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A covalently assembled monolayer of 5,10,15-tri{p-[9-methoxy-tri(ethyleneoxy)]phenyl}20(p-hydroxy-
phenyl)porphyrin molecules on a silica substrate was fabricated and characterized by X-ray photoelectron
spectra, AFM images, and UV-vis measurements. In addition, its [H3O+] optical sensing behavior was
studied and compared to that of the parent water-soluble star polymer 5,10,15,20-tetrakis{p-[ω-methoxy-
poly(ethyleneoxy)]phenyl}porphyrin having∼40 repetitive units in each of the poly(oxyethylene) branches.
Upon immersion in increasingly acidic solutions, the UV-vis absorbance spectra of the porphyrin-
assembled monolayer show the gradual disappearance of the Soret band at 427.2 nm and the progressive
increase of a new band at 459.1 nm. In strongly acidic solutions (pH 1.0), the spectrum is substantially
dominated by the new band and remains unchanged even with more acidic solutions. The simple washing
with water and drying under a N2 gas stream totally recovers the starting Soret signal. The presence of
Mn(II), Co(II), Ni(II), Cd(II), or Pb(II) ions in water solution does not interfere with the behavior of the
present optical acid pH meter. In contrast, the presence of Hg(II), Cu(II), or Zn(II) ions changes the
pH-metering performance due to formation of metal-porphyrin complexes as revealed by UV-vis and
MALDI-TOF measurements of metal-containing solutions of the similar 5,10,15,20-tetrakis{p-[ω-methoxy-
poly(ethyleneoxy)]phenyl}porphyrin with∼17 repetitive units in each poly(oxyethylene) branch.

Introduction

pH monitoring has important applications in many dif-
ferent fields ranging from environment monitoring (waste,
river and seawaters, acid rain) to biological, medical,
analytical, and industrial chemistry.1 Many pH-metering
systems have already been proposed mostly based on
electrochemical measurements.1 Optical techniques are par-
ticularly appealing since they can be combined with optic
fibers for remote sensing. Such methods require indicators
exhibiting pH-dependent variations in absorption or emission
and a suitable matrix material to allow immobilization of
the indicator.

As a part of ongoing studies on the synthesis of hybrid
inorganic/organic nanomaterials via the engineering of
inorganic surfaces by covalent bonding of organic mol-
ecules,2 we recently reported earlier results on the first
fabrication of an optical acid pH meter based on a porphyrin
(P1) monolayer covalently assembled (CAM) on a molecu-
larly engineered silica surface (called P1-CAM).2b

In this context, it is worthy remembering that porphyrin
molecules have been mainly involved in molecular recogni-

tion applications.3-7 Moreover, some optical pH sensors
based on thin films containing different dyes have already
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been reported.8,9 Among these, few papers regard the
application of porphyrins as pH sensors and none of them
deals with a covalently assembled porphyrin monolayer.8,9

In fact, the few reported studies focus on incorporation of
porphyrin into sol-gel materials,9a protonation of porphyrins
in liquid PVC membranes,9b electrostatically immobilized
porphyrin on the surface of sulfonated polystyrene,9c por-
phyrin-coated platinum electrodes,9d and electropolymerized
cobalt porphyrin.9e

In this paper we focus on the 5,10,15-tri{p-[9-methoxy-
tri(ethyleneoxy)]phenyl}20(p-hydroxyphenyl)porphyrin (here-
after P1). This chromophore (see Figure 1a) shows a very
high molar absorbance coefficient (1.42× 105 in THF), a
good affinity toward [H3O+] (vide infra), and some hydro-
philic character due to the three 9-methoxy-tri(ethyleneoxy)
chains covalently bounded in the peripheral positions of the
porphyrin.10,11 Therefore, we extend our preliminary results
and report on the full characterization of this P1-CAM
system and on pH-sensing capabilities in metal-cation-
containing solutions.

Experimental Details

The porphyrins were synthesized by condensation reactions
between appropriate quantities of the sodium salt of 5,10,15,20-
tetrakis(p-hydroxyphenyl)porphyrin and either CH3-(O-CH2-
CH2)3-Cl (in the case of P1)10 or a poly(oxyethylene)methyl ether
chloride [CH3(OCH2CH2)nCl] having a narrow polydispersion
(∼1.07) and an average molecular weight (Mw) of 750 (for P3) or
2000 (for P2) Da (with∼17 or∼40 repetitive units, respectively,
in the chain).10 These compounds were purified and characterized
as already reported.10 The pure sodium salt of P1 was obtained by
reacting a tetrahydrofuran (THF) porphyrin solution with a sto-
ichiometric amount (relative to the four-OH groups) of a methanol

solution of sodium-tert-butoxide and removing in a vacuum THF,
methanol, andtert-butylic alcohol formed during the reaction.

