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5,10,15,20-tetraarylporphyrins TPP, TNP and TPyP (where TPP ¼ 5,10,15,20-tetraphenylporphyrin,
TNP ¼ 5,10,15,20-tetranaphthalporphyrin and TPyP ¼ 5,10,15,20-tetrapyrenyl-porphyrin) and the corre-
sponding Pt(II) complexeswere prepared. The photophysical properties of the porphyrin ligands and the Pt
(II) complexes were studied using UVevis absorption and photo-luminescence spectra; the geometry and
electronic structure of the ligands and the complexes were studied via DFT/TDDFT calculations. UVevis
absorption and luminescence emission spectra showed that the added aryl groups did not contribute to the
p-conjugation system of either themetal-free porphyrins or the Pt(II) complexes and, therefore, all ligands
(and complexes) displayed similar photophysical properties. DFT/TDDFT calculations supported the
proposed photophysical process and indicated very weak involvement of the aryl appendents in the low-
lying electronic excited states. The luminescent oxygen sensing properties of the Pt(II) complexes were
studied in solution as well as in polymer films (monitored via emission intensity and lifetime mode). The
results demonstrated that in the case of both the pyrenyl and naphthyl groups, the oxygen sensing char-
acter of the complexes could be improved (quenching constant KSV ¼ 0.068 Torr�1 for PteTNP vs.
KSV ¼ 0.040 Torr�1 for the parent complex PteTPP).

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Luminescent oxygen sensing has attracted much attention
owing to its manifold applications in the chemical, biomedical,
environmental and clinical sciences [1e9]. The pivotal issue of
luminescent oxygen sensing is the selection of luminescent dyes
with appropriate photophysical properties which can address
various analytical demands, such as emissionwavelength, dynamic
oxygenpartial pressure dynamic range, etc. Luminescent O2 sensing
can be quantitatively described by the SterneVolmer equation
(eq. (1)) [8].

F0
F

¼ s0
s

¼ 1þ KD½Q � (1)

where F0 and s0 is the initial luminescent intensity and lifetime of
the phosphorescent dyes in an inert atmosphere (such as N2), F and
s are the luminescent intensity and lifetime, respectively, in the
presence of O2, KD is the SterneVolmer quenching constant and [Q]
is the concentration of quenchers.
7.
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For heterogeneous luminescent O2 sensing films, however,
a modified SterneVolmer or two-site model is required to study
quenching because in “homogenous” polymers, the dyes reside in
differentmicroenvironments [7,8,10]. In the two-sitemodel, the O2-
sensitive dyes are treated as two different portions and the fraction
of these two portions are defined as f1 and f2, respectively
(f1 þ f2 ¼ 1), the two portions showing different quenching
constants (KSV1 and KSV2, Eq. (2)).

I0
I
¼ 1

f1
1þ KSV1pO2

þ f2
1þ KSV2pO2

(2)

The dyes used for luminescent O2 sensing are usually triplet
emitters with long luminescent lifetimes, such as ruthenium
bipyridine complexes and the platinum porphyrin complexes
[7e9]. These two families of triplet emitters display markedly
different lifetimes insofar as Ru(II) complexes are usually <1 ms
whereas Pteporphyrin complexes are generally >50 ms. In order to
meet the demand of various O2 concentration ranges, dyes with
a wide range of luminescent lifetimes are needed. However, it is
often difficult to tune the luminescent lifetimes of fluorophores or
phosphors [8,11].
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Recently, the present authors noticed that the luminescent
lifetime of Ru(II) polypyridine complexes can be tuned by ligand
modification (via a pyrene unit) to induce new excited states which
energetically approximate to the 3MLCT state (metal to ligand
charge transfer). Usually an aromatic appendant with a triplet
excited state that is energetically close to the 3MLCT state (the
emissive state of the Ru complex) is introduced, whereby equilib-
rium of 3IL (intraligand)e3MLCT can be established. As a result, the
3IL can act as an energy reservoir to funnel energy to the emissive
state of 3MLCT and the luminescent lifetime of the Ru complexes
can be extended. For example, pyrene has a T1 state energy of
2.09 eV, the same as the 3MLCT state of Ru(Phen)(bpy)2 (2.09 eV)
[12e14]; as a result, the lifetime of a typical Ru(II) complex can be
extended to 58.4 ms for a pyrene-containing Ru complex, from
0.4 ms achieved for the parent complex Ru(bpy)3 [12e14]. However,
the mechanism of the lifetime extension varies for different
compounds and, furthermore, the detailed mechanism of this tri-
pletetriplet energy transfer is unclear. The present authors noticed
that no attempts have been made to tune the luminescent lifetimes
of Pt porphyrin complexes employing a similar supramolecular
photochemical approach [15].

This paper concerns the preparation of 5,10,15,20-tetraarylsub-
stituted porphyrins (TPP, TNP and TPyP) and their platinum
complexes in order to study both their photophysical properties
and luminescent O2 sensing properties. The design rational of
the porphyrin ligands and the Pt(II) complexes was to examine the
effect of these aromatic groups on the emission properties of the
Pteporphyrin complexes, especially the luminescent lifetimes and
so attempt to elucidate the tripletetriplet energy transfer mecha-
nism of the porphyrin dyads. UVeVis absorption, emission spectra
and DFT/TDDFT calculations reveal that electronic communication
between the aryl appendants and the porphyrin core is weak,
which is supported by experimental findings. The luminescent O2
sensing properties of the complexes were studied by monitoring
the emission intensity and luminescent lifetime variation of the
complexes against O2 partial pressure. These results may prove
useful for future design of porphyrin-based triplet emitters.

2. Experimental

2.1. Materials

The chemicals were used as received without further
purification. PtCl2 is a product of J&K Chemical LTD., Ltd. O2 and N2
of high purity were used in the studies.

