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Optical response of monolayer films of a metal-free sulfonamido-porphyrin
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Abstract

The influence of gaseous chlorine on monolayers of metalffresetetra(4-amino sulfonyl)phenylporphyrin is discussed. These films
exhibit characteristic intense optical absorption bands in the region 400—700 nm. Upon exposure to chlorine vapour in the concentrati
range 0.1-10 ppm, the Soret and Q-bands decrease in intensity and new ba#h!s am and 560 nm appear. The rate of response has
been measured as a function of deposition surface pressure and gas concentration. Repeated dosing experiments have shown that reve
and reproducible sensing action occurs provided that a threshold concentration is not exceeded. The recovery of the original opti
spectrum can be accelerated with moderate heat treatmé@ {@010 min). Ageing experiments have shown that the basic response of the
monolayer is not effected over a time period of at least 5 morth$998 Elsevier Science S.A. All rights reserved
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1. Introduction gradual degradation of the sensing film. In this paper, a

substituted porphyrin compound is used to detect chlorine
Electronic interactions occurring between adjacent gas in the concentration range 0.1-10 ppm.

extendedr-electron systems are important in various sys-

tems such as photosynthetic light harvesting entities and

molecular (semi)conductors. Examples of such materials 2. Experimental

are porphyrins and phthalocyanines which have been

shown to display environment-sensitive physical properties 2.1. Langmuir and Langmuir—Blodgett (LB) film

[1]. In particular, several metal phthalocyanines have preparation

attracted interest as a result of the sensitivity of their resis-

tivity to low concentrations of toxic gases such as nitrogen  The porphyrin studied is a metal-free sulfonamido-

dioxide [2]. Relatively little attention, however, has been phenyl porphyrin (t-SAP-P) whose chemical structure is

paid to the detection of chlorine gas using organic sensing shown in Fig. 1a. Its synthesis has been described pre-

agents. Utilisation of the optical absorption spectrum as a viously [4]. t-SAP-P was spread on the subphase surface

sensing parameter is attractive, since sample preparation igpure water, pH 6.0, Z&) from a solution of concentration

extremely straightforward and does not involve the fabrica- 0.08 mg mT* in chloroform. The surface pressure—area iso-

tion of intricate interdigitated electrode patterns usually therm was recorded using a constant-perimeter Langmuir

necessary in conductometric sensors [3]. This simple trough using a compression rate [6f cnf s* (maximum

approach demands lower electrical power than its resistive trough area= 900 cnf).

counterpart which requires the continual passage of electri-

cal current through the sample itself. This can result in 2.2. Exposure to chlorine gas

A purpose-built gas chamber and chlorine gas generator
* Corresponding author. Tel.: +44 114 2224280; fax: +44 114 2728079; were used in conjunction with a multi-channel photodiode
e-mail: t.richardson@sheffield.ac.uk array spectrophotometer (Otsuka Electronics, Japan) in
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order to study the optical response of the LB monolayers dramatic emergence of a new band at 455 nm which reaches
upon exposure to low concentrations of chlorine. Fig. 2 nearly half its final intensity after only 30 s. The band at 455
shows the experimental arrangement. Electrolysis of 2 M nm shifts slightly to higher wavelength during the exposure;
aqueous HCl results in the generation of chlorine gas which this minor effect is presently not understood. Another band
is blown into the sample chamber by a motor-driven fan. at (660 nm also grows in intensity during the exposure. A
Three commercially available chlorine sensors (CiTiCell) logarithmic plot of the normalised Soret band absorbance
surround the LB film in the sample chamber to ensure an (i.e. Inly = loge (absorbance at tim#initial absorbance at
representative chlorine concentration is measured. A feed-t = 0) versus time shows that a well-defined initial rate con-
back connection between the sensor outputs and the powestant characterises the gas response over the first 60 s but
supply to the electrolysis cell enables the preset chlorine then the kinetics become more complex. Clearly the kinetic
concentration to be maintained throughout each experiment.process needs to be modelled in detail, but for the purpose of
The fast photodiode array means that several spectra (overcomparison, the constakis useful and within the scope of
the wavelength range typically 350—800 nm) were averaged this short paper. A similar study for a monolayer deposited
in under 0.5 s corresponding to each measurement. Thein the high pressure region (16 mN hshows the same
spectral changes were monitored typically over a 30-min features although they are much less pronounced (Fig. 3b).
time period during exposure, even though saturation often The deposition pressure at which the highest initial rate
occurred much sooner. The recovery in air of the optical constant occurs and for which the Soret band intensity
spectrum after exposure was also monitored at ambient tem-falls to 50% of its original value in the shortest time period
perature [R0°C) and at 60C. Repeated dosing experiments of only 60 s is 8 nM m". The corresponding half-intensity
were performed by initially exposing the monolayer to time periods for monolayer samples deposited at surface
chlorine for 10 min followed by a long time period for pressures at or above 16 mNnare at least an order of
recovery. A second exposure to chlorine was exacted 20 hmagnitude longer. This suggests that the porphyrin mole-
after the initial exposure and so on. Long-term ageing cules are most susceptible to adsorption when deposited at a
experiments involved storing an unexposed monolayer
film in the dark under ambient conditions for a 5-month
time period and then comparing its response and recovery
characteristics to a freshly prepared monolayer.