Three successive steps were adopted for the synthesis of the P1-
CAM (Figure 1b).2,12 Fused silica substrates (i) were first cleaned
with “piranha”solution (c H2SO4:30% H2O2 70:30 (v/v)) at 80°C
for 1 h and then left to cool to room temperature.2,12 They were
repeatedly rinsed with double-distilled water and immersed in a
H2O:30% H2O2:NH3 5:1:1 (v/v/v) mixture at room temperature for
40 min.2,12 Then they were washed with double-distilled water and
dried under vacuum immediately before deposition of the coupling
agent. All the following sample manipulations were performed in
a glovebox under inert N2 atmosphere. Therefore, (ii) freshly
cleaned substrates were immersed, at room temperature for 20 min,
in a 1:100 (v/v)n-heptane solution of the chemisorptive siloxane,
trichloro[4(chloromethyl)phenyl] silane, to afford a monolayer of
the coupling agent (CA).2,12Then they were washed with a copious
amount ofn-pentane and sonicated in acetone for 1 min to remove
any physisorbed CA. Moreover, (iii) the silylated substrates were
immersed in a 5× 10-3 M THF solution of P1 sodium salt and
heated to 60°C under stirring for 48 h. Finally, the substrates
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Figure 1. Schematic drawing of (a) 5,10,15-tri{p-[9-methoxy-poly-
(ethyleneoxy)]phenyl}20(p-hydroxyphenyl)porphyrin (P1) and tetrakis por-
phyrin derivatives P2 and P3. (b) P1-CAM system.
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bearing the covalently bound porphyrin molecules were cooled to
room temperature and repeatedly washed with THF to remove any
residual unreacted porphyrin.

Molecular monolayer characterization has been carried out with
small-spot X-ray photoelectron spectroscopy. This technique is ideal
since it allows high vertical resolution and gives information on
the bonding states of the grafted molecules. In particular, X-ray
photoelectron spectra (XPS) were measured at a 90° takeoff angle,
relative to the surface plane, with a PHI 5600 Multi Technique
System (base pressure of the main chamber 2× 10-10 Torr) which
offers good control of the electron off-take angle.2a,13-14 The
spectrometer is equipped with a dual-anode X-ray source, a
spherical capacitor analyzer (SCA) with a mean diameter of 279.4
mm, and an electrostatic lens system Omni Focus III. The nominal
analyzer resolution was set to 400 meV. Samples were mounted
on Mo stubs. Spectra were excited with Al KR radiation. Structure
due to satellite radiation has been subtracted from the spectra before
data processing. The XPS peak intensities were obtained after
Shirley background removal.15 Procedures to account for steady-
state charging effect have been described elsewhere.13,14 Freshly
prepared samples were quickly transferred from the glovebox under
N2 atmosphere to the XPS main chamber. Experimental uncertain-
ties in binding energies lie within(0.5 eV.

Morphological characterizations were performed by atomic force
microscopy (AFM) measurements with a Solver P47 NTD-MDT
instrument in semi-contact mode (resonance frequency 150 Hz).
The noise level before and after each experiment was 0.01 nm.2c

UV-vis measurements were performed using a UV-Vis-1601
Shimadzu spectrophotometer. Experimental uncertainty lies within
(0.5 nm. UV-vis scans in the 375-510 nm range were carried
out after a 20 s immersion of the P1-CAM in a given HCl solution
(pH values between 5 and 1.0, starting from a solution at pH 6.0
obtained using high-purity Aldrich H2O) at 25°C and drying the
quartz surface with a purified N2 stream. HCl solutions at different
pH values (5.0-1.0 range) were prepared and tested by a pH meter
(Metrohm model 691) equipped with a combined glass electrode
(Metrohm model 6.0202.100).

