal/mol.
This comparison suggested that the stable equilibrium configuration
of oxygen is in Ty state. Similarly, we also optimized the motif in
singlet (Sp) and triplet (To) states, with energies of —798,604.07
and — 798,543.99 kcal/mol, respectively. We can conclude that the
stable conformation of the motif is in Sy state. Therefore, the complexes
formed by the motif and the oxygen molecule might have two probabili-
ties of spin multiplicity. We then verified that by calculating the energy of
the complexes in Sp and Ty states. We found that the energy of S ranged
from —892,864.91 kcal/mol to —892,853.75 kcal/mol, whereas the ener-
gy of Tp ranged from — 892,898.65 kcal/mol to —892,897.97 kcal/mol.
Therefore, the complexes with 3 as spin multiplicity had the lower energy.
And the ground state of complexes is in Ty states, which is similar to the
oxygen molecule. Fig. 2 shows the geometries of complexes with 3 as
the spin multiplicity. Intermolecular hydrogen bonds were formed
between the motif and the oxygen molecule ranging from 2.46 A to
2.62 A. Binding sites with the lowest energy hydrogen-bonded complex
2 for further research to reveal oxygen sensing mechanism. Fig. 1(b)
shows the optimized geometric structure of the complex 2. We also
calculated the binding energy of the complex 2, which was determined
to be —290.26 kJ/mol, fully demonstrating that the relatively strong
hydrogen bonding were formed between the motif and the oxygen
molecule.

3.2. Frontier Molecular Orbitals and Electronic Configuration

The relevant luminescent mechanism of cyclometalated Pt(Il) com-
plexes are closely related to the characters of their frontier molecular

(b

Fig. 1. (a) The geometric configuration of structure fragment denoted as motif. (b) Oxygen and motif formed the most stable structure hydrogen bonded complex denoted as complex 2;
the purple dotted lines represent the hydrogen bonds (blue represents Pt atom; dark blue represents N atom; red represents O atom; gray represents C atom; white represents H atom;

light green represents F atom).


qpeng
高亮


H. Tong et al. / Spectrochimica Acta Part A: Molecular and Biomolecular Spectroscopy 183 (2017) 371-377 373

Table 1
The geometric configuration, UV-vis spectrum of motif and its corresponding experimen-
tal values by (DFT/TDDFT) methods.

Cal. values Exp. values®
Bond lengths (A)
N42-Pt45 2.007 1.984
C17-Pt45 1.983 1.976
044-Pt45 2.116 2.073
043-Pt45 2.031 1.994
N16-C20 1.464 1.460
C33-C34 1.412 1411
Bond angles (°)
N42-Pt45-C17 81.40 81.42
044-Pt45-043 89.93 91.70
N42-Pt45-044 94.16 94.10
C17-Pt45-043 94.49 92.97
Dihedral angles (°)
C20-N42-Pt45-044 179.82 178.09
UV-vis maximum absorption (nm) 278 296

orbitals and electronic configuration, particularly their highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular orbital
(LUMO). Thus, the analysis of the frontier molecular orbitals and elec-
tronic configuration of the motif and the complex 2 was carried out
using DFT method in this study, as shown in Figs. 3 and 4. It is apparent
from Fig. 3 that the electron density distribution of the HOMO primarily
resides on the platinum center, the phenyl ring of 2-phenylpyridine, and
acetyl acetone moiety. Meanwhile, the LUMO electron density mainly
locates on the 2-phenylpyridine ligands. From the electronic configura-
tions of the motif, the HOMO was mainly composed of Pt (3d) (40.57%),
C(1p) (43.40%),and N (1P) (1.38%),and O (1P) (7.83%) atoms, whereas
the LUMO mainly consisted of Pt (3d) (5.15%), C (1p) (70.97%), and N
(1P) (16.40%) atoms. In conclusion, the HOMO has a significant mixture
of metal Pt (d) as well as 2-phenylpyridine and acetyl acetone (). The
LUMO primarily locates on m* of 2-phenylpyridineligands, no obvious
interaction between the metal-centered orbitals and the ligand can be
observed in the LUMO. Therefore the charge transition involved in the
excitation process can be described as [d(Pt) + m(aac)m*(ppy)], where

(1) 9 3 (2)
;\%‘)J

4) ()

