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The synthesis and spectroscopic characterization of a series of luminescent platinum meso-tetrakis{ 3,5-di[(N-
carbazyl)n-alkyloxyphenyl]} porphyrin (Pt-8Cn-TPP, n-alkyl = (CH,),, n = 4, 6, and 8) are presented. The protonated
platinum porphyrins ([Pt-8Cn-TPPH8]2*) were assembled with mesoporous silica MCM-48 resulting in the assembly
materials [Pt-8Cn-TPPH8]®*/MCM-48. The luminescence of [Pt-8Cn-TPPH8]#*/MCM-48 can be extremely quenched
by molecular oxygen with very high sensitivity (l/hoo > 5000) and rapid response time (0.04 s) suggesting that the
[Pt-8Cn-TPPH8B*/MCM-48 system can be employed to develop high performance oxygen sensors. Among this
assembly system, [Pt-8C8-TPPH8]#*/MCM-48 exhibits the highest sensitivity. Even if the concentration of oxygen
is 0.1%, the luminescence intensity of [Pt-8C8-TPPH8]®*/MCM-48 can be quenched by 86%.

Introduction shifts, and long luminescent lifetimes. The host materials
Hsed to encapsulate the luminescent complexes argysbl

End polymer films. Some interesting systems based on
sol—gel or polymer immobilized transition metal complexes
have been reportéd® 16 Over the past decade, it has been
demonstrated that mesoporous silicas are excellent host
materials for developing functional materials. This is due to
the fact that mesoporous silicas have large accessible pore
size, high surface areas, and periodic nanoscale porés.

Over the past decades, luminescence-based optical oxyge
sensors have been largely developed because the determ
nation of molecular oxygen both in the gas and in the liquid
phase is very important in many different fields such as
analytical chemistry, medical chemistry, and environmental
and industrial applications:* These sensors are based upon
the principle that oxygen is a powerful quencher of the
luminescent intensity and lifetime of luminescent complexes.
The most commonly used complexes for this application are _
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Previous reports have demonstrated that high sensitivity formamide (DMF) with KCOs; (1.4 g, 10 mmol). The mixture was
or fast response could be achieved, respectively, for someheated to reflux for 1 h, and theéx(8-bromooctyl)carbazole (4.3

transition metal complex based oxygen send6trS.How-

g, 12 mmol) was added. Heating the mixture to reflux for 10 h

ever, few of these oxygen sensors simultaneously displayed®@s continued. After distilling off DMF, the residue was purified

high sensitivity and fast response. The design and assembl)}’
of high performance oxygen sensors based on luminescen
transition metal complexes remain a challenge for chemists.

y column chromatography using silica gel with dichloromethane

as eluent (yield 35%)H NMR (500 MHz, CDC}, 25 °C, TMS):

= 8.90 (s, 8H), 8.05 (dJ = 2.0 Hz, 16H), 7.41 (t) = 8.5 Hz,
16H), 7.33 (s, 8H), 7.27 (m, 32H), 6.80 &= 2.0 Hz, 4H), 4.32

To obtain more efficient oxygen sensing materials, the design; j= 7.0 Hz, 16H), 4.06 (t] = 6.0 Hz, 16H), 2.07 (m, 16H)

and synthesis of new luminescent complexes and optimiza-1 gg (m, 16H), 1.38 (M, 64H):2.84 (s, 2H). MSWz (%): 2962.1
tion of assembly systems should be the focus. In this (100) [M*]. Elem anal. Calcd (%) for §H21N120s C, 82.72;

contribution, we report the synthesis of a series of atkyl
carbazole substitute platinum porphyrin complexes (Rt-8C
TPP) and the assembly of [Pt-BOPPHS8}" with meso-

H, 7.28; N, 5.67. Found: C, 82.63; H, 7.46; N, 5.51.
mesaTetrakis{3,5-di[(N-carbazyl)n-hexyloxyphenyl]} por-
phyrin (8C6-TPP). The title compound was prepared by the same

porous silica MCM-48. The optical oxygen sensing properties procedure amesetetrakig 3,5-di[(N-carbazylj-octyloxyphenyl} -

of assembly materials [Pt-8€TPPH8F"/MCM-48 also will
be presented.

Experimental Section

Materials. Pyrrole, boron tribromide, 1,4-dibromobutane, 1,6-

porphyrin (yield 32%)*H NMR (500 MHz, CDC}, 25°C, TMS):
0 =891 (s, 8H), 7.99 (d) = 7.5 Hz, 16H), 7.34 (m, 40H), 7.11
(t, J= 6.5 Hz, 16H), 6.81 (t) = 2.0 Hz, 4H), 4.25 (tJ = 7.5 Hz,
16H), 4.02 (t,J = 6.5 Hz, 16H), 1.86 (m, 16H), 1.77 (m, 16H),
1.49 (m, 16H), 1.42 (m, 16H)-2.80 (s, 2H). MSWz (%): 2737.7
(100) [MT]. Elem anal. Calcd (%) for gH1gN1,0s: C, 82.48;

dibromohexane, 1,8-dibromooctane, and platium(ll) chloride were H, 6.70; N, 6.14. Found: C, 82.40; H, 6.85; N, 6.09.