MALDI-TOF mass spectra were measured by a Voyager DE-
STR instrument (PerSeptive Biosystem) using a delay extraction
procedure (25 kV applied after 2600 ns with a potential gradient
of 454.54 V/mm and a wire voltage of 250 V) and detection in
linear mode.16 The instrument was equipped with a nitrogen laser
(emission at 337 nm for 3 ns, 50 Hz) and a flash AD converter
(time base 2 ns).trans-3-Indoleacrylic acid was used as a matrix.
For MALDI measurements the water metal/porphyrin solutions were
dried by a nitrogen flow and successively under vacuum at 40°C.
The residue was then dissolved in CH2Cl2, mixed with the matrix,
and loaded in the sample plate. The mass spectrometer calibration
was performed as already reported.17 Spectra were corrected for
the offset and baseline.18 Because of the isotopic composition,
molecular species were detected in the mass spectra as clusters of
peaks. To simplify their assignments,m/z values reported in the
spectra and in the text are referred to the peak of each cluster

corresponding to the ion containing the most abundant isotope of
each element.

Results and Discussion

Normal emission core-level photoelectron spectra of the
P1-CAM are shown in Figures 2 and 3. The C 1s peak
(Figure 2a) lies at 284.8 eV binding energy (BE). The N 1s
signal (Figure 2b) consists of a broad peak at 399.8 eV with
a lower binding energy (398.1 eV) shoulder. These features
account for the two kinds of nitrogen in the free porphyrin
base.2b,6a The Si 2p signal at 103.3 eV (Figure 3a) shows a
symmetric shape with a BE typical of SiO2 substrates, which
does not require any further discussion. The O 1s peak
(Figure 3b) lies at 532.9 eV. O 1s BEs for ether linkages
are expected at values similar to that due to the silica
substrate.19-21

AFM measurements of P1-CAMs (Figure 4) show
densely packed features having a “mountain” shape with a
2.38 Å surface mean roughness.
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Figure 2. Al K R excited XPS of the P1-CAM, at a 90° photoelectron
takeoff angle, in the (a) C 1s and (b) N 1s energy regions. Structures due
to satellite radiation have been subtracted from the spectra.

Figure 3. Al K R excited XPS of the P1-CAM, at a 90° photoelectron
takeoff angle, in the (a) Si 2p and (b) O 1s energy regions. Structures due
to satellite radiation have been subtracted from the spectra.
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The UV-vis spectrum of the P1 6× 10-5 M THF solution
(Figure 5a) shows a characteristic sharp Soret band at 421.5
nm and satellite Q-bands at 517.7, 554.2, 596.2, and 655.5
nm. Analogously, the UV-vis spectrum of the resulting P1-
CAM (Figure 5b) shows high-quality signals at 427.2, 519.9,
560.8, 596.1, and 654.7 nm. Using the Beer-Lambert law,
A ) εlc, whereA is the absorbance andε, l, andc are the
extinction coefficient, thickness of film, and concentration
of the film, respectively, one can calculate the surface
coverage,dsurf ) Aε-1.7f The calculated7f density of porphyrin,
molecules/cm2, in various synthesized P1-CAM is in the
1.67 × 1012 to 1.95 × 1013 range. Thus, the present
covalently bound porphyrin monolayer is densely packed.

The optical (UV-vis) pH-sensing capability of the por-
phyrin was first tested in solution as a blank reference. In
fact, P1 does not dissolve in H2O; therefore, UV-vis spectra
of two aqueous 5× 10-5 and 4× 10-8 M solutions of the
close parent water-soluble porphyrin derivative, namely, the
5,10,15,20-tetrakis{p-[ω-methoxy-poly(ethyleneoxy)]phenyl}-

porphyrin (hereafter called P2), were measured upon varying
the pH with HCl. P2 is a star polymer with four poly-
(oxyethylene) branches, each constituted of∼40 oxyethylene
repetitive units with an average molecular mass of about 2000
Da.

The UV-vis spectra show a Soret band at 421.7 nm and
satellite Q-bands at 521.1, 559.8, 599.5, and 652.5 nm
(Figures 6). The fwhms of the starting Soret signals are 26.6
and 14.8 nm for the 5× 10-5 M (Figure 6a) and 4× 10-8

M (Figure 6b) solutions, respectively. The broadening of the
Soret band, upon increasing the porphyrin solution concen-
tration, is clearly related to some intermolecular self-
aggregation phenomenon and causes a sizable dependence
of the molar extinction coefficient upon the solution con-
centration. Thus, theε value is 2.52× 105 in the 5× 10-5