The polymer for the fabrication of the O2 sensing films was
poly(aryl ether ketone) (IMPEK-C) (Scheme 1) [16] (Scheme 1). The
number-average molecular mass (Mn) of IMPEK-C is 250 460 g/mol,
with a polydispersity index (PDI) of 1.94.

2.2. Characterization

NMR spectra were recorded using a 400 MHz Varian Unity
Inova spectrophotometer. Mass spectra were recorded using
a Q-TOF Micro MS spectrometer and MALDI micro MX. UVeVis
absorption spectra were obtained using a PerkinElmer Lambda 35
UVeVis spectrophotometer. Emission spectra were recorded on
either a JASCO FP-6500 or a Sanco 970 CRT spectrofluorometer.
Fluorescence and phosphorescence quantum yields were
measured using 5,10,15,20-tetraphenylporphyrin (TPP) (F ¼ 0.11,
in benzene) and TPP-Pt (F ¼ 0.046, in CH2Cl2) as reference [17].
Fluorescence lifetime was measured using the frequency-domain
instrument of Chronos 95 145 fluorescence lifetime spectrometer
(ISS, Inc., Champaign, IL, USA). The regression of the experimental
decay curves was carried out employing VINCI Analysis (BETA 1.6)
software. The home-assembled time-domain luminescent lifetime
device has been described elsewhere [7].

Typicalfilmpreparationwas undertakenbydissolving 10.0mgof
IMPEK-C polymer in 0.5mL acetone towhichwas added 0.2mL of Pt
porphyrin complex solution in chloroform (1.0 � 10�3 mol dm�3).
After thorough mixing, w0.3 mL of the solution was applied to
a silica glass disk (diameter: 1.6 cm) and the solvent was evaporated
at room temperature to realize a transparent film [the thickness of
the film of TPPePt was estimated as 22 mm, according to themass of
the film (5.1 mg) and the density of the polymer (1.14 g cm�3)].
Similarly the thickness of the film of TNPePt, and TPyPePt were
estimated as 21 mm and 24 mm, respectively.

2.3. Theoretical calculations

The structure of the porphyrins and the Pt complexes were
optimized using density functional theory (DFT) with B3LYP
functional and the 6-31G (d)/LanL2DZ basis set. The excited state
related calculations were carried out employing time dependent
DFT (TD-DFT) with optimized ground state geometry. The 6-31G
(d) basis set was employed for C, H, N and the LanL2DZ basis set
was used for Pt (II). There were no imaginary frequencies for any
of the optimized structures. All calculations were performed with
Gaussian 09 [18].

2.4. Synthesis of 5,10,15,20-tetrakisphenylporphyrin (TPP)

The compound was prepared by a reported method [19]. 1H
NMR (400 MHz, CDCl3) d 8.84 (s, 8H), 8.20 (d, 8H, J ¼ 8.0 Hz),
7.79e7.71 (m, 12H), �2.76 (s, 2H). ESI-MS m/z: calcd for C44H30N4
([M þ H]þ) 614.2471, found 615.0590.

2.5. Synthesis of platinum complex of 5,10,15,20-
tetrakisphenylporphyrinTPP (PteTPP)

PtCl2 (caution:deliquescent; protect from moisture; protect
from light; 37.0 mg, 0.14 mmol) was added to 35 mL benzonitrile
and the mixture was refluxed for 4 h, after which time, PtCl2 was
completely dissolved in benzonitrile and 5,10,15,20-tetraphenyl-
porphyrin (28.0 mg, 0.046 mmol) was added to the solution. The
system was refluxed for 2 h. Benzonitrile (35 mL) was removed
under reduced pressure and the crude product was purified using
column chromatography (silica gel, CHCl3). A red solid was
obtained (30.0 mg, 81.7%). 1H NMR (400 MHz, CDCl3) d 8.75 (s, 8H),
8.14 (d, 8H, J¼ 8.0 Hz), 7.75e7.72 (m,12H). HRMALDI-MSm/z: calcd
for C44H28N4Pt ([M]þ) 807.1962, found 807.1922.

2.6. Synthesis of pyrene-1-carbaldehyde [20]

Under an Ar atmosphere, pyrene (6.06 g, 29.8 mmol), dry chlo-
roform (22.5mL) andN,N-dimethylformamide (4.6mL)weremixed
and stirred for 10 min. After pyrene had dissolved, POCl3 (caution:
Reacts violently with water; incompatible with many metals, alco-
hols, amines, phenol, DMSO, strong bases; 9.2 g, 60.4 mmol) was
added while the reaction mixture was cooled with ice/water. The
ensuing solution was stirred at 60 �C for 20 h after which time, the
reaction mixture was concentrated by evaporation and then satu-
rated sodium acetate solutionwas added. The precipitated solidwas
filtered and washed with water and then dried under vacuum. The
crude product was purified by column chromatography (silica gel,
petroleum ether: CH2Cl2¼ 1:1, V/V). A yellow powder was obtained
(0.64 g, 2.78 mmol, 9.3%). 1H NMR (400 M Hz, CDCl3) d 7.95e8.04
(m, 2H), 8.11e8.13 (m, 2H), 8.18e8.22 (m, 3H), 8.30 (d,1H, J¼ 8.0Hz),
9.27 (d, 1H, J ¼ 12.0 Hz), 10.68 (s, 1H). EI-MS m/z: calcd for C17H11O
([M þ H]þ) 231.0810, found 231.0723.
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Scheme 1. Synthesis of the meso-substituted porphyrins TPP, TNP and TPyP, and the corresponding Pt(II) complexes. The polymer (IMPEK-C) used as supporting matrix for the
oxygen sensing was also shown.
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2.7. Synthesis of 5,10,15,20-tetrakispyrenylporphyrin (TPyP) [21]

