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Abstract

In order to investigate photoluminescence behaviour of an ordered molecular porphyrin monolayer and its quenching properties by oxy-
gen gas, a porphyrin with long alkyl chains, 5,10,15,20-tetrakis[4-(11-carboxylundecane-1-oxy)phenyl]pohyvas (synthesized and
adsorbed onto an indium-tin oxide (ITO) substrate by a chemical dipping method. Cyclic voltammetry was used to analyze the ITO electrode
coated with4. The peak current of the first oxidation was proportional to the sweep rate, and the surface coverage was estimated to be
2.3-2.5x 107%mol cnT2. The UV-vis spectrum of the monolayer showed a broadened Soret band, which shifted to longer wavelength.
These features suggest that the porphyrin moietidsané packed to form &type structure. The oxygen quenching ratio of the porph4rin
monolayer on the ITO electrod®/I10, Was estimated to be 1.25, whdseandl,o are, respectively, luminescence intensity values in 100%
argon and 100% oxygen. On repeated step cycling between 100% argon and 100% oxygen atmospheres, the response times of luminescenc
quenching were 10's (argon to oxygen) and 23 s (oxygen to argon). These findings suggest that a monolayer of sensing dye is applicable for
oxygen sensing system without deterioration of size-accuracy of models.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction rials [1,2]. Porphyrins on gold surfaces using S—Au link-
ages have been widely studied for application to molecu-
Self-assembled monolayers (SAMs) have emerged as arlar devices. One reason for this interest is the porphyrin’s
alternative and useful strategy for assembling molecular com-large molar absorption coefficient in the visible light region.
ponents on surface. SAMs have been used to develop novelAnother reason is efficient electron transfer from the excited
surface-patterning methodologies, to fabricate new types of state of porphyrin to grand state of various acceptors and
chemically sensitive devices, to study interfacial electron donors such as ferrocene and fullerene derivat[@es].
transfer processes and to prepare a variety of unusual and-urthermore, the oxygen-induced luminescence quenching
potentially useful electronic, photonic and redox-active mate- properties have been examined for thin films consisting of
porphyrins, such as polymer films, Langmuir-Blodget (LB)
* Corresponding authors. Tel.: +81 742 20 3392; fax: +81 742 20 3392. fllms and chemlsorpnon f|Im[§—12]. However’ the p.h0t0|u_
E-mail addresses: xan.araki@ce.nara-wu.ac.jp (N. Araki), minescence behaviour and its quenching properties by oxy-
yano@cc.nara-wu.ac.jp (S. Yano). gen gas remain to be fully understood for ordered molecular
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porphyrin SAMs. In this study, we focused on the photolu- 2.2. Synthesis
minescence behaviour of a porphyrin SAMs. While the most
established SAM system is alkanethiols on gold surfaces2.2.1. General
[13,14], a strong quenching of the porphyrin excited sin- Porphyrin derivative 4 was prepared according to
glet state by the gold surface enhances non-radiative lossesScheme 1'H NMR spectra were recorded on a Varian
Indium-tin oxide (ITO) is a promising candidate as a substrate Gemini 2000 (300 MHz) instrument. Fast atom bombard-
for photoluminescence study because the ITO electrode hasnent mass spectra (FAB-MS) were measured on a JMS-700T
high optical transmission and suppresses the quenching ofspectrometer (Osaka City University) using 3-nitrobenzyl
the porphyrin excited stat¢$3]. Therefore, we investigated alcohol as a matrix. Elemental analysis was carried out
photoluminescence behaviour of porphyrin SAM on an ITO using a Perkin-Elmer 240C Elemental Analyzer (Osaka City
electrode and its quenching properties by oxygen gas. University).

