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A B S T R A C T

Trifluoromethyl-substituted cyclometalated platinum(II) (TSCP) is a useful material for oxygen molecule de-
tection and determination. Through quantum chemical computation, we propose a quenching mechanism to
explain the nature of oxygen sensing. The luminescence mechanism of TSCP involves phosphorescent emission
and the TSCP-O2 complex internal conversion. By applying the density functional theory (DFT) method, we
computed the frontier molecular orbitals and electron configurations of TSCP and the TSCP-O2 complex. In
addition, using the time-dependent density functional theory (TDDFT) method, we computed the excited en-
ergies and geometric optimization of the excited state of TSCP and the TSCP-O2 complex. According to the
computation results, the luminescence of TSCP is due to localized excitation, while that of the TSCP-O2 complex
is due to delocalized excitation. We computed the radiative and non-radiative rate constants of TSCP and the
TSCP-O2 complex and elucidated their photophysical processes. For TSCP, after excitation, first the electron
jumped from the S1 to T1 state by intersystem crossing, and eventually back to the S0 state by phosphorescence
emission. Instead, for the TSCP-O2 complex without spin flip, the electron jumped directly from the T1 to T0 state
by internal conversion.

1. Introduction

Oxygen is a vital element for life on earth and plays an essential role
in life activities. The detection and determination of oxygen is widely
used in numerous fields, such as industry, biology, environment,
medical care, food processing, etc. [1–5] Traditional measurement
methods consist mainly of standard iodometry and Clark electrode
[6,7]. However, the operation of the former is complicated and time-
consuming [8], while the latter is likely to be affected by electro-
magnetic signals during operation [9]. Accordingly, these two tradi-
tional methods are limited in application. Recently, a photochemical
oxygen sensing method has attracted increasing attention due to its
advantages of high sensitivity, good selectivity, and non-consumption
of analyte [10,11]. Additionally, it is resistant to electromagnetic in-
terference, so the signals can be transmitted over a long distance, which
makes it a good candidate for remote control and on-line monitoring
[12,13].

Among a variety of oxygen sensing materials, the platinum complex
stands out with its characteristics of long luminescence lifetime and
high luminescent quantum yield [14–16]. Liu et al. synthesized a series
of cyclometalated platinum complexes with intensive phosphorescent

emission at room temperature [17–19]. To explain the mechanism of
oxygen sensing of cyclometalated platinum complexes, the dynamic
collision method is usually adopted in experimental research [10,20].
Specifically, when the excited state of the luminescent material (LM)
collides with the triplet state of an oxygen molecule, the former changes
into the ground state and the latter into a singlet. However, the oxygen
molecule is not luminescent, and its stable existence state is not in a
singlet state either, which obviously conflicts with reality. Thus, in this
paper, we propose a novel quenching procedure to elucidate the oxygen
sensing mechanism.

From the various complexes synthesized by Liu and coworkers, we
chose a trifluoromethyl-substituted cyclometalated platinum(II) (TSCP)
as the study target [18]. Using the method of quantum chemistry
computation, we adopted the density functional theory (DFT) method
and time-dependent density functional theory (TDDFT) method to in-
vestigate the configuration and characteristics of the TSCP-O2 complex
with the appropriate functional and basis set. Based on the frontier
molecular orbitals and electronic configuration, we explored the change
of the luminescence mechanism before and after the combination of
TSCP and O2, examined the relationship between the hydrogen bonding
in excited states and the luminescence property of TSCP, and elucidated
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the mechanism of oxygen molecular recognition and chemical sensing
of TSCP. Finally, each transition of the photophysical process of TSCP
and the TSCP-O2 complex was elucidated based on the time-dependent
perturbation theory and Fermi's golden rule.

2. Computational details

2.1. Computation methodology

The Gaussian 09 software program was used to perform the com-
putations [21]. For the ground states of TSCP and the two TSCP-O2

complexes, the optimization of their geometric structures was per-
formed by the DFT method, and their excited states by the TDDFT
method. The functional theory was the B3LYP [22] and the basis sets
were hybrid, where the 6-311(d) basis set was used for C, H, O, N and F
atoms and LANL2DZ for Pt atom [23]. Moreover, the van der Waals-
density functional theory (vdW-DFT) method was used to calculate the
geometry optimizations of TSCP-O2 complexes. The scaling factor was
set at 0.961 for the computation of the infrared (IR) spectra [24]. The
computation of electronic configuration was performed using the ADF
2012 software program [25,26].