Pyrene-1-carbaldehyde (0.46 g, 2.0 mmol) was dissolved in
propionic acid (5.0 mL). The mixture was heated to reflux and
freshly distilled pyrrole (0.15 g, 0.14mL, 2.2 mmol) in propionic acid
(1.5 mL) was then slowly added. After refluxing for 30 min, the
solution was cooled to room temperature and filtered, the solid
being washed thoroughly with ethanol. The crude product was
purified by column chromatography (silica gel, CH2Cl2: petroleum
ether ¼ 1:1, V/V). A purple solid was obtained (66.0 mg, 12.0%). 1H
NMR (400 MHz, CDCl3) d 8.87e8.76 (m, 4H), 8.48e8.40 (m, 12H),
8.34 (d, 4H, J ¼ 8.8 Hz,), 8.30e8.25 (m, 8H), 8.08e8.01 (m, 8H),
7.77e7.71 (m, 4H), 7.65e7.55 (m, 4H), �1.95 (s, 2H). ESI-MS m/z:
calcd for C84H46N4 ([M þ H]þ) 1111.3801, found 1111.3021.

2.8. Synthesis of platinum complex of 5,10,15,20-
tetrakispyrenylporphyrin (PteTPyP)

PtCl2 (39.7 mg, 0.15 mmol) was added to 35mL benzonitrile, the
mixture was refluxed for 4 h. After PtCl2 had completely dissolved
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Fig. 1. Absorption and normalized emission spectra of (a) porphyrins TPP, TNP and
TPyP (c ¼ 1 � 10�5 mol/L) and (b) Pt porphyrin complexes PteTPP, PteTNP and
PteTPyP in deaerated chloroform solution (c ¼ 2.0 � 10�6 mol/L). 27 �C.
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in benzonitrile, TPyP (55.5 mg, 0.05 mmol) was added and the
mixture was refluxed for a further 2 h. Benzonitrile was distilled
from the mixture; the crude product was purified by column
chromatography (silica gel, CHCl3). A red solid was obtained
(20.0 mg, 30.7%). 1H NMR (400 MHz, CDCl3) d 8.82e8.65 (m, 4H),
8.43e8.22 (m, 12H), 8.06e7.97 (m, 8H), 7.76e7.65 (m, 4H),
7.61e7.36 (m, 4H), 7.65e7.55 (m, 4H). HR MALDI-MS m/z: calcd for
C84H44N4Pt ([M]þ) 1303.3214, found 1303.3297.

2.9. Synthesis of 5,10,15,20-tetrakisnaphtalporphyrin (TNP) [22]

The compound was synthesized following a published method
[22]. Purple solid was obtained (172.0 mg, 13.2%). 1H NMR
(400 MHz, CDCl3) d 8.46 (s, 8H), 8.27e8.19 (m, 8H), 8.05 (d, 4H,
J ¼ 8.0 Hz), 7.77 (t, 4H, J ¼ 7.2 Hz), 7.42 (t, 4H, J ¼ 7.6 Hz), 7.10e7.04
(m, 4H), �2.22 (s, 2H). ESI-MS m/z: calcd for C60H38N4 ([M þ H]þ)
815.3175, found 815.5140.

2.10. Synthesis of platinum complex of 5,10,15,20-
tetrakisnaphtalporphyrin (PteTNP) [22]

The compound was synthesized following a reported method
[22]. A red solid was obtained (8.8 mg, 19.0%). 1H NMR (400 MHz,
CDCl3) d 8.41e8.38 (m, 8H), 8.28e8.21 (m, 8H), 8.09 (d, 4H,
J ¼ 8.4 Hz), 7.81 (t, 4H, J ¼ 7.6 Hz), 7.46 (t, 4H, J ¼ 6.8 Hz), 7.15e7.07
(m, 8H). HRMALDI-MSm/z: calcd for C60H36N4Pt ([M]þ) 1007.2588,
found 1007.2523.

3. Results and discussion

3.1. Synthesis of the ligands and the complexes

The typical Alder-Longo method was used in the synthesis of
the meso-tetrakis substituted porphyrins, with benzaldehyde,
1-naphthalaldehyde and 1-pyrenealdehyde [23]. The substituted
porphyrins were prepared with satisfying yields (12e17%). The free
ligands were metalated by PtCl2 with benzonitrile as the solvents.
The Pt complexes of the porphyrins were purified with column
chromatography and pure compounds were obtained, verified by
1H NMR and HR MS spectra.

3.2. Photophysical properties

The UVeVis absorption spectra and emission spectra of the tet-
raarylporphyrins and the Pt complexes were studied (Fig. 1). The
intensive absorption of the ligands at 400 nm is due to the Soret band
(B band, S0 / S3 transition) [23,24], and the weak absorption at
500 nm and 600 nm is the Q band (S0 / S1 and S0/ S2 transitions).
The assignments of the absorption of the porphyrins were supported
by our DFT/TDDFT calculations (vide infra). With different aryl
substitution, the UVeVis absorption spectra show only minor
Table 1
Photophysical properties of porphyrin and Pt porphyrin (in chloroform).

lex (nm)a lem (nm)a absa

PteTPP 425 653 402 (2.22), 510 (0
PteTNP 407 658 275 (0.25), 406 (1
PteTPyP 432 663 326 (0.28), 341 (0
TPP 425 652 418 (4.76), 515 (0
TNP 430 653 275 (0.29), 424 (3
TPyP 441 657 326 (0.45), 341 (0

a Measurements were performed in chloroform solvent and extinction coefficients (3
quantum yields were measured with 5,10,15,20-tetraphenylporphyrin (TPP) (F ¼ 0.11,

b Phosphorescence lifetime (ms) of sensing film of Pt porphyrin in IMPEK-C in neat N2
c Fluorescence lifetime (ns) of porphyrin in CHCl3.
changes (Fig.1). Themolar extinction coefficients at the peakposition
decreased with introduce of naphthyl and pyrenyl substituents [25].
Metalated porphyrins show the similar UVeVis absorption changes
(Fig. 1b). For the Pt complexes, the minor absorption band of the free
ligands at 550 nme650 nm disappeared (Fig. 1b).