purchased form Aldrich. 3,5-Dimethoxybenzaldehyde and carbazole

mesoeMetrakis{3,5-di[(N-carbazyl)n-butyloxyphenyl]} por-

were obtained from Acros. All the other chemicals were obtained phyrin (8C4-TPP). The title compound was prepared by the same

from Tianjin Tiantai Pure Chemicals Co., Ltd. Tetrakis(3,5-
dihydroxyphenyl)porphyrin (see Supporting Informatinand
N-(8-bromooctyl)carbazofé were synthesized according to the

procedure amesetetrakig 3,5-di[(N-carbazylp-octyloxyphenyl} -
porphyrin (yield 37%)*H NMR (500 MHz, CDC}, 25°C, TMS):
0 = 8.86 (s, 8H), 8.03 (d) = 7.5 Hz, 16H), 7.38 (m, 32H), 7.30

literature procedures. Mesoporous silica (MCM-48) was hydro- (d,J= 2.0 Hz, 8H), 7.15 (tJ = 7.0 Hz, 16H), 6.78 (tJ = 2.0 Hz,

thermally prepared following literature procedufésThen the

4H), 4.38 (t,J = 7.0 Hz, 16H), 4.05 (t) = 6.0 Hz, 16H), 2.10 (m,

template was removed from the mesoporous silicate by calcinations16H), 1.90 (m, 16H)—2.88 (s, 2H). MSm/z (%): 2513.4 (100)

at 560°C for 8 h.
mesaoTetrakis{3,5-di[(N-carbazyl)n-octyloxyphenyl]} por-

phyrin (8C8-TPP). Under nitrogen, tetrakis(3,5-dihydroxyphenyl)-

porphyrin (0.74 g, 1 mmol) was added to 500 mLNSN'-dimethyl
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3876.

(31) Shen, S. D.; Garcia-Bennett, A. E.; Liu, Z.; Liu, Q. Y.; Shi, Y. F.;
Yan, Y.; Yu, C. Z,; Liu, W. C,; Cai, Y.; Terassaki, O.; Zhao, D. Y.
J. Am. Chem. So@005 127, 6780.

(32) Wirnsberger, G.; Scott, B. J.; Stucky, G. Ohem. Commur001,
119.

(33) Scaott, B. J.; Wirnsberger, G.; Stucky, G. Chem. Mater2001, 13,
3140.

(34) Corma, A.; Galletero, M. S.; Garcia, H.; Palomares, E.; Reghem.
Commun2002 1100.

(35) Furukawa, H.; Watanabe, T.; Kuroda,8hem. Commur2001, 2002.

(36) Alvaro, M.; Ferrer, B.; Garcia, H.; Rey, Ehem. Commun2002

2012.
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(38) Amao, Y.; Miyashita, T.; Okura, . Porphyrins Phthalocyanines
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[MT]. Elem anal. Calcd (%) for G-H1s0N120g: C, 82.20; H, 6.02;
N, 6.69. Found: C, 82.08; H, 6.13; N, 6.54.

Platinum mesaoTetrakis{ 3,5-di[(N-carbazyl)n-octyloxyphen-
yl]} porphyrin (Pt-8C8-TPP). Under nitrogen, PtGI(50 mg, 0.2
mmol) and 8C8-TPP (60 mg, 0.02 mmol) were suspended in 100
mL of benzonitrile. The mixture was then heated to reflux for 10
h. The mixture was cooled to room temperature, and the solvent
was removed by vacuum distillation. The crude product was purified
by column chromatography using silica gel with dichloromethane
as the eluent (yield 99%}H NMR (500 MHz, CDC}, 25 °C,
TMS): 6 = 8.84 (s, 8H), 8.02 (d) = 7.5 Hz, 16H), 7.36 (t]) =
7.5 Hz, 16H), 7.31 (dJ = 8.5 Hz, 16H), 7.27 (dJ = 2.0 Hz, 8H),
7.13 (t,J = 7.5 Hz, 16H), 6.82 (tJ = 2.0 Hz, 4H), 4.20 (tJ =
7.0 Hz, 16H), 4.02 (tJ = 6.5 Hz, 16H), 1.78 (m, 32H), 1.49 (m,
16H), 1.41 (m, 16H), 1.30 (m, 32H). Mz (%): 3155.8 (100)
[M*]. Elem anal. Calcd (%) for &4H212N1,0sPt: C, 77.66; H,
6.77; N, 5.33. Found: C, 77.53; H, 6.91; N, 5.28.

Platinum mesaTetrakis{ 3,5-di[(N-carbazyl)n-hexyloxyphen-
yl]} porphyrin (Pt-8C6-TPP). The title compound was prepared
by the same procedure as Pt-8C8-TPP (yield 98#4NMR (500
MHz, CDCl, 25°C, TMS): 6 = 8.82 (s, 8H), 7.95 (dJ = 7.5
Hz, 16H), 7.33 (m, 32H), 7.23 (d = 2.0 Hz, 8H), 7.08 (tJ =
7.5 Hz, 16H), 6.79 (tJ = 2.0 Hz, 4H), 4.24 (1) = 7.0 Hz, 16H),
4.00 (t,J = 6.5 Hz, 16H), 1.86 (m, 16H), 1.77 (m, 16H), 1.49 (m,
16H), 1.41 (m, 16H). MS/z (%): 2931.2 (100) [M]. Elem anal.
Calcd (%) for GggHisoN1:0gPt: C, 77.05; H, 6.19; N, 5.74.
Found: C, 77.01; H, 6.38; N, 5.62.