Spontaneous adsorption of long-chairalkanoic acid
(C,H2,+1CO0OH) on AgO, AbO3 and gold surfaces, has

N 2.2.2. Methyl 12-(4-formylphenoxy)dodecanate (1)
been studied in the past few yeddH-18] However, we .
are not aware of any studies on stable porphyrin SAMs . A solution ofp-hydroxybenzaldehyde (6.07 g, 49.7 mmol)

formed fromn-alkanoic acids on an ITO surface. We report in 5% NaOH (gq) (70mL) was vigorously stirred at room
herein the synthesis of a functionalized porphyrin deriva- temperature with CbLlz (50 L) and tetrabutylammonium

tive, namely 5,10,15,20-tetrakis[4-(11-carboxylundecane- brom_lde (3.079, 9.52 mmol). T(.) the_ mixture was added a
1-oxy)phenyl]porphyrin, and the preparation of a self- .SOILCIR_(')”CIOf %Zzo-br(ljmodgdehcano;]c lamd (2.31_19,d8.38mmol)
assembled monolayer of the porphyrin on an ITO electrode. Itgm e?attzjré fo:n63) r?nThte irwanoicelgvaesr v?/tallrsfewa:;ergovczth
The monolayer on the electrode was characterized by cycIicSO/ ?\I OH d' i 9 d th yd ied

voltammetry and UV-vis absorption spectroscopy. The pho- o Iva (ag) and water, an en dried over 8,
toluminescence behaviour of the porphyrin monolayer and and the solvent was removed under reduced pressure. The

its quenching property by oxygen gas are discussed on thereS|due was reprecipitated from hot MeOH to afford crude

k . . 2-(4-formylphenoxy)dodecanoic acid as a white powder
Zﬁzlzg;;uemnlggzgznce measurements in the presence of argo%illso g). The crude product (5.82 g) was taken up in a mix-

ture of MeOH (500mL) and benzene (100 mL). Hydro-
gen chloride gas was introduced into the mixture for 2 h,

2. Experimental and then the mixture was refluxed at 90=@5for 3 days
with azeotropic distillation of water. After cooling, the mix-
2.1. Materials ture was poured into water and extracted with CtTlhe

organic layer was washed with saturated NaH&x) and
All solvents and chemicals were of reagent grade quallty water, dried over NgSOy, and e\/aporated_ The residue
obtained from Wako Pure Chemical Industries Ltd., Osaka, was puriﬁed by silica ge| column Chromatography with
Japan, and were used without further purification unless ethyl acetate/hexane (5/12, v/v) as an elunt(0.58), fol-
otherwise noted. The solvents for cyclic voltammetry were |owed by precipitation from hot hexane to afford methyl
passed through a short alumina column just before use.12-(4-formylphenoxy)dodecanatB @s awhite solid (1.39 g,
Tetrabutylammonium hexafluorophosphate {BBFs) was 4.37mmol, 19.1%)1H NMR (300 MHz, CDC}): § 9.88
obtained from Tokyo Kasei Kogyo Co. Ltd., Tokyo, Japan, (s, 1H, —CHO), 7.81 (d,3/=8.85Hz, 2H, ArH), 6.98 (d,
and recrystallized from EtOH just before use. 3J=8.54Hz, 2H, ArH), 4.03 (£/=6.68 Hz, 2H—OCH,—),

(R = C4{H,,COOCHjy)

2 (M= 2Zn, R = C,;H,,COOCH;)

d
3 (M=2H, R = C,;H,COOCH,) 3

4 (M = 2H, R = C,,H,,COOH)

Scheme 1. Reagents and conditions: (a) 12-bromododecanoic aghtiBB® wt% NaOH (aq), CHClIy, r.t., (b) MeOH, HCI (gas), benzene, reflux, (c) pyrrole,
Zn(OAc)-2H,0, BR3-OEt, CHCL, p-chloranil, (d) 6 M HCI and (e) KOH, MeOH, THF.
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3.66 (s, 3H, —COOCH), 2.28 (t, 3/=7.63Hz, 2H, subsequent filtration resulted in 5,10,15,20-tetrakis[4-(11-
—CH,COOCH;), 1.85-1.28 (m, 18H-OCH,(CHyp)g—). carboxylundecane-1-oxy)phenyl]porphyrid) (@as a purple