The free porphyrin ligands show intensive red emission in the
range of 650e750 nm (Fig. 1a). The ligands were excited at different
wavelengths, including the absorption of the appendents, such as
the naphthylene and pyrene, however, only the emission of
porphyrin core was observed, which indicates efficient singlet
energy transfer within these dyad fluorophores (see Supporting
Information) [8,26]. The similar emission profile of the free
porphyrins indicate that the pyrene group failed to impart
Fa s

.16), 539 (0.04) 0.046 56.8 � 1.2b

.63), 511 (0.11), 543 (0.07) 0.037 78.1 � 0.6b

.29), 418 (1.07), 515 (0.17), 544 (0.05) 0.051 66.7 � 0.9b

.13), 550 (0.08), 590 (0.06) 0.110 9.1 � 0.0c

.46), 516 (0.16), 590 (0.06) 0.076 10.0 � 0.0c

.42), 434 (2.43), 521 (0.21), 556 (0.09) 0.130 10.1 � 0.0c

, � 105 M�1 cm�1) are shown in parentheses. Fluorescence and phosphorescence
in benzene) and Pt -TPP (F ¼ 0.046, in CH2Cl2) as the reference [17].
recorded with the home-assembled lifetime device.



Fig. 2. Frontier molecular orbitals of the tetrakisphenyl porphyrin (TPP). Calculated at the DFT//B3LYP/6-31G(d) level.
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influence on the photophysical properties of the porphyrin core,
i.e. the electronic communication between the aryl appendents and
the porphyrin core is poor [24].

All the Pt complexes show similar emission profile. Notably the
PteTPyP shows similar emission profile to the PteTPP, thus, no
ligand-centered emission (such as 3LC, due to the 3pep* transition
of the pyrene group) was observed [12,27e29]. We propose all of
the three complex will give similar photophysical properties,
i.e. the emission is due to the 3LC state of the porphyrin core, not the
Table 2
Selected electronic excitation energies (eV) and corresponding oscillator strengths (f), ma
tetrakisphenylporphyrin (TPP), Calculated by TDDFT//B3LYP/6-31G(d), based on the DFT/

Electronic transitiona TDDFT//B3LYP/6-31G(d)

Energy

Singlet S0 / S1 2.16 eV/575 nm

S0 / S2 2.31 eV/538 nm

S0 / S3 3.17 eV/391 nm

S0 / S4 3.29 eV/377 nm

Triplete S0 / T1 1.37 eV/908 nm

S0 / T2 1.67 eV/741 nm

S0 / T3 1.98 eV/625 nm

S0 / T4 2.02 eV/612 nm
S0 / T5 2.79 eV/444 nm

a Only the selected low-lying excited states are presented.
b Oscillator strength.
c H stands for HOMO and L stands for LUMO. Only the main configurations are presen
d The CI coefficients are in absolute values.
e No spin-orbit coupling effect was considered, therefore the oscillator strength is zer
3IL of the aryl appendents [12]. This finding is different from the
photochemical feature of Ru(II) polypyridine complexes with pyr-
ene appendents, which show 3IL/3LLCT emission [12,27e29].

The photophysical properties of the aryl porphyrins and the Pt
complexes were summarized in Table 1. It was found the absorption
and emission properties of the porphyrin don't showdrastic change
with variation of the aryl appendents. Also no substantial changes
were observed for the emission of the complexes with different aryl
appendents, for example the lifetimes of the complexes are close to
in configurations and CI Coefficients of the low-lying electronically excited states of
/B3LYP/6-31G(d) optimized ground state geometries.

fb Compositionc CId Character

0.0188 H � 1 / L 0.4499 LC
H / L þ 1 0.5676 LC

0.0343 H � 3 / L þ 1 0.4484 LC
H / L 0.5416 LC

0.8021 H � 3 / L þ 1 0.3485 LC
H � 1 / L 0.4219 LC
H / L þ 1 0.2540 LC

1.3076 H � 3 / L 0.1710 LC
H � 1 / L þ 1 0.4400 LC
H / L 0.3103 LC

0.0000 H � 1 / L þ 1 0.3593 LC
H / L 0.7981 LC

0.0000 H � 1 / L 0.1387 LC
H / L þ 1 0.7724 LC

0.0000 H � 1 / L þ 1 0.6998 LC
H / L 0.2558 LC

0.0000 H � 1 / L 0.7443 LC
0.0000 H � 3 / L þ 2 0.2139 LC

H � 2 / L þ 1 0.6972 LC

ted.

o.