M solution and slightly larger (3.38× 105) in the 4× 10-8

M solution.
Laser scattering experiments with water solutions (g1 ×

10-4 M) of porphyrin derivatives with poly(oxyethylene)
branches in the 8-120 repetitive units range have shown
that fractal aggregation occurs only for porphyrins with
branches of∼8 repetitive units.11 Nevertheless, FT-IR
measurements on present star polymers pointed to the
presence of some dimeric J- and H-form aggregates forg1
× 10-4 M water solutions even for the derivative with
branches of∼17 repetitive units.22,23In addition, small angle
neutron scattering (SANS) experiments have shown that
shorter poly(oxyethylene) branches favor self-aggregation of
star polymers.22 From all these observations it, therefore,
turns out that this phenomenon is scarcely present in the 5
× 10-5 M P2 solution while it can be considered absent in
the 4× 10-8 M solution.

(22) Crupi, V.; Giordano, R.; Majolino, D.; Migliardo, P.; Venuti, V.;
Micali, N.; Villari, V.; Mineo, P.; Vitalini, D.; Scamporrino, E.Mol.
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Figure 4. Typical AFM image of the representative P1-CAM.

Figure 5. UV-vis spectra of (a) 6× 10-5 THF P1 solution (carried out
using 0.1 cm quartz cuvettes) and (b) P1-CAM.
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Titration experiments with HCl suggest that the Soret band
at 421.7 nm suffers a red shift in acidic conditions. Thus,
UV-vis spectra show that the Soret and Q-bands are less
intense upon decreasing the pH of solutions (Figures 6) while
two additional bands at 448.8 and 683.9 nm (the latter outside
the range of Figure 6b) increase. Both the intensity ratio
between the 448.8 and 421.7 nm bands and the residual
percent of Soret band intensity (relative to the initial intensity
value at pH 6 obtained with the highest pure Aldrich H2O)
depend on pH values and can be used as pH indicators. Thus,
residual absorbances of 86%, 74%, 39%, 22%, 15%, 12%,
8%, 6%, and 2% can be measured at pH) 5.0, 4.5, 4.0,
3.5, 3.0, 2.5, 2.0, 1.5, and 1.0, respectively. These results
refer to the 4× 10-8 M solution. Even more interesting,
there is evidence of a total reversibility upon adding NaOH.
No variations of the Soret intensity have been observed for
basic pH values. This overall result agrees well with the
almost unique report on a similar system and points to a
reversible protonation of the porphyrin.9a

In the more concentrated 5× 10-5 M solution, where some
aggregation could occur, repulsive interactions between
positively charged molecules after protonation of nitrogen
sites of porphyrin result in a molecular dis-aggregation.11,22-23

This observation is tuned well with the increased intensity
of the new Soret band, upon decreasing the pH value, beyond
that observed in the reference solution at pH 6 (Figure 6a).

In this respect the possible use of the P1-CAM as a pH
optical sensor has been tested. Therefore, UV-vis spectra

have been measured after immersion (20 s) in acid solutions
(pH 6.0-1.0) and drying with a purified N2 stream. After
every measurement, the system was washed with double-
distilled water before immersion in more acidic solutions.
The inset in Figure 7 shows the changes of the UV-vis
absorbance spectra of the P1-CAM.

It becomes evident that the Soret band at 427.2 nm
progressively disappears, whereas a new band at 459.1 nm
grows in. In particular, at pH 1.0, the spectrum is almost
dominated by the new band and remains unchanged for more
acidic solutions. Remarkable enough, a simple washing
procedure (20 s) and drying under a N2 gas stream totally
recovers the starting Soret band (dashed line in the inset of
Figure 7).

Figure 7 shows the intensity of the Soret band vs pH for
both P2 solution and P1-CAM. It is clear that, once
calibrated against standard solutions, the residual (relative
to the pH 6 reference) Soret band intensity of the P1-CAM
can be used to monitor the pH. Thus, residual absorbances
of 86%, 51%, 46%, 42%, 38%, 33%, 30%, 25%, 20%, 16%,
and 12% have been measured at pH) 5.0, 4.0, 3.5, 3.4,
3.0, 2.5, 2.3, 2.0, 1.8, 1.2, and 1.0, respectively. Moreover,
the system shows a reliable reversibility during iteration of
several acid immersion and washing/drying cycles.

The P1-CAM optical pH sensor behavior has been further
investigated with other acids, such as H2SO4, HNO3 (at pH
1, 3, and 5), or CH3COOH (at pH 3.5 and 5), to detect
possible anion interferences. No relevant changes have been
detected.