Platinum mesaTetrakis{3,5-di[(N-carbazyl)n-butyloxyphen-
yl]}porphyrin (Pt-8C4-TPP). The title compound was pre-
pared by the same procedure as Pt-8C8-TPP (yield 98Fk).
NMR (500 MHz, CDC}, 25 °C, TMS): 6 = 8.76 (s, 8H), 8.01
(d, J = 8.0 Hz, 16H), 7.37 (m, 32H), 7.23 (d,= 2.5 Hz, 8H),
7.14 (t,J = 7.0 Hz, 16H), 6.76 (tJ = 2.0 Hz, 4H), 4.38 (tJ =
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7.0 Hz, 16H), 4.03 (tJ = 6.0 Hz, 16H), 2.09 (m, 16H), 1.87 (m,  Scheme 1. Synthesis Procedure of Platinum Porphyrins Ph-8@P
16H). MSm/z (%): 2706.9 (100) [M]. Elem anal. Calcd (%) for and Their Protonated Complexes [Pt+8TPPH8P" and the Molecular
Ci7H14N1208Pt: C, 76.34; H, 5.51; N, 6.21. Found: C, 76.17; H,

5.64; N, 6.29. gNH + Bi(CHy)Br N NN e

Structure of [PtTMPy{"

25%~38%

[Pt-8Cn-TPPHB8]8"/MCM-48. The platinum porphyrins were
immobilized into MCM-48 by the following procedure. For
example, 1 mg of Pt-8C8-TPP and 0.2 mL (20) of trifluoro-
acetic acid tetrahydrofuran (THF) solution were added into 10 mL Na gt
of a THF/water (v/v= 0.65:0.35) mixture solution, and the mixture N H
was stirred for 5 min. Titration experiments demonstrated that there
are eight protons per Pt-8C8-TPP molecule under these conditions.
Then 50 mg of MCM-48 was added, and stirring of the mixture
solution was continued fdl h atroom temperature. The resulting
[Pt-8C8-TPPH8}"/MCM-48 solid powders were filtered off to give gww .
an orange powder product. The orange powders were washed '
repeatedly with THF/water solution three times. B¥s spectros- DNF, K008
copy investigation revealed that no platinum porphyrin existed in %™
the filtered washing solution, suggesting that all of platinum
porphyrin molecules were immobilized onto the MCM-48 surface.
The residual powders were dried in air to obtain the target sample,
[Pt-8C8-TPPHS8}/MCM-48 (20 mg/g). The samples with different
[Pt-8C8-TPPh8&}" loading levels (10, 20, and 40 mg [Pt-8C8-
TPPHS8F"/g MCM-48) were prepared by altering the concentrations
of initial solution of Pt-8C8-TPP. U¥vis monitoring results

: Pt-8C4-TPP
: Pt-8C6-TPP
: Pt-8C8-TPP

showed that if the weight of the platinum porphyrin sample was &

not more than 4 mg and that of MCM-48 was 50 mg, no platinum ¢ cr,coon ¥

porphyrin molecules existed in the residue solution. Other platinum 100% 9 o
porphyrin complexes were incorporated into MCM-48 with pro- O\“g oy
cedure similar to that described above. oy

(0]
X+
n@

4: [Pt-8C4-TPPPH8]* [PtTMPy]"
6: [Pt-8C6-TPPPHS8]"
8: [Pt-8C8-TPPPHS]"™

Photoluminescence and Quantum Yields MeasurementBluid
solution emission samples were freegrimp—thaw cycled with )
a high vacuum. The room-temperature luminescence quantum yields I
were referenced to platinumesetetrakis(phenyl)porphyrin (PtTPP, n
@ = 0.046)° and calculated according to the following equation:

planar platinummesetetrakis-phenyl porphyrin core, an ab initio
Dy = Pl und Aurid A 50 Tunid 119 geometry optimized calculation was used for the model. The
) o ] ) complete system then was modeled using molecular mechanics,
where @, is the radiative quantum yield of the sampibsq is by holding the geometry of the platinum porphyrin center region
the radiative quantum yield of the standalgy and sy are the fixed and optimizing the rest of the molecule.
integrated emission intensities of the sample and standard, respec- cnaracterization. The powder X-ray diffraction (XRD) patterns
tively, Ay andAg are the absorptions of the sample and standard \yere recorded on a Siemens D5005 diffractometer with Gu K
at the excitation wavelength, respectively, ajgk andss.q are the radiation.H NMR spectra were recorded on Bruker Avance 500
indexes of refraction of the sample and standard solutions (pure \iz spectrometer with tetramethylsilane as the internal standard.
solvents were assumed), respectively. Mass spectra were recorded on a GC/MS mass spectrometer.
Oxygen Sensing Properties MeasurementEach platinum —  apsorption spectra were obtained using a PE-s Lambda 20
porphyrln/MC_:M-48 sgmple was flxed_ inside a |aboratc_Jr)_/-made cell spectrometer. Photoluminescence spectra were collected by a PTI
that was equipped with two quartz windows and an airtight stopper omission spectrophotometer. Nitrogen adsorptidesorption ex-