Fig. 3. Frontier molecular orbitals of the 5,10,15,20-tetrakisphenyl porphyrin (PteTPP). Calculated at the DFT//B3LYP/6-31G(d)/LanL2DZ level.
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each other. These results may indicate that there is no significant
electronic interaction between the aryl appendents and the
porphyrin core. As the room temperature luminescent lifetime of
pyrene is 1.74 ms [30], but PteTPyP shows a lifetime of 66.7 ms, no
significant lifetime extension was observed when compared to the
reference complex PteTPP [31].
Table 3
Selected Electronic Excitation Energies (eV) and Corresponding Oscillator Strengths (f), Ma
PteTPP. Calculated by TDDFT//B3LYP/6-31G(d), Based on the DFT//B3LYP/6-31G(d) Optim

Electronic transitiona TDDFT//B3LYP/6-31G(d)

Energy

Singlet S0 / S1 2.55 eV/487 nm

S0 / S2 2.55 eV/487 nm

S0 / S9 3.38 eV/367 nm

S0 / S10 3.38 eV/367 nm

Triplete S0 / T1 1.91 eV/650 nm

S0 / T2 1.91 eV/649 nm

S0 / T3 2.25 eV/551 nm

a Only the selected low-lying excited states are presented.
b Oscillator strength.
c H stands for HOMO and L stands for LUMO. Only the main configurations are presen
d The CI coefficients are in absolute values.
e No spin-orbit coupling effect was considered, therefore the oscillator strength is zer
3.3. Theoretical calculations

Recently DFT/TDDFT theoretical calculations have been success-
fully used to describe the photophysical properties of fluorophores
[12,32e38]. Herein we carried out preliminary theoretical calcula-
tions to reveal the photophysical properties of the porphyrins and the
in Configurations and CI Coefficients of the Low-lying Electronically Excited States of
ized Ground State Geometries.

fb Compositionc CId Character

0.0057 H � 1 / L þ 1 0.4860 LC&LMCT
H / L 0.5221 LC&LMCT

0.0052 H � 1 / L 0.4872 LC&LMCT
H / L þ 1 0.5210 LC&LMCT

1.0827 H � 1 / L þ 1 0.4309 LC&LMCT
H / L 0.3740 LC&LMCT

1.0829 H � 1 / L 0.4295 LC&LMCT
H / L þ 1 0.3757 LC&LMCT

0.0000 H � 1 / L þ 1 0.3039 LC&LMCT
H / L 0.7302 LC&LMCT

0.0000 H � 1 / L 0.3075 LC&LMCT
H / L þ 1 0.7286 LC&LMCT

0.0000 H � 1 / L 0.6846 LC&LMCT
H / L þ 1 0.2584 LC&LMCT

ted.

o.



Fig. 4. Frontier molecular orbitals of the 5,10,15,20-tetrakispyrene porphyrin (TPyP). Calculated at the DFT//B3LYP/6-31G(d) level.

Table 4
Selected electronic excitation energies (eV) and corresponding oscillator strengths (f), main configurations and CI Coefficients of the low-lying electronically excited states of
tetrakispyreneporphyrin (TPyP). Calculated by TDDFT//B3LYP/6-31G(d), Based on the DFT//B3LYP/6-31G(d) Optimized Ground State Geometries.

Electronic Transition TDDFT//B3LYP/6-31G(d)

Energya fb Compositionc CId Character

Singlet S0 / S1 2.21 eV/561 nm 0.0177 H � 1 / L þ 1 0.4329 LC
H / L 0.5659 LC

S0 / S2 2.38 eV/522 nm 0.0259 H � 1 / L 0.4495 LC
H / L þ 1 0.5299 LC

S0 / S3 2.69 eV/462 nm 0.0048 H � 5 / L þ 1 0.2792 LC
H � 2 / L 0.6256 LLCT
H � 1 / L þ 1 0.1349 LC

S0 / S11 3.10 eV/401 nm 0.2649 H � 1 / L þ 1 0.2182 LC
H / L 0.1597 LC
H / L þ 3 0.5729 LLCT

S0 / S12 3.10 eV/400 nm 0.2335 H � 1 / L 0.1654 LC
H / L þ 5 0.6269 LLCT

S0 / S15 3.16 eV/392 nm 0.8688 H � 1 / L þ 1 0.3188 LC
H / L þ 3 0.3747 LLCT

S0 / S16 3.27 eV/379 nm 1.3907 H � 1 / L 0.3122 LC
H � 1 / L þ 3 0.3357 LLCT
H / L þ 1 0.2413 LC
H / L þ 5 0.2659 LC

Triplete S0 / T1 1.41 eV/878 nm 0.0000 H � 1 / L 0.3520 LC
H / L þ 1 0.7897 LC

S0 / T2 1.73 eV/715 nm 0.0000 H � 1 / L þ 1 0.1225 LC
H / L 0.7673 LC

S0 / T3 1.98 eV/625 nm 0.0000 H � 1 / L 0.6638 LC
H / L þ 1 0.2714 LC

S0 / T4 2.02 eV/612 nm 0.0000 H � 1 / L 0.7443 LC
S0 / T5 2.08 eV/596 nm 0.0000 H � 1 / L þ 1 0.7125 LC

a Only the selected low-lying excited states are presented.
b Oscillator strength.
c H stands for HOMO and L stands for LUMO. Only the main configurations are presented.
d The CI coefficients are in absolute values.
e No spin-orbit coupling effect was considered, therefore the oscillator strength is zero.
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Fig. 5. Frontier molecular orbitals of the Pt complex of 5,10,15,20-tetrakispyrene porphyrin (PteTPyP). Calculated at the DFT//B3LYP/6-31G(d)/LanL2DZ level.
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Pt complexes. Our theoretical studies focus on the geometries of the
ligands/Pt-complexes, electronic transitions and the emissive state of
the ligands and the Pt complexes.