/

/
70.97% / \ ~,
)

hY S
F i . 5.15%
fo e N
. _‘r\ \\‘ “\\
o \, HOMO™, (moti
0% Heo L% St
H# e N aiE e
7.83% 0, -
Y
‘i3
ey
it
C MOs F N (o] Pt H

Fig. 3. The frontier molecular orbitals and electronic configuration of motif.

ppy = 2-phenylpyridine, and acac = acetyl acetone. The analysis of
the frontier molecular orbitals and electronic configuration led to the
conclusion that the luminescence of the motif was assigned to the
mixing of ligand-to-metal charge transfer (LMCT) and ligand-to-ligand
charge transfer (LLCT) characters. We also analyzed the frontier molec-
ular orbital and the electronic configurations of the complex 2 present-
ed. The ground state of the complex 2 was in Ty state, which had 2 single
electrons and therefore had two pairs of HOMO and LUMO orbitals,
which were denoted as HOMO-A, HOMO-B, LUMO-A, LUMO-B. As is
shown in Fig. 4, that the electron density distribution of HOMO-A of
the complex 2 was almost the same with that of the motif, which mainly
consisted of the Pt (3d) (39.49%), C (1p) (44.04%),N (1p) (1.39%),and O
(1p) (7.55%) atoms. The HOMO-B of complex 2 mainly consisted of the
Pt (3d) (38.31%), C (1p) (41.41%), N (1p) (1.37%), and O (1p) (11.89%)
atoms. However, the electron density distributions of the LUMO be-
tween the complex 2 and the motif had numerous differences. The
LUMO-A and the LUMO-B consisted of 94.18% and 98.74% O (1p)
atoms, respectively, suggesting that the charge was completely trans-
ferred to the oxygen molecule. Therefore the charge transition involved
in the excitation process of the complex 2 can be described as [d(Pt) +

€)

(6)

Fig. 2. Different possible sites and optimized geometric configurations of complexes 1-6 in Ty state.
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Fig. 4. The frontier molecular orbitals and electronic configuration of complex 2.

m(acac) — m*(oxygen)]. And we concluded that the emission of complex
2 could be attributed to the charge transfer from the oxygen molecule to
the luminescent material Lxp1. Which indicates that the luminescence
mechanism of this system was completely changed after interacting
with the oxygen molecule.

3.3. Calculated Excitation Energies

Electronic excitation can be significantly influenced by hydrogen
bonding, which causes the charge distribution of the hydrogen-bonded
complex in different electronic states. To shed light on the nature of hy-
drogen bonding in this system, we calculated the electronic transition
energies of the motif and the complex 2 in the first ten different elec-
tronic states on the basis of geometric optimization utilizing TDDFT
method. Table 2 shows the results of calculated electronic transition en-
ergies and corresponding oscillation strengths of the motif and the com-
plex 2. It can be seen that the electronic transition energies of the
complex 2 are lower than those of the motif. According to the rule sum-
marized by Zhao et al. [51], enhanced hydrogen bonding in the excited
state could induce a reduction of electronic transition energies, resulting
in a red-shift in electronic spectra. Besides, the rule also revealed that
the change in electronic excitation energies can predict the behavior
of hydrogen bonding in the excited state. The decrease of electronic ex-
citation energy of the complex 2 effectively induces a electronic

Table 2
The electronic excitation energies (eV) and corresponding oscillation strengths of motif
and complex 2 by TDDFT method.

Excited states Motif Complex 2

SyT, 3.477 (0.128) 2.510 (0.000)
So/Ty 4.037 (0.011) 2.905 (0.000)
S3/T3 4.063 (0.167) 3.014 (0.000)
Sa/Ta 4202 (0.053) 3.019 (0.002)
Ss/Ts 4289 (0.028) 3.244 (0.000)
Se/Ts 4,454 (0.560) 3.279 (0.001)
S,/T, 4515 (0.001) 3.291 (0.000)
Ss/Ts 4591 (0.041) 3.317 (0.001)
So/Tg 4.593 (0.004) 3.490 (0.123)
S10/T1o 4711 (0.084) 3.585 (0.000)

spectrum red-shift, meanwhile hydrogen bonding in the excited state
is strengthened.