B T solid (0.69 g, 0.44 mmol, 97.3%)H NMR (300 MHz, THF-
dg): 8 8.83 (s, 8H, pyrroledH), 8.05 (d,%/=8.54 Hz, 8H,
ArH), 7.27 (d,3/=8.85Hz, 8H, ArH), 4.20 (t3/=6.41 Hz,
8H, —OCH—), 2.20 (t,3/=7.32Hz, 8H,—CH,COOH),
1.97-1.36 (m, 72H,—OCH(CHp)g—), —2.67 (s, 2H,
—2NH). FAB-MS for GyoH11801oN4: mlz caled., 1471.9
[M]*: found, 1471.8. Anal. Calcd. for ¢3Hy18N4: C,
75.07; H, 8.08; N, 3.80. Found: C, 74.60; H, 8.09;
N, 3.79.

2.2.3. 5,10,15,20-Tetrakis[4-(11-methoxycarbonylun-
decane-1-oxy)phenyl Jporphyrinato zinc(Il) (2)

Pyrrole (0.3 mL, 4.36 mmol)1 (1.01g, 3.03mmol) and
Zn(OAc)-2H,0 (2.7, 12.3mmol) were added to CHCI
(300mL) that had been purged with argon for 30 min.
BF3-OEt (0.2mL, 1.60 mmol) was added to the mixture
to initiate the reaction. After introduction of additional
argon gas for 10 min, the mixture was stirred at’G0for
3.5h, and them-chloranil (0.56 g, 2.27 mmol) was added.
The mixture was refluxed for 1h, washed with saturated 2.3. Preparation of a porphyrin 4 monolayer
NaHCGO; (ag) and water, and dried over p&04. Silica
gel (5g) was added to the dark solution, and all solvents ITO electrodes (on grass, fBcm~2) were pur-
were removed by evaporation. The silica gel containing chased from Sanyoshinku Co. Ltd., cut into slices (ca.
the absorbed products was placed on top of a silica gel0.5cmx 3.0cm), rinsed with acetone, and dried just before
column and elution was carried out with a mixture of being soaked ina porphyrin solution. The porphyrin solution
CHqCly/acetone (12/1, viv). The red bang £0.79) was was prepared as follows: porphyrin derivatibeand EtOH
collected. Evaporation of the solvent and precipitation (porphyrin concentration was 1mM) were mixed, and
from CH,Clo/MeOH afforded 5,10,15,20-tetrakis[4-(11- then EtOH solution containing 1% KOH was added to
methoxycarbonylundecane-1-oxy)phenyl]porphyrinato the solution until4 was dissolved completely. An ITO
zinc(ll) (2) as a purple solid (0.41 g, 0.26 mmol, 34.7%. electrode was immersed in the solution for 2 days @5
NMR (300 MHz, CDC}): §8.97 (s, 8H, pyrrolegH), 8.09 (d, to form a monolayer. The ITO electrode was washed with
8J=8.54Hz, 8H, ArH), 7.25 (£/=8.85Hz, 8H, ArH), 4.24 EtOH and dried under air. The monolayer4bn the ITO
(t, 3/=6.41Hz, 8H,—~OCH,—), 3.65 (s, 12H—~COOCH), electrode surface was characterized by cyclic voltammetry
2.28 (t,3/=7.33Hz, 8H,—CH,COOCH), 2.01-1.34 (m, and UV-vis spectroscopy.
72H, —OCW@)&—). FAB-MS for Zn CogH124012N4:

mlz calcd., 1591-4M]+: found, 1590.9. 2.4. Spectroscopic measurements
2.2.4. 5,10,15,20-Tetrakis[4-(11-methoxycarbonylun- 2.4.1. Electrochemical measurements
decane-1-oxy)phenyl Jporphyrin (3) Electrochemical measurements of in solution