As a reference compound, the geometry of TPP at the ground
state was optimized. We found the porphyrin core adopts
Table 5
Selected electronic excitation energies (eV) and corresponding oscillator strengths (f), ma
the Pt complex of tetrakispyreneporphyrin (PteTPyP). Calculated by TDDFT//B3LYP/6-31

Electronic transition TDDFT//B3LYP/6-31G(d)

Energya f

Singlet S0 / S1 2.50 eV/496 nm 0

S0 / S2 2.50 eV/496 nm 0

S0 / S15 3.21 eV/386 nm 1

S0 / S16 3.21 eV/386 nm 1

S0 / S25 3.38 eV/367 nm 0

Triplete S0 / T1 1.91 eV/650 nm 0

S0 / T2 1.91 eV/650 nm 0

a Only the selected low-lying excited states are presented.
b Oscillator strength.
c H stands for HOMO and L stands for LUMO. Only the main configurations are presen
d The CI coefficients are in absolute values.
e No spin-orbit coupling effect was considered, therefore the oscillator strength is zer
a planar geometry, which leads to an extended p-conjugation
framework (Fig. 2), results in red-shifted emission at long
wavelength of the fluorescence. For the phenyl appendents,
however, it adopts a geometry which is nearly perpendicular
(ca. 68�) to the porphyrin core. This configuration rules out any
in configurations and CI coefficients of the low-lying electronically excited states of
G(d), Based on the DFT//B3LYP/6-31G(d) optimized ground state geometries.

b Compositionc CId Character

.0015 H � 2 / L þ 1 0.1980 LLCT&LMCT
H � 1 / L þ 1 0.4157 LC&LMCT
H / L 0.4948 LC&LMCT

.0008 H � 2 / L 0.1906 LLCT&LMCT
H � 1 / L 0.4216 LC&LMCT
H � 1 / L 0.4932 LC&LMCT

.1976 H � 1 / L 0.2753 LC&LMCT
H / L þ 1 0.2964 LC&LMCT
H / L þ 3 0.2920 LLCT

.1725 H � 1 / L þ 1 0.2777 LC&LMCT
H / L 0.2971 LC&LMCT
H / L þ 5 0.3116 LLCT

.3683 H � 1 / L þ 3 0.5562 LLCT
H / L þ 5 0.2399 LLCT

.0000 H � 2 / L 0.2789 LLCT&LMCT
H � 1 / L 0.5669 LC&LMCT
H / L þ 1 0.4613 LC&LMCT

.0000 H � 2 / L þ 1 0.2867 LLCT&LMCT
H � 1 / L þ 1 0.5613 LC&LMCT
H / L 0.4634 LC&LMCT

ted.

o.
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full p-conjugation between the porphyrin core and the phenyl
appendents [32].

Based on the ground state geometries, the electronic configu-
ration of the low-lying excited states were investigated (Table 2).
The main singlet excited states infers UVeVis absorptions band at
575 nm, 538 nm and 391 nm,which are in good agreementwith the
experimental observations (Fig. 1a. UVeVis absorptions at 590 nm,
550 nm and 418 nm respectively). These results validate our
theoretical calculations. The low-lying triplet state of the TPP was
also investigated with the DFT/TDDFT methods. By examination of
the molecular orbits, for example, the phenyl localized LUMOþ 3 is
not involved in the low-lying excited states, neither the singlet nor
the triplet states (Table 2). We found the phenyl appendents do not
involve in the transitions (Table 2 and Fig. 2).

The PteTPP complex was also investigated with the similar DFT/
TDDFT calculations (Fig. 3 and Table 3). We found the metalation
induce no perturbation to the geometry of the ligands, i.e. the
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Fig. 6. Phosphorescent emission intensity of Pt complex solution saturated with
nitrogen, air and oxygen. (a) PteTPP. Excitation wavelength lex ¼ 416 nm I0/I100 ¼ 12.0.
(b) PteTNP. Excitation wavelength lex ¼ 414 nm I0/I100 ¼ 101.0. c ¼ 2.0 � 10�6 mol/L of
complexes in CHCl3. 27 �C.
porphyrin core adopts a planar geometry and the phenyl append-
ents tilted ca. 70� against the porphyrin core (Fig. 3).

The electronic structure of the PteTPP complex was investigated
andwe found theUVeVis absorption of the TPP ligand at the red-end
of the spectra disappeared, which is in agreement with the experi-
mental results (Fig.1b). Byexamination of theMOs and the electronic
structure of the excited states (Fig. 3 and Table 3), we found that the
phenyl appendents do not contribute to themolecular orbitals of the
PteTPP complex. The triplet states were also studied and similar
results were obtained [32].We also found that Ptmetal makesminor
contribution to the MOs, which is consistent to the fact that Pt
porphyrins complexes show long lifetimes [39].

As pyrene shows a T1 state with similar energy to the emissive
state of PteTPP, therefore, PteTPyP was investigated. First the
geometries and the electronic structures of the TPyP were studied
with similar approach. We found that the porphyrin core of TPyP
adopts planar geometry. For the pyrene appendents, however,
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Fig. 7. Phosphorescent intensity response of sensing films of the Pt complexes of
PteTPP and PteTNP in IMPEK-C to O2/N2 switching cycles, measured with home-
assembled optical fiber/flow cell system. (a) Intensity response of the sensing film of
PteTPP. lex ¼ 425 nm; lem ¼ 652 nm. (b) Intensity response of PteTNP sensing film.
lex ¼ 421 nm; lem ¼ 658 nm.
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a nearly perpendicular geometry were observed (Fig. 4, ca. 90�),
probably due to the more significant steric hindrance of the pyrene
units. Such geometry completely rules out the p-conjugation
between the pyrene units and the porphyrin core. This postulation
is supported by the UVeVis absorption of the TPyP (Fig. 1a), which
shows similar profile to that of TPP.