which hgd inlet anq outlet lines to allow gas flow. To investigate periments were performance on an Autosorb-1 at 77 K.
the sensing properties of samples under different oxygen concentra-

tions, dry nitrogen and dry oxygen were mixed to obtain gas Results and Discussion

mixtures containing well-defined oxygen concentrations using two p . ds ic Ch izationTh
gas flowers to control the relative flow rates of nitrogen and oxygen, reparation and Spectroscopic Characterization.The

respectively. All experiments were carried out in the dark at room SyNnthetic procedures of platinum(ll) carbazole substituted
temperature. The emission spectra and response curves wer@0rphyrin complexes used in this study are shown in Scheme
recorded with a PTI emission spectrophotometer. 1, which generally affords superior yields. Figure 1 shows
Molecular Modeling of the Conformation. The molecular the absorption and emission spectra of Pt-8C8-TPP in
modeling of a series of protonated platinum porphyrin complexes dichloromethane solution (oxygen free). The absorption
was performed with combined quantum-mechanical and molecular pands, which are located in the UV region, are mainly
mechanics methods. The software package used for the moleculayttributed to carbazole units, and the intense Soret band
modeling studies was the Cerius 2 software package. We modeledappears at 404 nm with the weaker Q bands appearing at
different parts of the system with different techniques. For the rigid 510 and 540 nm. Pt-8C8-TPP displays a typical platinum-
(45) Che, C. M.: Hou, Y. J.: Chan, M. C. W.; Guo, J.; Liu, Y.; Wang, Y. (I) porphyrin emission feature, and the emission maximum
J. Mater. Chem2003 13, 1362. appears at 654 nm. The absorption and emission spectra of

Inorganic Chemistry, Vol. 45, No. 12, 2006 4737
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Intensity(a.u.)

0.0

300 400 500 600 700
Wavelength (nm)

Figure 1. Absorption (a) and emission (b) spectra of Pt-8C8-TPP in
degassed dichloromethane solution at 298 K.

Intensity(a.u.)

Table 1. Emission Data and the Photoluminescent Quantum Yields of

Pt-8C4-TPP and [Pt-86TPPHSF* in Solution at 298 K 2 4 2 degfee) 8 10
complex Amax, NM O Figure 2. Powder X-ray spectra of MCM-48 (a) and [Pt-8C8-TPPHS]
Pt-8C4-TPP 655 0.11 MCM-48 (20 mg/g; b).
Pt-8C6-TPP 655 0.09
Pt-8C8-TPP 654 0.10 12
[Pt-8C4-TPPHSY 660 0.10
[Pt-8C6-TPPHS 659 0.09 1.04
[Pt-8C8-TPPH8EI 658 0.11

o
®
1

a ®g values were referenced to PtTP®(= 0.046), ref 45.

Pt-8C4-TPP and Pt-8C6-TPP in solution show a similar

Intensity(a.u.)
o
>

profile with that of Pt-8C8-TPP, regardless of the alkyl spacer o4

chain length (see Supporting Information, Figures S1-S2). 0.2

The photoluminescent quantum yieldBd) of Pt-8-TPP 0.0 ' ' '

are presented in Table 1. At room temperature, Pt-8C4-TPP, 400 500 600 700

Pt-8C6-TPP, and Pt-8C8-TPP display relatively higher Wavelength (nm)
photoluminescence quantum yields in solution compared with Figure 3. UV —visible diffuse spectra of [Pt-8C8-TPPH8Jin the solid
PtTPP Under air atmosphere, the emission intensities of S (8) and [Pt-8C8-TPPHEIMCM-48 (20 mg/g; b).

Pt-8n-TPP solutions are much weaker compared with that plexes cannot be adsorbed by the templated filled MCM-48

recorded for oxygen free solutions (see Supporting Informa- and only the calcinated MCM-48 can be used to prepare