A solution of2 (0.36 g, 0.23mmol) in ChCl, (50 mL) (c=2.6x10"*M) and of the monolayer deposited on
was washed several times with 6 M HCI (aq), satu- the ITO electrode were carried out by cyclic voltammetry
rated NaHCQ@ (aq) and dried over N&Oy. Evapora- using a CV50W voltammetric analyzer (Version 2.0)
tion of the solvent and precipitation from GHI,/MeOH (BAS Inc., Tokyo, Japan). Voltammetric studies were
gave 5,10,15,20-tetrakis[4-(11-methoxycarbonylundecane-performed under a nitrogen atmosphere using a conven-
1-oxy)phenyl]porphyrin ¥) as a purple solid (0.32g, tional three-electrode cell. The working electrode was a
0.21 mmol, 92.6%)'H NMR (300 MHz, CDC}): 5 8.86 (s, Pt disk (diameter 1.8 mm) for solution &f. A Pt wire
8H, pyrroleH), 8.09 (d,3/=8.54Hz, 8H, ArH), 7.25 (d, and an Ag/AgPE were the counter and reference elec-
87=8.85Hz, 8H, ArH), 4.24 (/=6.41 Hz, 8H—~OCH,—), trodes, respectively. All potentials are referenced to Ag/
3.67 (s, 12H,—COOCH), 2.30 (t, 3/=7.63Hz, 8H, AgPFs.

—CH,COOCH), 2.00-1.34 (m, 72H~OCH;(CHz)9—),

—2.66 (s, 2H,—2NH). FAB-MS for GogH126012N4: m/z 2.4.2. Absorption, excitation, and emission spectroscopy

calcd., 1529.0¢ + H]™: found, 1529.0. The UV-vis absorption spectra df dissolved in THF
(c=2.4x 10-%M) and of the monolayer on an ITO electrode

2.2.5. 5,10,15,20-Tetrakis[4- were recorded using a V-570 UV-vis/NIR spectrophotometer

(11-carboxylundecane-1-oxy)phenyl]porphyrin (4) (JASCO International Co. Ltd., Tokyo, Japan). The steady-

Porphyrin3 (0.72 g, 0.45 mmol) was dissolved in THF state emission and excitation spectratafissolved in THF
(150mL) and stirred at room temperature. To this stirred (¢=2.1x 10~8M) were measured on a RF-5300PC spec-
mixture was added a solution prepared by mixing MeOH trofluorophotometer (Shimadzu Corporation, Kyoto, Japan).
(150 mL) and KOH (5.26 g, 93.7 mmol). The solution was A 150 W xenon lamp with a cut filter of 450 nm, Toshiba UV
stirred at room temperature for 24h, and then acidi- cut filter V-Y 45 (Toshiba, Tokyo, Japan), was used as a vis-
fied with 1M HCI (aq) to adjust the pH to 4. Then ible emission light source. The excitation and emission band
the reaction mixture was diluted with water (1L) and pass widths were 3nm.
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2.5. Oxygen quenching behaviour T T 1 ' T T T
2000 mVs™ (e)

2.5.1. Oxygen quenching behaviour for porphyrin 4 on 4l
an ITO electrode

The oxygen quenching behaviourdodn an ITO electrode
were studied by using a Shimadzu RF-5300PC spectrofluo-
rophotometer with a 150 W xenon lamp source equipped with
a cut filter of 390 nm, Toshiba UV cut filter V-Y 39, as a visi- )
ble excitation light source. An ITO plate modified witlica. _4'00 : (') ' 4(')0 : 8(')0
13 mmx 30 mm) was placed diagonally relative to the quartz E/mV vs. Ag/Ag PFs
cell and was exposed to gas mixtures containing various con-
centrations of oxygen (in the range of 0—100%) produced by Fig. 1. cyclic voltammograms @fin THF containing 0.1 M BYNPFs as an
controlling the flow rates of oxygen and argon gases with a electrolyte at scan rates of (a) 50 m&s (b) 100mVs'%, (c) 500mv s,
gas flow meter, Kofloc MN1-GASCOM (Kojima Instrument ~ (d) 1000mVs* and (e) 2000 mV's.
Inc., Tokyo, Japan). The oxygen concentration was calcu-