The Molecular Materials Property Prediction Package (MOMAP) is a
software toolkit for the prediction of the properties of molecular ma-
terials. It focuses on luminescent properties and charge mobility prop-
erties [27]. In this paper, we used it to compute the radiative and non-
radiative rate constants. For the TSCP, the phosphorescent radiative
rate (kp) and the intersystem crossing rate (kisc) were computed, and
then the photophysical processes were proposed based on the results.
For TSCP-O2 complex, the fluorescent radiative rate (kf) and internal
conversion rate (kic) were computed to elucidate the mechanism of
oxygen sensing.

2.2. Computational model

The optimized and corresponding experimental values of the geo-
metry parameters of TSCP are listed in Table 1, including bond length
and bond angles. Additionally, the computed ultraviolet-visible
(UV–vis) maximum absorption band was at 310 nm, which approxi-
mately corresponded to the experimental band was at 302 nm. The
computed phosphorescent emission bands were at 428 nm and 588 nm
(sh), while the experimental bands were at 510 nm and 538 nm (sh).
Except for the phosphorescent emission bands, all the deviations were
small, indicating that the functional theory and basis sets were reliable.

Generally, the ground state of molecular oxygen is a spin triplet. But
the singlet molecular oxygen usually refers to the lowest excited elec-
tronic state [28,29]. Using the B3LYP functional and 6-311(d)/
LANL2DZ hybrid basis sets, the relative energy of the singlet and triplet
states of O2, TSCP and TSCP-O2 complex are listed in Table 2. The re-
sults revealed that the relative energy of the triplet and singlet

molecular oxygen is 39.3 kcal/mol. And the energy of the triplet is
lower than that of the singlet state, which means that the ground state
of molecular oxygen is a triplet (T0). Similarly, the ground state of TSCP
is a singlet (S0). After the combination of O2 and TSCP, the ground state
of the TSCP-O2 complex also has two states, namely a singlet and a
triplet. From the data presented in Table 2, we can figure out that the
ground state of the TSCP-O2 complex is a triplet (T0).

The geometric structures of TSCP and the TSCP-O2 complex are
shown in Fig. 1. The combination between TSCP and O2 produces two
complexes, namely Complex 1 and Complex 2, and the geometric
structures are shown in Fig. 1(b) and Fig. 1(c), respectively. As the
energy difference between them is 0.14 kcal/mol, which is less than
2 kcal/mol, either of them can be used for subsequent computation.
Considering the bifurcated hydrogen bond in the structure, Complex 1
was chosen as the computational target in this paper and is denoted as
the TSCP-O2 complex. According to the data shown in Table 2, the
triplet state of the TSCP-O2 complex is more stable.

3. Results and discussion

3.1. Variation of the luminescence mechanism

The luminescence mechanism of the LMs is closely related to the
frontier molecular orbitals and electronic configuration, especially the
highest occupied molecular orbital (HOMO) and the lowest unoccupied
molecular orbital (LUMO). For this reason, the DFT method is employed
to calculate the HOMO/LUMO of TSCP and the TSCP-O2 complex in this
paper.

3.1.1. The luminescence mechanism of TSCP
In this study, the TSCP emitted phosphorescence at room tem-

perature. The frontier molecular orbitals and electronic configuration of
TSCP are shown in Fig. 2. There was no single electron in the frontier
molecular orbital of TSCP, which implied that its ground state was
certainly a singlet state. The LUMO of TSCP consisted of C (1p), O (1p),
N (1p) and Pt (3d) atoms and the contribution of each atom orbital was
78.08, 2.09, 17.18 and 5.47%, respectively. While the HOMO of TSCP
consisted of C (1p), O (1p), N (1p) and Pt (3d) with a contribution of
51.29, 5.87, 2.96 and 33.20%, respectively. Thus, during the excitation
process, the charge transition of TSCP could be depicted as in-
tramolecular π(TSCP)→ π*(TSCP). As a result, the luminescence me-
chanism of TSCP was due to localized excitation.