The electronic configurations of the excited states were investi-
gated andwe found that pyrene units do not involve in the low-lying
electronic transitions (Fig. 4 and Table 4). The TDDFT calculation
based on the ground state geometry show that the main UVeVis
absorption bands are located at 561nm, 522nm, 462nmand401nm,
respectively. For example, the S0/ S11 transition shows an excitation
energy of 401 nm, which is close to the experimental results of
434 nm. Pyrene units are involved in this transition (Table 4). Similar
involvement of naphthal fragment in the S3 state of TNP was found
(see Supporting Information). For the S1 state, however, no involve-
ment of the aryl appendentswas observed in the TDDFTcalculations.
Thus, we expect different absorption profile at 400 nm for the TPP,
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Fig. 8. Phosphorescent intensity response of sensing film in polymer IMPEK-C to step
variations of O2 concentrations, measured with home-assembled optical fiber/flow cell
system. The numbers indicate the O2 concentration in mixed O2/N2 gas (V/V). (a)
Intensity response of PteTPP sensing film. lex ¼ 425 nm; lem ¼ 652 nm. (b) Intensity
response of PteTNP. lex ¼ 421 nm; lem ¼ 658 nm.
TNP and TPyP ligands. According to kasha's rule [11], the emission
property will be similar as the S1 state of the ligands share similar
electronic structure (without any involvement of aryl appendents).
The experimental results fully support these theoretical predictions
(Fig. 1a).

For PteTPyP, however, we found pyrene units contribute to the
electronic transitions, although to a minor extent (Fig. 5). We
propose the involvement of the pyrene ligand in the electronic
transitions may extend the luminescent lifetimes of the Pt
complexes [12,40e48].

The geometries and the low-lying excited states of the TNP and
PteTNP were also studied and similar results to TPyP and PteTPyP
were found (see Supporting Information). Our theoretical calcula-
tions propose that there is no efficient delocalization for the MOs
between the aryl appendents (such as phenyl, naphthyl and pyr-
enyl) and the porphyrin core. For example, DFT/TDDFT calculations
indicate only minor involvement of the pyrene fragments in the
low-lying excited states. These predictions were fully supported by
the UVeVis absorption and luminescence spectra of the ligands and
the Pt complexes. These findings may prove useful in future design
of dyad Pteporphyrin complexes or study of the photophysical
properties of the substituted porphyrins and the Pt(II) complexes.

The geometry of the complex PteTPyP was studied and it was
found the metalation imparts minor effect on the geometry of the
porphyrin core. For the electronic transitions, the MOs involved in
the main transitions are basically located on the porphyrin core.
The calculated transitions (496 nm, 386 nm 367 nm) are different
from the TPyP ligand (Table 5), and these absorptions are in good
agreement with the experimental observations.

3.4. Oxygen sensing performance of Pt complex in polymers

The luminescent O2 sensing properties of the triplet emitters are
strongly correlated to their unquenched luminescent lifetimes
[8,12]. The O2 sensing properties can be greatly improved by tuning
the luminescence lifetimes [12,49]. We have found that the lifetime
of the Pt complexes were tuned with the introduce of the aryl
appendents at the meso position of the porphyrins (Table 1). This is
probably due to the minor involvement of the pyrene units in the
electronic transitions (Table 5 and Fig. 5).
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Fig. 9. Two-site model plots for sensing film of Pt porphyrin complexes PteTPP,
PteTNP and PteTPyP in IMPEK-C. Intensity ratios F0/F vs O2 partial pressure (Torr).



Table 6
Parameters of O2 sensing film of complex PteTPP, PteTPyP and PteTNPwith IMPEK-
C as supporting matrix (fitting result of the emission intensity with the two-site
model).

f1
a f2

a KSV1
b KSV2

b r2c Ksv
appd pO2

e

PteTPP 0.60 0.40 0.066 � 0.004 0.000 � 0.000 1.000 0.040 25.3
PteTPyP 0.86 0.14 0.066 � 0.019 0.003 � 0.005 0.999 0.057 17.4
PteTNP 0.89 0.11 0.077 � 0.014 0.000 � 0.003 1.000 0.068 14.7

a The ratio of the two portion of the dyes.
b The quenching constants of the two portions.
c The determination coefficients.
d Weighted quenching constant, KSV

app ¼ f1 � KSV1 þ f2 � KSV2.
e The oxygen partial pressure at which the initial emission intensity of film is

quenched by 50%, and can be calculated as 1/KSV.
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The O2 sensitivities of the emission of the complexes in solution
were investigated (Fig. 6). For the PteTPP, it was found the emission
intensity was quenched by ca. 12-fold in O2 saturated solution,
when compared to that in N2 saturated solution (Fig. 6a). For the
derivative of PteTNP, however, the emission intensity was reduced
by ca. 101-fold in neat O2 when compared to that in neat N2
(Fig. 6b). The O2 quenching effect on the emission of PteTPyP was
studied and ca. 86-fold of quenching effect was observed
(see Supporting Information). These quenching effects demonstrate
that the PteTNP and PteTPyP complexes are characterized with
longer emission lifetime than the model complex PteTPP, and the
emission intensity of PteTPyP and PteTNP aremuchmore sensitive
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Fig. 10. Oxygen sensing property of the PteTPP polymer films monitored by the luminescen
decay curve of PteTPP in IMPEK-C in neat N2, Monoexponential decay regression gave lifetim
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for the s monitoring). (c) lifetime response of sensing film of TPP-Pt in IMPEK-C to step var
pressure with the two-site model.
to the presence of O2. The lifetime values of the complexes support
this postulation (Table 1).

The O2 sensitivity of the complexes was also investigated in
polymer films (IMPEK-C, poly(aryl ether ketone)) [7]. For the
saturation cycles of N2 and O2 (Fig. 7), very short of response time
(tY95) and recovery time (t[95) (time to finish 95% emission
intensity change) of 4 s and 9 s were found for the complex PteTNP.
For PteTPP, similar results (tY95 and t[95) of 2 s and 7 s were
observed, respectively. Such fast response and recovery is ideal for
practical luminescent oxygen sensors and usually can only be
achieved with porous materials as the supporting matrix for the
phosphorescent dyes, such asMCM-41 or Organogel [4,50e54]. Our
preparation of the sensing film is straightforward, and it may prove
useful for application in practical O2 sensors.