lated by dividing the oxygen flow rate by the total flow rate  gycible cyclic voltammograms were obtained after multiple
of the mixed gases. The total pressure was maintained atgcgn cycles (as shown Fig. 2). A significant symmetrical
101,333 Pa (760 Torr) and all experiments were carried out gxjdation peak, corresponding to the one-electron oxidation
at room temperature. The excitation and emission band passyfthe porphyrin moiety, is observed at 792 mV. On the reverse
widths were 5 nm. The oxygen quenching behaviour of a por- scan, three re-reduction peaks appear at 3, 239 and 714 mV.
phyrin4 monolayer on the ITO electrode were characterized The sum of these reduction peak areas is almost the same
by the Stern—Volmer quenching constatyy, obtainedfrom 55 the area of the main oxidation peak. This suggests the

i/ pA
N

50mVs (a)

Eq.(2): presence of three different adsorption states of the oxidation
0 species, which have the possible redox centre of porphyrin
7" 1+ Ksv[O2] 1) moiety, in the monolayer on the ITO electrode. The peak

current of the main oxidation peak increases linearly with
increase of the potential scan rate, as expected froni2xg.
which was derived for adsorbed redox species:

wherelg is the luminescence intensity in the absence of oxy-
gen,/ is the intensity in the presence of oxygen and][3
the oxygen concentration in percentdd®,20].
n?Ir'F2y

2.5.2. Dynamic response of oxygen quenching for = ART
porphyrin 4 on an ITO electrode

Dynamic response of oxygen quenching of the porphyrin
4 on an ITO electrode were detected conventionally with a
spectrofluorophotometer, while the gas flow was switched
between 100% oxygen and 100% argon using a gas flow
meter, Kofloc MN1-GASCOM [9]. All experiments were
carried outat 101,333 Pa (760 Torr) and at room temperature.

()

whereip, n, I', F andv are the peak current, the number

of electrons, the surface coverage, the Faraday constant and
the potential scan rate, respectivelyd. 3) [21]. The charge
required for the complete oxidation éfadsorbed on an ITO
electrode, measured from the peak area, gives the surface
coverage [") of 2.3x 10~ 1%mol cm~2 whenn is equal to 1.
Furthermore, thé™ values of three samples fell in the narrow
range from 2.3« 107 1%t0 2.5x 10~ 1%mol cm2. The simple

. . deposition method using the porphyrin with four carboxyl
3. Results and discussion

3.1. Electrochemical properties of the ITO electrode
modified with porphyrin 4

The redox properties ¢f deposited on an ITO electrode
were characterized by cyclic voltammetfjgs. 1 and Zhow
the cyclic voltammograms of in THF and4 on an ITO
electrode at different potential scan rates, respectively. As

shown inFig. 1, the cyclic voltammetric curve displayed '2°_| N

characteristic features of a diffusion-controlled redox couple -400 0 400 800 1200

with the half-wave potential of 753 mV. The ratio of the re- E/mV vs. Ag/Ag PFg

reduction peak current to the oxidation peak curréytipa, _ _ 3 _

is less than unity and increases with the scan rate, indicat-~9: 2 Cyclic voltammograms of an ITO electrode modified wdfin

. . . . ' . . CHsCN containing 0.1 M ByNPFs as an electrolyte at scan rates of
ing the instability of the oxidation product in THF solution. (@) 100mV's?, (b) 200mVsL, (c) 300mVs, (d) 400mVs? and (e)