tion, Figures S3S5). Although_we cannot quant_lta'qvely assembly materials [Pt-8ETPPHSF/MCM.- 48.
measure the oxygen concentration-dependent emission spec- .
tra of Pt-8G-TPP in solution because of the limitations of ' he XRD patterns (Figure 2) of [Pt-8C8-TPPHEMCM-
our equipment, the experiment results suggest that oxygen8 (20 mg/g) show similar patterns, and the high-intensity
molecules could efficiently quench the emission of PrgC ~ Bragg peak shifted slightly to a higher angle compared with
TPP in solution. The oxygen concentration-dependent emis-that of MCM-48. It indicates that, after adsorption of
sion spectra of the solid powders of P48TPP show that ~ [Pt-8C8-TPPHS]", the cubic arrangement of channels in
oxygen molecules could lead to the emission quenching of [Pt-8C8-TPPH8/MCM-48 remains unchanged and the cell
Pt-8-TPP, but quenching degrees are relatively low (see Parametea decreases slightly. The UWis diffuse spectrum
Supporting Information, Figures S&8). of [Pt-8C8-TPPH8]"/MCM-48 (20 mg/g) shows a profile
Treating Pt-8@-TPP with trifluoroacetic acid resulted in ~ Similar to that of [Pt-8C8-TPPHB] in the solid state (Figure
protonated porphyrins [Pt-8€TPPH8}*, which were em- ~ 3) suggests that [Pt-8C8-TPPHK8] molecules are im-
ployed as chromophores to assemble oxygen sensors witinobilized into MCM-48. The nitrogen adsorptiedesorp-
mesoporous silica MCM-48. It was found that the neutral tion isotherms measured at 77 K for the calcined MCM-48
platinum porphyrins (Pt-86TPP) could not be immobilized ~ and [Pt-8C8-TPPH8/MCM-48 are shown in Figure 4,
into MCM-48. In contrast, the protonated porphyrins Which display typical IV curves. The BrunaueEmmett-
[Pt-8On-TPPH8}" can be easily immobilized into MCM-  Teller (BET) surface areas are 1332/gnand 1085 r#g,
48. This may be attributed to the fact that carbazole ions for calcined MCM-48 and [Pt-8C8-TPPH8]MCM-48,
could be adsorbed into the pores of MCM-48 by the respectively. The calcined MCM-48 exhibits a narrow pore
interaction of cation exchange with the protons of silanol size distribution with a mean value of 2.7 nm. [Pt-8C8-
groups on the surface of MCM-4£82°94647 Although the TPPH8F*/MCM-48 also displays a narrow pore size distri-
detailed adsorption process has not been determined, théution with a mean value of 2.2 nm. The relatively small
protonation of carbazole groups is crucial for the im- pore diameter and surface area of [Pt-8C8-TPPHBICM-
mobilization of the platinum porphyrin molecules into 48 should be attributed to the organic groups that remain in
MCM-48. It is worth noting that [Pt-86TPPH8F" com- the pores. Itis also possible that the incorporation of organic
groups leads to slight rearrangement of the pores. The
(46) Fang, M.; Wang, Y.; Zhang, P.; Li, S. G.; Xu, R. R. Luminesc. nitrogen absorptiondesorption results also show that the
200Q 91, 67. - .
(47) Zhang, P.: Guo, J. H.: Wang, Y. Pang, W.\ater. Lett.2002 53, ordered cubic arrangement of pores of MCM-48 remains
400. unchanged after P{porphyrin molecules are incorporated,
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Z 3004 5 o TPPH8F*/MCM-48 (10 mg/g), [Pt-8C8-TPPHB]/MCM-
S &
> % oo 48 (20 mg/g), and [Pt-8C8-TPPH8]MCM-48 (40 mg/q)
2004 o 5 7 decrease by 99.93, 99.98%, and 99.97%, respectively, upon
i - Fore diameter (um)_ changing from pure nitrogen to pure oxygen conditions.
00 02 04 06 08 10 [Pt-8C8-TPPHST/MCM-48 (20 mg/g) is more sensitive

Relative Pressure (P/P,) compared with [Pt-8C8-TPPHBJMCM-48 (10 mg/g) and

Figure 4. Nitrogen adsorptiordesorption isotherm (77 K) of the calcined  [Pt-8C8-TPPHS8I'/MCM-48 (40 mg/g), suggesting that the
'[\)Ao?g' ;j?sstr(igﬁgggs[_Pt'SCS'TPPHWMCM'48 (b). Insets: Corresponding ¢ i um loading level is 20 mg/g. Under 100% nitrogen,
[Pt-8C8-TPPHS8}'/MCM-48 (20 mg/g) shows a stronger

10 emission intensity compared with [Pt-8C8-TPPHBYICM-
48 (10 mg/g) and [Pt-8C8-TPPH8]MCM-48 (40 mg/g; see
o8 Supporting Information, Figure S35). These results provide
g a possible explanation for the optimum loading level.
z°° The Ster-Volmer plot for [Pt-8C8-TPPH&/MCM-48
£ 04 (20 mg/g) is shown in Figure 6. THe/l100 ratio (Il and !0
= are the luminescent intensities in the absence and in the
021 presence of oxygen, respectively) has been used as an
00 . ’ : indicator of the sensitivity of the sensing device, and a sensor
600 650 700 750 with lg/ligo more than 3.0 is a suitable oxygen sensing