a

3. Results and discussion

3.1. Surface pressure—area isotherm

The surface pressure—area isotherm, given in Fig. 1b,
shows that three distinct phases are observed. At high area R
per molecule, the surface pressure rises gradually to 11 mN
m™* (the low-pressure region) at which point there occurs a ®)
phase transition to a plateau region. A second phase transi-
tion occurs at 12 mN M to a less compressible phase (the
high-pressure region). Deposition occurred on withdrawal
of the substrate (glass plate) through the air/water interface o L Collape 2
throughout the low- and high-pressure regions. The deposi- [ oo e s ]
tion speed was 4 mm mith Earlier orientation studies using !
polarised optical spectroscopy [5] indicated that at low pres-
sure the porphyrin molecules lie flat and plate-like at the
water surface, and at high pressure the molecules are forced
into a tilted arrangement with the central tetraphenyl por-
phyrin core at approximately 3@ the plane of the surface.
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3.2. Dependence of the gas response on the deposition
surface pressure

0 0.5 t 1.5 2 25 3
Fig. 3a shows the gas response for a monolayer deposited Molecular Area (im’)

_l . .
at8 mN m™ (low p_ressure region) during exposure to 5 ppm Fig. 1. (@) Chemical structure of metal-free tetra-sulfonylamidophenyl
chlorine. A selection of spectra are shown over the 30—m|n porphyrin (t-SAP-P); (b) Surface pressure—molecular area isotherm for t-
exposure. Clearly the Soret band at 420 nm falls with the sap-p.
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Chlorine Optical Chamber to the cross-sectional area of the flat porphyrin disk. When
Posing Unit o detector : organised in this way, the centres of the porphyrin rings are
in the most accessible orientations with respect to incoming
sensor sensor B gas molecules.

optical fibres

1
—
4

fan

optical fibre 3.3. Concentration dependence of the initial response rate
constant and the extent of recovery

sensor C

Fig. 4a depicts the variation in the initial rate constant as a
clectrolysis cell  Visible light source ® %’:‘%}lﬁicum function of chlorine concentration for monolayer films
. deposited at 8 mN m. The rate constant rises approxi-
mately linearly over the 0—2 ppm range, above which it
saturates. Although this plot represents only the initial
surface pressure (8 mNH)just below the first major phase  response, Fig. 4b shows that the percentage total change
transition of ther—A curve. At this pressure the area per in Soret band absorbance ({absorbance at saturation/initial
porphyrin molecule i$2.3 nnf, which corresponds closely — absorbance}x100) follows the same dependence on con-

Fig. 2. Experimental arrangement for chlorine gas testing using in-situ UV-
visible spectroscopy.
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Fig. 3. Optical absorbance during exposure to 5 ppm chlorine and corresponding logarithmic plot of normalised absorbance of Soret band veraus time f
monolayer film of t-SAP-P deposited at (a) 8 mN*rand (b) 16 mN rit.
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Fig. 4. Concentration dependence of (a) the initial rate condtaand (b)
percent reduction in the Soret band intensity for a monolayer film of t-
SAP-P deposited at 8 mNTh

centration. This confirms that the initial rate constant is a
good indicator of the total gas response for these films.

3.4. Repeated dosing

The effect of repeatedly dosing monolayer films depos-
ited at 8 mN m" with 2 ppm chlorine is shown in Fig. 5a for
five consecutive doses each interspersed with a 20-h time
period to facilitate full recovery (at room temperature). The
y-axis (r) shows the relative change (compared to the Soret
band) in the 455 nm peak versus time for both the response
and recovery regimes. Encouragingly, reproducible beha-
viour is observed. However, the characteristics for three

consecutive doses at a higher gas concentration show that

the second and third doses yield a much less dramatic opti-
cal response than the initial exposure to chlorine. This sug-
gests that exposure to high concentrations of chlorine leads
to irreversible quenching of gas adsorption sites which are
no longer able to contribute to the integrated optical
response during further dosing.

3.5. Accelerated recovery after heat treatment
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tions at pre-response, response and recovery stages has been
reported previously [6—10]. Here, the effect of heating the
porphyrin monolayers to 6C during recovery will be
discussed. Fig. 6a shows the spectral changes during a
900-s recovery period for (i) an unheated monolayer and
(ii) a monolayer heated to 8CQ. The logarithmic plots in

Fig. 6b indicate that the return of the Soret baihd {owards

its original intensity occurs at a much faster rate at elevated
temperature compared to the recovery at ambient tempera-
ture and that recovery is complete after oAlk00 s. Simi-
larly, the disappearance of the 455 nm bahg {s much
faster at 60C and is complete df200 s. The acceleration in

the recovery process from several hours to 100 s by moder-
ate heating is staggering and is very encouraging for the
future development of these materials as sensors.

3.6. Effect of ageing

The effect of long-term storage at room temperature in
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Fig. 5. Logarithmic plot of 455 nm band intensity (relative to Soret band
] ) _ intensity) versus time for (a) five consecutive doses of 2 ppm chlorine and
The use of elevated temperature in gas sensing applica-(b) three consecutive doses of 10 ppm chlorine.
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Fig. 7. Comparison of the chlorine gas response of fresh and aged (5 months) monolayers of t-SAP-P. Logarithmic plot of (a) normalised Soret absorb:z
and (b) 455 nm band absorbance (relative to Soret band intensity) as a function of time.

the dark on the gas response was investigated. Fig. 7 showgration range 0—2 ppm before saturation. Repeated dosing
the intensity changes for (i) the Soret band and (ii) the 455 experiments have shown that reversible and reproducible
nm peak. The characteristics for the aged (5 months in thesensing action occurs provided that a threshold concentra-
dark at atmospheric pressure and room temperaturetion is not exceeded. Moderate heat treatment@@r 10
(20°C)) and freshly prepared samples are similar; the min) brings about the recovery of the original optical spec-
main difference is that the onset of the response takes longettrum in only (1100 s compared with several hours at room
to occur for the aged sample. temperature. Ageing experiments have shown that the basic
response of the monolayer is not effected over a time period
of at least 5 months.
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