3.1.2. The luminescence mechanism of the TSCP-O2 complex
The frontier molecular orbitals and electronic configuration of the

TSCP-O2 complex are shown in Fig. 3 and the contribution of each atom
orbital is listed in Table 3. The ground state of the TSCP-O2 complex
was a triplet, thereby implying that there were two single-electrons,
and thus two pairs of LUMO and HOMO. The LUMO-A of the TSCP-O2

complex was composed of C (1p), O (1p), N (1p) and Pt (3d) with a
contribution from each atom orbital of 78.11, 2.09, 17.18 and 4.98%,
respectively. The HOMO-A was composed of C (1p), O (1p), N (1p) and
Pt (3d) with a contribution from each orbital of 51.28, 5.86 2.95 and
33.19%, respectively. The LUMO-B consisted entirely of O (1p), and
HOMO-B consisted of C (1p), O (1p), N (1p) and Pt (3d) with a con-
tribution from the orbitals of 51.21, 5.85, 2.94 and 33.17%, respec-
tively. Thus, during the excitation process, the charge transition of the

Table 1
The geometry parameters, UV–vis absorption spectrum and phosphorescence
emission spectrum of TSCP and its corresponding experimental values.

Exp. values [18] Cal. values

Bond length (Å)
Pt13-N4 2.003 2.02365
Pt13-C12 1.968 1.98567
Pt13-O18 2.081 2.14879
Pt13-O14 2.000 2.04942

Bond angles (°)
C12-Pt13-N4 81.621 81.01978
O18-Pt13-O14 92.478 90.05245
UV–vis maximum absorption (nm) 302 310
Phosphorescent emissionaspectrum (nm) 510, 538 (sh) 428, 588 (sh)

a sh= shoulder.

Table 2
The relative energy of singlet and triplet states of O2, TSCP and the TSCP-O2

complex.

Relative energy (kcal/mol) O2 TSCP The TSCP-O2 complex

Singlet 39.3 0 38.4
Triplet 0 56.2 0
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TSCP-O2 complex could be depicted as π(TSCP)→ π*(TSCP) of group A
and π(TSCP)→ π*(O2) of group B.

As shown in Fig. 3, the electron density of the LUMO-B was totally
distributed on the oxygen molecule, while the HOMO-B was totally
distributed on the TSCP. This indicated that the luminescence me-
chanism of the TSCP-O2 complex involved delocalized excitation,
namely the electron transfer from the guest molecule to the ligand.

Comparing the frontier molecular orbitals and corresponding con-
tributions before and after the combination of TSCP with an oxygen
molecule, it is obvious that the oxygen molecule dramatically changed
the composition of the frontier molecular orbitals of TSCP. Accordingly,
the luminescence mechanism was altered from localized excitation to
delocalized excitation.

3.2. Qualitative and quantitative analysis of the hydrogen bond

3.2.1. Qualitative analysis of the hydrogen bond
The behavior of the hydrogen bond in the excited state can dra-

matically affect the system and produce different electronic distribution
in different excited states. Zhao et al. proposed that the strengthening of
hydrogen bonds in the excited state would decrease the energy gap
between the ground state and the first excited state, which could lead to
a red shift in the spectrum. Specifically, a red shift in the spectrum
indicates an strengthening of hydrogen bonds in the excited state. On
the other hand, a blue shift indicates a weakening of hydrogen bonds in
the excited state [30].

The electronic excitation energies and corresponding oscillation
strengths of TSCP and the TSCP-O2 complex are listed in Table 4. In
each excited state, the electronic excitation energy of the TSCP-O2

complex was lower than that of TSCP, which means a red shift in the

spectrum, or, in other words, the formation of hydrogen bonds was
strengthened in the excited state.

3.2.2. Quantitative analysis of the hydrogen bond
The results of the computation of the hydrogen bond length, proton

nuclear magnetic resonance (1H NMR) spectroscopy and IR spectro-
scopy analysis are listed in Table 5. When TSCP combined with an
oxygen molecule, a bifurcated hydrogen bond formed, as shown in

2.64

(a) (b) (c)

2.72 2.55

Fig. 1. The geometric structures of (a) TSCP, (b) TSCP-O2 complex 1 and (c) the TSCP-O2 complex 2. (C: grey, H: white, N: blue, O: red, F: light blue, Pt: dark blue.)