For 4 deposited as a monolayer on an ITO electrode, repro- soomv s,
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Fig. 3. Dependence of the peak currep} 6n the potential scan rate)(for Fig. 5. Excitation (solid line) and emission spectra (broken line} af
amonolayer oft on an ITO electrode. Peak current was calculated from the THF. 1em=658 andiex=422nm were used for excitation and emission,
cyclic voltammograms. respectively.
concentration:
groups leads to effective and reproducible modification of r 1034 3
the monolayer on the ITO electrode. - e ®)
where I', A and ¢ are the surface coverage, absorbance
3.2. Optical properties of the ITO electrode modified of the monolayer and molar absorption coefficient, respec-
with porphyrin 4 tively [25,26] Using Eq. (3), the surface coveragel}
of 4 deposited on the ITO electrode is calculated to be
Fig. 4 shows the UV-vis absorption spectra 4fdis- 2.19x 10~ 19molcn2. This value is consistent with that

solved in THF and4 on an ITO electrode in air, in the  derived from cyclic voltammetry. Therefore, the redox num-
transmission mode. The Soret banddobn the ITO elec-  ber of electrons fod on an ITO electrode was estimated
trode (Soret band at 435.5nm and four Q-bands at 523.0,t0 be 1. The luminescence of porphydrdissolved in THF
561.0, 599.0 and 654.5nm) is broadened and red shifted(c=2.1x 10~ M) was observed at 658 and 722 nm, on irra-
by 15nm relative to that in THF solution (Soret band at diation at 422 nm (Soret band), as showFig. 5.

420.0nm and four Q-bands at 520.0, 553.5, 594.5 and

651.5nm). Also, similar broadening and red shift were 33 Stucture of the porphyrin 4 monolayer

reported for porphyrin SAMs on gold electrodes, LB mono-

layers of porphyrins on glass or semiconductors and por-  Fig. 6 shows possible models @ immobilized on an
phyrin aggregates in solutionfl,14,22-24] A stacked  |TO electrode. In model A, the macrocyclic plane f

face-to-face porphyrinz-aggregation (sandwich-typ&/-  is almost perpendicular to the ITO surface, and the pro-
aggregate) leads to a blue shift, while side-by-side porphyrin jection area of a moleculd is calculated at ca. 582.
r-aggregation.f-aggregate) leads to a red sHid]. Thus, In contrast, if the plane ot is parallel to the electrode

the observed spectral change is due to partitfggregate  surface, it would cover the area of 1% per molecule.
like stacked structure of the porphyrins in the monolayer These occupied areas of molecules lead to a maximum

microenvironment. surface coverage of of 2.9x 10-19molcn2 for model
Also, the surface coverage of the monolayer was evalu- A and of 9.5x 101 molcm 2 for model B. The sur-
ated from the absorption spectrum on the basis of(Bl).  face coverage of the perpendicular model of 28011

which is Lambert—Beer’s law modified for two-dimensional

g R

i
0.8 "“. -
2 o6k | - @)
> ! 1
8 04 ' l'. ITO electrode
= S -
0.2 -
’ \ (b)
0.0 1 N I et LI L ITO electrode
350 400 450 500 550 600 650 700
A/nm Fig. 6. Possible structures of a monolayerdoimmobilized on an ITO

electrode in which one or two carboxylic groups bind to the surface (model
Fig. 4. UV-vis absorption spectra 4fin THF (broken line) and on an ITO A, loose binding model) or four carboxylic groups bind to the surface (model
electrode (solid line). B, tight binding model) (P, porphyrin core).
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1.30 Curve fitting to Eq.(5) gave the parameterKsyi=
0.170% ! andf, =0.224 (broken lineFig. 7). Eq.(5) repro-
duces the non-linearity of the plot well. However, there is
still significant deviation from observation in the higher oxy-
gen concentration region, where the observed luminescence
intensity from the monolayer dfis lower than that predicted

by Eq.(5). In order to explain this phenomenon, we take into
account adsorbed oxygen molecules on the monolayer. The
adsorption equilibrium is defined by E@):

_ MOzl _ Mlo—[M]
7 MOz [MIO2]
whereKeq, [MO2], [M] and [M]g are the equilibrium con-

(6)

1.000 L L L , )
0 20 40 60 80 100 stant, the amount of dye statically quenched by oxygen

[O2]/ % molecules, the amount of free dye and the total amount of
dye, respectively. In this scheme, the dye in the M€pion
is no longer available for oxygen quenching. Hence, (6.