Furthermore, we found the quenching of PteTNP in polymer
film was more significant than that of PteTPP. For example, the
emission intensity of PteTNP was quenched by 90% when switch
from N2 to O2. For PteTPP, however, only 62% of quenching effect
was observed (Fig. 7a). The different quenching effects indicate
different luminescent lifetimes for the two complexes. This
postulation was supported by the luminescent lifetime studies
(Table 1).

In order to investigate the O2 sensing property of the complexes
quantitatively, the emission changes of the sensing films vs. small
steps of O2 partial pressure variationwas studied (Fig. 8). We found
both PteTPP and PteTNP sensing films are sensitive to low O2
partial pressure. For example, the emission intensity of PteTPP was
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Table 7
Parameters of O2 sensing film of complex PteTPP, PteTPyP and PteTNPwith IMPEK-
C as supporting matrix (fitting result of the luminescent lifetime with the two-site
model).

f1
a f2

a KSV1
b KSV2

b r2c Ksv
appd pO2

e

PteTPP 0.56 0.44 0.080 0.080 0.99 0.080 12.6
PteTPyP 0.98 0.018 0.099 0.00 0.99 0.097 10.3
PteTNP 0.58 0.42 0.100 0.10 0.99 0.10 9.7

a The ratio of the two portion of the dyes.
b The quenching constants of the two portions.
c The determination coefficients.
d Weighted quenching constant, KSV

app ¼ f1 � KSV1 þ f2 � KSV2.
e The oxygen partial pressure at which the initial emission intensity of film is

quenched by 50%, and can be calculated as 1/KSV.
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quenched by 39.2% when switch from N2 to 3.5% O2 (mixture with
N2, V/V). Higher quenching extent (58.3%) was observed for PteTNP
(Fig. 8b). For PteTPyP complex, the phosphorescent emission
intensity was quenched by 43.5% under same conditions
(see Supporting Information).

Different models have been used to describe the heterogeneous
oxygen sensing, such as the modified SterneVolmer equation, the
two-site model, etc. [7,8]. Herein the oxygen sensing data (Fig. 8)
were fitted with the two-site model (Fig. 9) [7]. The corresponding
fitting data were summarized in Table 6. It was found the PteTNP
and PteTPyP give higher quenching constants than the reference
complex PteTPP. For example, the apparent quenching constant of
PteTPP is 0.0396 Torr�1, this value was improved to 0.0642 Torr�1

for PteTNP. For PteTPyP film, the apparent quenching constant is
0.057 Torr�1. Furthermore, the emission quenching efficiency was
also improved for the PteTNP and PteTPyP than that of PteTPP.
These results demonstrate that the luminescent oxygen sensing
property can be improved with modification of the porphyrin core.

The above O2 sensing studies were carried out by emission
intensitymonitoring. Lifetimemonitoring is intrinsically superior [7].
Therefore, the lifetime changes of the Pt porphyrin complexes in
polymer films were studied with our home-assembled time-domain
lifetime device (which can record the lifetime changes of the sensing
films against the variation of the O2 partial pressures, as well as
discreet decaycurves) [7]. Thephosphorescentdecaycurve of PteTPP
after excitation (with green-light emitting LED as light source) was
shown as Fig.10a. Single-exponential fitting of the curve give lifetime
of 54.7� 0.9 ms (r2¼ 0.99),which is very close to the reported valueof
52 ms [31], validate our time-domain lifetime instrument.

Next, the lifetime changes of the sensing film of PteTPP were
recorded and fast response and recovery were observed. The life-
time variation of the sensing film against small steps of O2 partial
pressure variation is also studied (Fig. 10c) and reasonable resolu-
tion was observed. The complexes PteTNP and PteTPyP were
studied with the lifetime instrument and the fitting result of the O2
sensing was presented as Fig. 10d. We found complex PteTNP is the
most sensitive to O2, a conclusion which is in agreement with
the phosphorescence intensity study (Fig. 9). The O2 sensing with
the lifetime monitoring mode is also fitted with the two-site model
(Table 7). These results show that the oxygen sensing properties of
the phosphors with long luminescent lifetimes can be studied with
the continuous lifetime monitoring methods.

4. Conclusions

In summary, we synthesized 5,10,15,20-tetraarylporphyrins
(where aryl¼ phenyl, pyrenyl and naphthyl) and the corresponding
Pt(II) complexes. The photophysical properties of the porphyrin
ligands and the Pt(II) complexes were studied with UVeVis
absorption and photo-luminescence spectra. These ligands
(or complexes) give similar absorption and emission profiles,
indicating that there is no significant electronic communication
(such as p-conjugation) between the aryl substitutions and the
porphyrin core. The geometries and the electronic structure of the
ligands and the complexes were studied with DFT/TDDFT calcula-
tions, which support the proposed weak electronic communica-
tions of the aryl appendents and the porphyrin core. The
luminescent oxygen sensing properties of the Pt(II) complexes
were studied in solution as well as in polymer films. The results
demonstrated that with introducing of pyrenyl or naphthyl
appendents, the O2 sensing property of the complexes improved by
1.7 fold (SterneVolmer quenching constant Ksv ¼ 0.040 Torr�1 for
the reference complex PteTPP, compared to the complex PteTNP,
Ksv ¼ 0.068 Torr�1). Our study of the photophysical properties of
the porphyrins and the Pt (II) complexes may prove useful for
future design of porphyrins and Pt porphyrin complexes as func-
tional materials, such as light harvesting or photodynamic thera-
peutic reagents.
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