Fig. 2. The frontier molecular orbitals and electron configuration of TSCP.

Fig. 3. The frontier molecular orbitals and electron configuration of the TSCP-
O2 complex (a) LUMO/HOMO-A, (b) LUMO/HOMO-B.
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Fig. 1(b). The hydrogen bond length varied from 2.72 and 2.55 Å in the
ground state to 2.21 and 2.21 Å in the excited state. Clearly, the hy-
drogen bond length was shorter in the excited state, which means that
the hydrogen bond formation was strengthened in the excited state.

The 1H NMR chemical shifts for the hydrogen-bonded proton was
27.01 ppm in the ground state and 26.10 ppm in the excited state, this
up-field shift implied that the hydrogen bond increased in the excited
state.

In addition, the results of the IR spectroscopy analysis of the TSCP-
O2 complex reveal that the stretching vibration of the hydrogen donor
O]O molecule changed from 1654.68 cm−1 in the ground state to
1259.27 cm−1 in the excited state. Accordingly, the IR spectrum had a
red shift in the excited state, which means that the hydrogen bond
formation was strengthened in the excited state.

In short, the hydrogen bond formation was strengthened in the
excited state, which had a great impact on the luminescence properties
of TSCP. Thus, it was the hydrogen bond that led to the luminescence
quenching in the experiment.

3.3. Analysis of the photophysical process

The luminescence mechanism of TSCP and the TSCP-O2 complex
can be explained using the Jablonski diagram [31] as shown in Fig. 4.
The kf, kic, kp and kisc were computed using the MOMAP software and
the results are listed in Table 6.

For TSCP, according to the experimental phenomenon, the photo-
physical processes occurred through the following pathways. After
S0→ S1 absorption, first, the electron arrived at the T1 state via inter-
system crossing (ISC). Then, it returned to the S0 state with phos-
phorescent emission. According to the data in Table 6, the magnitude of
kp is 14 times larger than that of kisc, which means that TSCP emits

phosphorescence. The computed results are in good agreement with the
experimental data.

For the TSCP-O2 complex, its ground state was a spin triplet (T0) and
the photophysical processes occurred via the following pathways. After
T0→ T1 absorption, without spin flip, the electron directly returned to
the T0 state through internal conversion. According to the data in
Table 6, the magnitude of kic is 8 times larger than that of kf, thus we
can conclude that the TSCP-O2 complex undergoes internal conversion,
and it is quite consistent with the quenching phenomenon observed
experimentally.

3.4. The mechanism of oxygen sensing

To date, the dynamic collision method has always been adopted in
reported studies in the literature to explain the mechanism of oxygen
sensing. The dynamic mechanism considers that after the collision be-
tween the triplet excited state of the LM and the triplet oxygen molecule
(3O2), the former changes into the ground state and the latter into the
singlet excited state. The mechanism can be briefly expressed as Eq. (1):

LM*+ 3O2→ LM+ 1O2
* (1)

In this paper, according to the above computations, the lumines-
cence mechanism process of oxygen sensing can be derived as Eq.
(2)–(4):

Step 1: LM+ 3O2→
3[LM-O2] (T0) (2)

Step 2: 3[LM-O2] (T0)+ photon→ 3[LM-O2]* (T1) (3)

Step 3: 3[LM-O2]* (T1)→ 3[LM-O2] (T0) (4)

This luminescence mechanism was proposed based on the above
computations and the analysis of photophysical processes. After the
combination with the oxygen molecule, TSCP first produced the triplet
TSCP-O2 complex, and then the TSCP-O2 complex was excited to the
triplet excitation state. Eventually, the TSCP-O2 complex transitioned
from the triplet excited state back to the ground state along with the
internal conversion. The formation of hydrogen bonds promoted the
combination between TSCP and O2. As discussed above, the strength-
ening of the hydrogen bond formation in the excited state decreases the
energy gap between the T0 and T1 state, thereby facilitating the internal
conversion, which is why the luminescence quenching occurs in the
experiment.

Table 3
The contribution of each atom orbital to LUMO/HOMO of the TSCP-O2 com-
plex.