Fig. 7. Stern—Volmer plot fo4 immobilized on an ITO electrode. (Broken
line; Ksy1 =0.170% 1, Ksyv2=0% 1 andf; =0.224. Solid lineKsy1 and

Keq=0.073 and 0.078%., Ksy>=0%"1 andf, =0.210). is modified as follows.
b - @
I ¢f1/(1+ Ksva[O2]) + (1 - f1)

molcm 2 is almost the same as the surface coverage

of (2.3-2.5)x 10-molcm2 estimated from the cyclic ¢ — M _ 1 (8)

voltammogram. Hence, the major binding structure4of Mlo 1+ KeqOo

should be that shown in model A. The result of curve fitting to Eq7) is shown inFig. 8as

a solid line. The parametgr is equal to 0.210 and values of
3.4. Oxygen quenching behaviour of the porphyrin 4 0.073 and 0.078%¢ are obtained foKsy1 andKeq. In Eq.
monolayer on an ITO electrode (7), the two parametetSsy; andKeqare identical mathemat-
ically, soitis impossible to assign themindividually. The term
Fig. 7 shows the intensity changes of the luminescence ¢, improves the fitting to the plots (solid lin€ig. 7), suggest-
from a monolayer o#4 as a function of oxygen concen- ing aninfluence of adsorbed oxygen molecules. Even though
tration. The oxygen quenching ratio of the monolayer was the Stern—\Volmer plot of the monolayer shows the signif-
Io/li00=1.25, wherdg andl1gp are the luminescence inten- icant non-linearity, the modified two-site quenching model
sity inthe absence and inthe presence of oxygen, respectivelyrepresents the oxygen sensing properties well. Hence, the
While the resulting plot shows considerable linearity at lower monolayer of porphyrin derivative$ is an ultra thin film
oxygen concentration, non-linearity is observed at higher capable of oxygen sensing.
oxygen concentration. Such behaviour can be attributed to
heterogeneity of the quenching sites of the sensing compo-3.5. Dynamic oxygen quenching behaviour for the
nent; each type of site has its own Stern—-Volmer constant. Inporphyrin 4 monolayer on an ITO electrode
general, the observed plots fit very well to a two-site quench-
ing model described by the following modified Stern—\olmer Fig. 8 shows a typical dynamic response of the oxygen
Eq.(4): quenching when 100% oxygen and 100% argon gases were

I _ 1
T fi/(+ KsvalO2]) + (1 — f1)/(1+ Ksv2[02])

wheref; is the fractional intensity contribution of the compo-
nentof the Stern—Volmer constdtiy, in the absence of oxy-
gen[12,27,28] In our system, curve fitting to E¢4) gave the
parametersksy1=0.121%1, Ksy»=—-0.000513%?! and
f1=0.263. The Stern—Volmer constant must be positive and
Ksv2 is negligibly small. On the assumption th&ty, is
negligibly small and can be regarded as zero,(&jcan be 085 I I I

modified to yield Eq(5). o 100 200 t.SnC:Z s 400 500 600

(4)

1.00

0.95

0.90

relative intensity

[}
O, ->Ar
1 |

I 1
0 = (5) Fig. 8. Dynamic response times fdrimmobilized on an ITO electrode.
I fi/(1+ Ksvi[O2]) + (1 — f1) (Response times were 10 and 23 s, respectively.)
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