For the purpose of exploring the nature of the electronic transitions
for different excited states, here we provided the natural transition or-
bitals (NTOs) of the first three singlet and triplet excitations, respective-
ly. The dominant “particle”-“hole” contributions and the associated
weights for the first three singlet (So — Sy, n = 1, 2 and 3) and triplet
(Tp = Ty, n =1, 2 and 3) states of the motif and the complex 2 was ob-
tained in Fig. 5, while the other states (S4to S;g and T4 to T1g) are plotted
in Fig. S1. Particularly, among the ten singlet excited states of the motif,
almost all “particle” and “hole” primary reside on the same position,
maintain the local exciton character. Which indicate that all the ten sin-
glet excited states of the motif exhibit the LE transition feature. While
for the complex 2, among the ten triplet excited states, almost all “par-
ticle” mainly locates on the platinum center, the phenyl ring of 2-
phenylpyridine, and acetyl acetone moiety. And all “hole” primary re-
sides on the oxygen molecule. Which indicate that almost all the ten
triplet excited states of the complex 2 exhibit the CT transition feature.
That implying a LE process changed to the CT process upon the electron
excitation after interaction with oxygen molecule.

3.4. Photophysical Process of Motif and Complex 2

When the molecule was optically excited, the singlet and triplet
electrons could be populated in excited states higher in energy. The
electron could then rapidly relax to the lowest excited S; and T; states
before radiative and non-radiative transitions. Therefore, we only dis-
cuss the lowest excited state and ground state. Singlet excisions relax
to the ground state via radiative transitions that yield prompt fluores-
cence, which mainly originates from the dipole-allowed transition be-
tween the excited singlet state and the ground state. For internal
conversion (IC), the singlet excisions can also relax to the ground
state, which is the non-radiative process. Whereas the radiative decay
of triplet excitons to the ground state is referred to phosphorescence,
which is spin-orbit coupling induced transitions from the excited triplet
state to the ground state, but the complexes often experience vertical
transition from the ground state to the singlet excited state and then un-
dergo intersystem crossing to reach the triplet excited state in which
phosphorescence might occur. The triplet excitons can also relax to
the ground state through intersystem crossing (ISC). With Fermi's
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Fig. 5. Natural transition orbitals (NTOs) of the first three singlet and triplet excited states for motif and complex 2.

golden rule and time-dependent perturbation theory, all kinds of
deactivated rate constant can be obtained by quantum chemistry calcu-
lation, including fluorescence (kg), intersystem crossing (k;sc), internal
conversion (k;:), and phosphorescence (kp). These processes are pre-
sented in the Jablonski diagram in Figs. 6 and 7. The fluorescence radia-
tive decay rate can be expressed as

64m*
3he®

ke =25 (U2 vig—fa’ |0y,  OpdQ[* )

where vjp— fa is the frequency of spontaneous transition from the initial
state (usually the first excited state) to the final state (usually the
ground state); m is the electric transition dipole moment between the
two states; ©;o and Op, are the vibrational functions for the initial and
final states, respectively, h is the Planck constant; and c is the speed of

The IC rate denoted by k;. [46] can be expressed as

Kic = 2?" ‘Hj’q 25(Eﬁ +Epy, —Eivi>

where the perturbation is the non-Born-Oppenheimer coupling

> (4)

Applying the Franck-Condon approximation, the phosphorescence
spectrum can be expressed as
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Fig. 6. Partial Jablonski diagram for absorption, fluorescence, phosphorescence, internal conversion and intersystem crossing processes of motif.
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The transition dipole moment can thus be expressed as

{sir%lets} <5|ﬂ|1k><]’<}I:ISO|Tk)

My = 0 0
3ET“SoEk
fripletsy 3 (s|H >, y(3ny U T)
g T ®
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where k is the magnetic quantum number, n and k’ are the intermediate
triplet and singlet electronic states, respectively [47].

The intersystem crossing rate constant denoted by kisc can be
expressed as

kise = n > Py, (I)ieiv,->‘26<Eiv, —Eﬁ/,) (7)

h Vivy

(s, |

where Py, is the Boltzmann distribution function for the initial vibronic
manifold, H’' denotes the interaction between two different Born-Op-
penheimer states, and the delta function 6 maintains the conservation
of energy.