C (1p) O (1p) N (1p) Pt (3d)

LUMO-A 78.11% 2.09% 17.18% 4.98%
HOMO-A 51.28% 5.86% 2.95% 33.19%
LUMO-B 0.00% 100% 0.00% 0.00%
HOMO-B 51.21% 5.85% 2.94% 33.17%

Table 4
The computed results of the electronic excitation energies (eV) and the corre-
sponding oscillation strengths of TSCP and the TSCP-O2 complex.

State TSCP The TSCP-O2 complex

S1/T1 3.0282 (0.0704) 1.7673 (0.0000)
S2/T2 3.4205 (0.0802) 1.8239 (0.0000)
S3/T3 3.4431 (0.0032) 1.9386 (0.0000)
S4/T4 3.6006 (0.0172) 1.9964 (0.0000)
S5/T5 3.8150 (0.0937) 2.3710 (0.0001)
S6/T6 3.8817 (0.0295) 2.4267 (0.0000)
S7/T7 4.0348 (0.1758) 2.4696 (0.0000)
S8/T8 4.0586 (0.0005) 2.4708 (0.0000)
S9/T9 4.1825 (0.0874) 2.5248 (0.0000)
S10/T10 4.1968 (0.0001) 2.9366 (0.0000)

Table 5
The hydrogen bonding length, 1H NMR chemical shift and IR of the TSCP-O2

complex in T0 and T1 states.

T0 state T1 state
Hydrogen bonding length (Å) HB 1 2.74 2.22

HB 2 2.73 2.24

1H NMR (ppm) 27.01 26.10
IR (cm−1) Stretching of O]O 1654.68 1259.27

T0

S1

S0

T1

kf
kp

kisc
T1

TSCP The TSCP-O2 complex

kic

Fig. 4. Jablonski diagram.

Table 6
The radiative and nonradiative rate constants of TSCP and the TSCP-O2 com-
plex.

Rate constants (s−1) TSCP Rate constants (s−1) The TSCP-O2 complex

kp 2.0× 105 kf 6.1× 102

kisc 1.7× 10−9 kic 1.6× 1010
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4. Conclusions

In this study, we computed the frontier molecular orbitals and the
electronic configurations of TSCP and the TSCP-O2 complex by applying
the quantum chemistry computation method. Additionally, the lumi-
nescence mechanisms were elucidated. Specifically, for TSCP itself, the
phosphorescence was caused by localized excitation and the charge
transition was intramolecular π(TSCP)→ π*(TSCP), while for the TSCP-
O2 complex, the luminescence mechanism was delocalized excitation
and the charge transition were π(TSCP)→ π*(TSCP) of group A and
π(TSCP)→ π*(O2) of group B, respectively. In addition, the strength-
ening of hydrogen bonds formation in the excited state led to the de-
crease of the energy gap between the ground and excited states, which
favored internal conversion rather than luminescence. This is the
reason why the phosphorescence was quenched by the molecular
oxygen in the experiment.

In order to elucidate the photophysical processes before and after
the combination of TSCP and the oxygen molecule, the kp and kisc of
TSCP as well as the kf and kic of the TSCP-O2 complex were computed
using the MOMAP software. Together with the Jablonski diagram, the
results indicated that when the ground state (S0) of TSCP was excited to
the first singlet excited state (S1), first, the electron arrived at the first
triplet state (T1) via intersystem crossing, and eventually returned to
the S0 state with emission of phosphorescent. However, the ground
state of the TSCP-O2 complex was a spin triplet (T0). After being excited
to the T1 state, the electron could only undergo internal conversion and
returned to the T0 state without spin flip.

Different from the dynamic collision theory, we proposed a novel
quenching mechanism of oxygen sensing based on the photophysical
processes discussed above. Three steps are involved in the proposed
mechanism. The first step involves the combination of TSCP with
oxygen molecules to produce the triplet TSCP-O2 complex. In the
second step, the TSCP-O2 complex is excited to the triplet excitation
state. In the last step the TSCP-O2 complex in the T1 state jumped back
to the T0 state through internal conversion. We believe that this new
oxygen sensing mechanism would provide excellent theoretical support
and guide for designing and developing new, more effective oxygen
sensing materials.
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