Wavelength (nm) device?® The value ofly/l1o of [Pt-8C8-TPPHS}"/MCM-
Figure 5. Emission spectra of [Pt-8C8-TPPHEIMCM-48 (20 mg/g) 48 (20 mg/g) is 5041.2. To our knowledge, it is the highest
‘1‘885/: g'fyegrgﬂ_t oxygen concentrations: (a) 0; (b) 0.1; () 1; () 10.and (&) /51,6 for optical oxygen sensors based on platinum porphy-
rins that has been achieved until now. The optical oxygen
although slight decrease of the pore diameter of MCM-48 Sensor reported previously displayed a maximigfhoo of
takes place. 682.5% The plot is nonlinear within a wide range of oxygen
Oxygen Sensing PropertiesThe luminescence of plati- ~concentrations. It has been demonstrated that, for the hetero-

num porphyrin complexes could be quenched efficiently by 9eneous system, Sterivolmer plots for the sensor systems
molecular oxygen. The mechanism of the quenching processPased on luminescence quenching often display a nonlinear
consists of the exchange energy transfer from the lowestfeature within a wide range of oxygen concentratighs?
triplet excited state of metalloporphyrin to molecular oxygen, Which is attributed to the simultaneous presence of static and
which is accompanied by the formation of singlet oxygen. dynamic quen(_:hmg a_n_d the inequality of the microenviron-
As a result, these complexes could be commonly used toMenNt gf54the immobilized lumophore molecules in the
develop oxygen-sensing materials. The oxygen concentration-Matrix>*>*Close investigation reveals that the Stexfolmer
dependent emission spectra of [Pt-8C8-TPPH8]CM-48 (48) MacCraith, B. D Mcbonagh. C. M. OKeefe, 6. K c o

H H H H H acCraith, B. D.; McDonagh, C. ., O'Keeffe, G.; eyes, e. |.]
(20 mg/g) are shown in Figure 5. The emission maximum Vos, J. G.; O'Kelly, B.. McGilp, J. FAnalyst1993 118 385.
of [Pt-8C8-TPPHS8}"/MCM-48 (20 mg/g) is at 660 nm and  (49) Amao, Y.; Miyashita, T.; Okura, 1J. Porphyrins Phthalocyanines
is constant under different oxygen concentrations. However, (50) %(%Olv\?,_ 4S3C3Hmidt R Whalev. M. Demas. J. N DeGraff. B. A
the relative intensity decreased markedly upon increasing Karikari, E. K. Farmer, B. LXhaL"Chemlg’gg,'57,"3172, T
oxygen concentration. The variations of the emission spectra(51) Carraway, E. R.; Demas, J. N.; DeGraff, B. A.; Bacon, JARal.

. Chem.1991, 63, 337.
O.f [.Pt-8C8-TPPH8TL/I\/ICM-48 (10 or 40 mg/g) display (52) Lakowicz, J. RPrinciple of Fluorescence Spectroscopyenum: New
similar trends to that of [Pt-8C8-TPPH8]MCM-48 (20 York, 1986; p 266.
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Table 2. Oxygen Sensing Properties of Different Platinum Porphyrin Complexes Incorporated in MCM-48

[Pt-8C8-TPPHE]/MCM-48

[Pt-8C6-TPPHE}/MCM-48

[Pt-8CA4-TPPHE]/MCM-48 [PtTMPyP}+/MCM-48

10mg/g 20mg/g 40mg/g 10mg/g 20mg/g 40mg/g 10mg/g 20mg/lg 40mg/g 10mg/g 20mg/g 40 mg/g
lo/lo.x 6.5 215 20.8 6.0 7.1 6.8
lo/l1 60.6 208.1 209.2 44.9 65.1 64.0 3.2 3.7 2.5
lo/l1o 552.8 2016.3 1728.5 437.8 604.4 493.3 1.5 1.5 1.4 13.4 20.5 9.5
lo/l100 1488.6 5041.2 3961.5 1302.6 2015.2 1627.5 53 5.7 4.1 23.6 49.6 20.9
tv (95%), s 0.06 0.04 0.04 0.04 0.06 0.06 1.00 1.20 1.40 0.40 0.40 0.40
tt (95%), s 24.80 32.20 55.50 40.50 28.30 50.80 7.02 7.20 8.60 15.80 14.40 11.04

plot exhibits considerable linearity when the concentration
of oxygen varies from 0 to 10% (inset of Figure 6). The
plot indicates that high sensitivity is achieved in the oxygen
concentration range of010%. Even when the concentration
of oxygen is only 0.1%, the quenching of [Pt-8C8-TPPHi8]
MCM-48 (20 mg/g) can reach 95.35%%/(o1 = 21.5,1¢.1 IS

the luminescent intensity in the presence of oxygen with
0.1% concentration.). It is well-known that the measure-
ment of oxygen at low concentration is more important, so
[Pt-8C8-TPPH8]"/MCM-48 has a great potential for ap-
plication in oxygen sensors.

mg/qg) is not short enough compared with its response time.
A possible explanation is that the sensitivity of [Pt-8C8-
TPPH8F/MCM-48 (20 mg/g) is extremely high, and a trace
of oxygen can efficiently quench its luminescence. Because
of the limitation of the laboratory-made cell that we used, a
certain time has to be spent to change the system from
oxygen to nitrogen completely. Minimizing the recovery time
should be possible if the oxygen can depart from the sensor
more quickly by modifying the cell. Another explanation is
that for [Pt-8C8-TPPH8]/MCM-48 the oxygen desorption
rate is not very fast.