Applying the Condon approximation,

Ko = REZT 5 71 (0 )"0 En—Ep, ®)

where Z7'=3"%_(0,0, ...0ye "% E. is the partition function, and
B=1/(kgT). N is the number of normal modes.

isc = )Hgof = |(@y H50|c1>1->‘2 )

is the spin-orbit coupling between the initial and final electronic states.
To eclucidate the photophysical process of the motif and complex 2 in
detail, we calculated of the radiative decay and non-radiative decay
rate constants based on preceding geometry optimizations and vibra-
tional modes for the ground and excited states in Table 3, including
the phosphorescence rate constants and the ISC rate constants of the
motif, as well as the fluorescent rate constants and the IC rate constants
of complex 2. We further analyzed the possible luminescence process of

Table 3

The rate constants of motif and complex 2.
Rate coefficient Motif Rate coefficient Complex 2
ke (s™1) 2.621 x 10° ke(s™) 6.494 x 10
kise (s71) 2.410 x 10" kic (s™1) 1.023 x 107

the motif and the complex 2 according to the rate coefficients calculat-
ed. We can speculate that the possible luminescence process of the
motif is described as follows: the electrons are excited from the ground
state to the singlet excited state and then through intersystem crossing
falls to the triplet excited state by the heavy-metal effect of Pt atom [50],
and then phosphorescence emission would compete with intersystem
crossing process from T;-Sq. From our calculation, we can find that the
phosphorescence rate constant is far greater than the intersystem cross-
ing rate constant, hence a more competitive radiation decay of T; — S
than the non-radiation decay of T; — Sy for the motif, leading to phos-
phorescence emission of the motif. Meanwhile, the complex 2, which
has an unusual triplet ground state, is similar as the oxygen molecule.
After being excited, the electrons would jump from the ground state
to the triplet excited state. Owing to the existence of Pt atom in the com-
plex 2, reverse intersystem would not occur. Therefore, the deactivation
of the excited state would depend on the competition between the fluo-
rescence and IC process. As is shown in Fig. 5, ki is much larger then ki,
thus, the IC from the excited state to the ground state becomes the most
important dissipative process for the complex 2. And finally the oxygen
quenching of the cyclometalated Pt(II) complex was observed as men-
tioned in experiment. By calculating the aforementioned excitation en-
ergy, we can conclude that the intermolecular hydrogen bonding was
enhanced after the formation of the complex 2. The relationship be-
tween the excited state hydrogen bonding dynamics and the IC process
was first qualitatively demonstrated by Zhao [51-56]. The deactivation
of the excited state via IC can be remarkably facilitated by the intermo-
lecular hydrogen bonding interactions. The IC rate coefficient is signifi-
cantly larger than the fluorescence rate coefficient we obtained, which
is consistent with the theory. The IC process is the main photophysical
process contributes to the luminescence quenching phenomenon of
complex 2.

By analysis of the photophysical processes of the motif and the com-
plex 2, we verified that the motif exhibits phosphorescence emission, as
observed in the experiment by DFT and TDDFT methods. We also dis-
covered a new mechanism responsible for luminescence quenching of
cyclometalated Pt (II) complexes after interacting with the oxygen mol-
ecule. The interaction with oxygen molecule can convert the phospho-
rescence from T;-Sy of the motif into the IC from T;-Ty of the complex
2. The lifetime of the motif is 3816 ns in our calculation, which has a
good agreement with the experiment value 4410 ns [35].

4. Conclusions

In this study, we explained the influence of the oxygen molecule on
the luminescent properties of the cyclometalated Pt(II) complex and
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calculated the geometry optimizations, electronic structures, and
photophysical properties of the motif and the complex 2 by DFT/
TDDFT methods. Compared with frontier molecular orbitals and elec-
tronic configuration, the LUMO changed distinctly after introducing
the oxygen molecule. This above mentioned common revealed that
the luminescence mechanism of the motif originates from the lowest
triplet excited state, which is assigned to the mixing of ligand-to-
metal charge transfer and ligand-to-ligand charge transfer character.
We also demonstrated that the hydrogen bonding was enhanced in
the excited state on the basis of the calculation of electronic excitation
energies. The strengthening of Hydrogen bonding in the T, state
would enhance IC, leading to Iuminescence quenching of
cyclometalated Pt(II) complexes after interacting with oxygen mole-
cule. Through the calculation of the rate constants and analysis of the
photophysical process of the motif and the complex 2. We confirmed
that the motif is a phosphorescent molecule; in addition, molecular ox-
ygen can alter the phosphorescence from T;-Sy to the IC from T;-Tp,
which indicating that the motif could be used as a chemical sensor for
oxygen sensing. The approach employed in our study could be used to
understand the mechanism of oxygen sensing and provides a theoreti-
cal guidance in the design of different cyclometalated Pt (II) material
as oxygen Sensors.
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