For oxygen sensors the response time is also very Performance Comparison.To optimize platinum por-
important. Generally, a 95% response time, thatt i€95%, phyrin/MCM-48 sensing materials, a series of atkghr-
N, to O,), is defined as the time required for luminescent bazole substituted platinum porphyrins with different lengths
intensity to decrease by 95% on changing from 100% of alkyl chains (Scheme 1) were synthesized and employed
nitrogen to 100% oxygen. Similarly, 95% recovery time, that to assemble sensors with MCM-48. The oxygen sensing
is, tt (95%, Q to N;), means the time required for properties of [Pt-8@-TPPH8F*/MCM-48 are summarized
luminescent intensity to reach the 95% of the initial value in Table 2 (the detailed spectra are collected in Supporting

recorded under 100% nitrogen on changing from 100% Information, Figures S9S34). By comparison we can
oxygen to 100% nitrogen. Figure 7 shows the responseconclude that the [Pt-8C8-TPPH8JMCM-48 system ex-

property of [Pt-8C8-TPPH8/MCM-48 (20 mg/g). Upon

hibits the best oxygen sensing performance. For the [P-8C

increasing oxygen concentration, the emission intensity dropsTPPH8F*/MCM-48 (n = 8, 6, 4) series, the oxygen sensing

very quickly, while upon decreasing oxygen concentration,

performance clearly shows an upward tendency with increas-

the emission intensity increases and recovers to the initialing the lengths of alkyl chains. The oxygen sensing properties
level under 100% nitrogen again. This cycle is repeated; the of [Pt-8C8-TPPH8}'/MCM-48 and [Pt-8C6-TPPH8]/
emission intensity changes are monitored when the sampleMCM-48 are similar to each other, while that of [Pt-8C4-
is exposed to an alternating atmosphere of nitrogen andTPPH8F*/MCM-48 is not very outstanding. Nitrogen ad-
oxygen, and it is observed that the emission intensity changessorption-desorption study shows that the MCM-48 sample

are reversible. The response tiie(95%, N> to O,) and
recovery timett (95%, Q to N,) of [Pt-8C8-TPPHS8]I"/
MCM-48 (20 mg/g) are 0.04 and 32.20 s, respectively. To

used in this study has a narrow pore size distribution with a
mean value of 2.7 nm. Molecular simulation calculation
results revealed that [Pt-8C8-TPPEIg][Pt-8C6-TPPHSY,

our knowledge, it is the fastest response time for oxygen and [Pt-8C4-TPPH8] have approximate dimensions of 2.6
sensors based on metal porphyrins. The optical oxygen sensonm x 2.6 nmx 3.1 nm, 2.6 nmx 2.6 nmx 2.5 nm, and
reported previously displayed the fastest response of 0.331.9 nm x 1.9 nm x 2.0 nm, respectively (Figure 8).

s2° The recovery time of [Pt-8C8-TPPH8]MCM-48 (20

s
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Figure 7. Response time and relative intensity change and reproducibility
for [Pt-8C8-TPPH8}'/MCM-48 (20 mg/g) on switching between 100%
nitrogen (a) and 100% oxygen (b).
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Therefore, [Pt-8C8-TPPHS] or [Pt-8C6-TPPHS}" mol-
ecules with bigger size cannot be wholly adsorbed into the
pores of MCM-48 and can only be immobilized onto the
exo-surface of MCM-48 by inserting their alkytarba-
zole arms into the pores of MCM-48 and lifting the por-
phyrin cores outside. This assembly form enhances the
effective collisions between the chromophores and the oxy-
gen molecules resulting in the fact that the phosphores-
cences of [Pt-8C8-TPPHBIMCM-48 and [Pt-8C6-TPPH8}/
MCM-48 are very sensitive to oxygen. In contrast, the
[Pt-8C4-TPPH8]" molecules can be wholly adsorbed into
the pore of MCM-48, because that the pore diameter of

(53) Hartmann, P.; Leiner, M. J. P.; Lippitsch, M. Enal. Chem1995
67, 88.
(54) Lippitsch, M. E.; Draxler, SSens. Actuators, B993 11, 97.
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Figure 8. Molecular modeling structures of [Pt-8C8-TPPEg][Pt-8C6-
TPPHSP", and [Pt-8C4-TPPHS.

MCM-48 is big enough for the dimensions of the [Pt-8C4-
TPPH8F* molecule. As a result, [Pt-8C4-TPPH8MCM-
48 displays a common oxygen sensing property similar to
that of [PtTMPyP}"/MCM-41 ([PtTMPyPFt = platinum
mesetetrakis(4N-methylpyridyl)porphyrin) assembly ma-
terials that were reported by us recerifly.

To further confirm above explanation, [PtTMPYP]
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Figure 9. Emission spectra of [PtTMPyPJ/MCM-48 (20 mg/g) under
different oxygen concentrations: (a) O; (b) 1; (c) 10, and (d) 100% oxygen.
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Figure 10. Stern-Volmer plot for [PtTMPyP}"/MCM-48 (20 mg/g) at
different concentrations of oxygen. Inset: Stekfolmer plot at low oxygen
concentration.

oxygen sensor [PtTMPyP/MCM-48. The approximate
dimensions of [PtTMPyP} are 1.9 nmx 1.9 nm x 0.5

nm, which are estimated from the modeling calculation
results. Although [PtTMPyPT has only four side chains and

a lower charge compared with [Pt-BOPPHS8}", it could

be easily adsorbed into the pores of mesoporous silicas. The
cation exchangé?°464hetween the protons of silanol groups
on the surface of MCM-48 and [PtTMPyP]plays a role in

the adsorption process. On the other hand, the pore dimension
of MCM-48 is larger than that of the [PtTMPyP] mol-
ecules. The luminescent spectral change of [PtTMPYP]
MCM-48 (20 mg/g) is presented in Figure 9. The relative
luminescent intensity of [PtTMPyP)YMCM-48 (20 mg/g)
decreases by 98.0% upon changing from pure nitrogen
to pure oxygen. The SterrVolmer plot (Figure 10) of
[PtTMPYPT*/MCM-48 (20 mg/g) shows that the value of
lo/l100 is 49.6. The detailed oxygen sensing properties of
[PtTMPYP}*+/MCM-48 with different [PtTMPyP}* loading
levels are presented in Table 2. The oxygen sensing
performance of [PtTMPyP]/MCM-48 is better than that

of [Pt-8C4-TPPHS8}"/MCM-48. The pore dimension of
MCM-48 is large enough for the [PtTMPyP] molecules.
Even though some [PtTMPyP]molecules are encapsulated
in the pores of MCM-48, there is still excess space to allow
oxygen molecules to transport freely, so oxygen molecules
can easily diffuse into/out of the pores of [PtITMP{R]
MCM-48. The molecular dimensions of [Pt-8C4-TPP#8]
are bigger than those of [PtTMPyP] As some [Pt-8C4-

molecules was employed as chromophores to assemble th&@ PPH8F" molecules are adsorbed, the pores of MCM-48
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10 MCM-48 (40 mg/g) exhibits an obviously mintyl,q value
T compared with that of [Pt-8C4-TPPH8JMCM-48 (10 mg/g
0.8 or 20 mg/g). For the [Pt-8C4-TPPH8IMCM-48 (40
:,E mg/g) sample with higher loading level, a few [Pt-8C4-
2091 TPPH8F" molecules may be adsorbed into the deeper
% 0.4 positions of the pores of MCM-48 and are encapsulated
= inside by some other [Pt-8C4-TPPH8molecules that lie
0.24 ®) at the shallower position of the pores. Under this situation,
00 oxygen molecules cannot quench the luminescence of the
0 100 200 300 400 500 600 [Pt-8C4-TPPH8Y" molecules that are located at the deeper
Time (s) positions of pores because oxygen molecules could not reach

Figure 11. Response time and relative intensity change and reproducibility their locations. Therefore, [Pt-8C4-TPPB8MCM-48
;?{rgzggc(:)'zg'}?gé/'l"gxﬁn((Zbc)’_ mg/g) on switching between 100% (109 mg/g and 20 mg/g) displays a more efficient lumi-
nescence quenching property than [Pt-8C4-TPPHS]
are partially blocked and the oxygen molecules cannot passMCM-48 (40 mg/g).
freely through the pores. Therefore, [PtTMPYRPMCM-
48 exhibited better oxygen sensing performance than
[Pt-8C4-TPPHS8}"/MCM-48. Figure 11 shows the response In conclusion, a series of luminescent platinum porphyrins
property of [Pt-8C4-TPPH8]/MCM-48 (20 mg/g). Upon Pt-8h-TPP with eight alkyt-carbazole arms were synthe-
increasing oxygen concentration, the emission intensity dropssized. The protonated porphyrins [Pt#8CPPH8F" were
quickly, while upon decreasing oxygen concentration, the employed to assemble with mesoporous silica MCM-48.
emission intensity cannot recover to the initial level under Assembly materials [Pt-&ETPPH8F*/MCM-48 were used
100% nitrogen again. When the sample is exposed to anas optical oxygen sensors. We demonstrated that [Pt-8C8-
alternating atmosphere of nitrogen and oxygen, it is observed TPPH8F"/MCM-48 and [Pt-8C6-TPPH8]/MCM-48 are
that the emission intensity decreases gradually. A possibleoxygen sensing materials with a high sensitivity and fast
explanation for this phenomenon is that some oxygen response time. The assembly materials possess very high
molecules were confined inside in the pores of MCM-48 by sensitivity, linear SteraVolmer characteristics at low
[Pt-8C4-TPPHS8}" molecules, resulting in the emission oxygen concentration, and very fast response properties,
qguenching of [Pt-8C4-TPPH®]. It was found that the  which are beneficial to the applications.
emission intensity could recover to the initial level under

gg;%%[?onn Ithgre[S?I'r:\]/lplleF\:‘]v:;llfllglanfzesd;bs?mTlggeL:n\éﬁsxg National Natural Science Foundation of China (50225313,
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also was observed, but the decreasing tendency of the
emission intensity is not marked compared with [Pt-8C4- search Development Program (2002CB613401), the Program
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