Figure 6. Three-dimensional UV-vis spectra of the aqueous solutions of
(a) 5× 10-5 (scan range 325-800 nm; 0.1 cm quartz cuvettes) and (b) 4
× 10-8 M (scan range 375-500 nm) P2 upon decreasing the pH value
from 6.0 to 1.0.

Figure 7. Soret band intensity trends, for a set of measurements, for both
P2 4× 10-8 M solution and P1-CAM. Inset: UV-vis spectra of the P1-
CAM (scan range 375-510 nm) after immersion in solutions at different
pH values and drying. The dashed line refers to the spectrum of the P1-
CAM recovered with a simple washing procedure and drying under a N2

gas stream.
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Similarly, possible interferences due to metal ions have
been investigated. Therefore, some blank tests have been
performed using a soluble 5,10,15,20-tetrakis{p-[ω-methoxy-
poly(ethyleneoxy)]phenyl}porphyrin (called P3), where each
of the four poly(oxyethylene) branches hasMw ≈750 Da,
corresponding to∼17 repetitive units. The choice of P3
(instead of P2) has been suggested by the lower molecular
weight that favors a better mass resolution, inversely
proportional to the time-of-flight, in MALDI-TOF experi-
ments.

Note that the fwhm of the P3 Soret band (32.7 nm) is
only slightly broader than that of P2 (26.6 nm) in 1× 10-5

M water solutions. Therefore, we feel confident that molec-
ular aggregations are similar in both cases, thus rendering
transferable the related results.

In particular, identical volumes of 1× 10-5 M P3 and 1
× 10-4 M metal nitrate or acetate (Aldrich reagents) aqueous
solutions have been admixed at room temperature to obtain
a porphyrin/metal ion 1:10 molar ratio.

In the case of Mn(II), Co(II), Ni(II), Cd(II), or Pb(II), no
significant differences have been found in the P3 absorbance
spectrum.24 Moreover, the UV-vis spectra upon decreasing
the pH are identical to those of the P2 system reported in
Figure 6a. This indicates that P3 behaves as P2 and its pH
response is not influenced by the presence of the mentioned
cations.

By contrast, dramatic changes of the UV-vis spectrum
of the P3 water solution in the presence of Hg(II) ions (Figure
8, red line) have been observed. In particular, the Soret band
red shifts at 438.3 nm and shows two shoulders at 421.7
and 452.5 nm. Moreover, only one broad Q-band is now
evident. All these features point to the contemporary presence
of the metal-free porphyrin and, at least, two Hg-porphyrin
species. This hypothesis was further confirmed by positive
MALDI-TOF mass spectra. Thus, in the case of the
mentioned P3/Hg(Ac)2 water solution (Figure 9a), the
MALDI-TOF mass spectrum consists of two couples of
peaks series. The first includes peaks atm/z 2928 + n44
and 2950+ n44 (wheren ) 44-80) corresponding to the
AcHg-P3 (Mn) molecular ions (in which the AcHg
fragment substitutes for one H in the porphyrin core),
detected asMnH+ (/) and MnNa+ (b), respectively. The
second represented by peaks atm/z 2957+ n44 and 2979
+ n44 corresponding to Hg-P3 (Mn) molecular ions (where
Hg substitutes for both H atoms in the porphyrin core),
detected asMnH+ (#) andMnNa+ (]), respectively. Unfor-
tunately, signals corresponding to [P3]Na+ and [AcHgP3]-
H+ species overlap.

The UV-vis features, in terms of both number of Q-bands
and shift of the Soret band (Figure 8), all agree well with
theoretical and experimental data already reported for met-
alloporphyrins.25 Thus, while the porphyrin free base shows
four clear visible Q-bands, metalloporphyrins show two of
them. Therefore, in the present HgP3 complex the broad
envelope centered at 627 nm accounts for the contemporary
presence of some metal-free porphyrin and the two Q-bands
of the two Hg-porphyrin species: AcHg-P3 and Hg-P3.
The extra band observed at 355.6 nm strongly parallels that

(24) Formation constant of metal-porphyrin complexes are rather large
because of the macrocyclic effect. Nevertheless, rather low reaction
kinetics can be observed at room temperature for many cations.
Therefore, the behavior observed in the case of Mn(II), Co(II), Ni-
(II), Cd(II), or Pb(II) should be due to this second reason.

Figure 8. UV-vis spectra of the P3 (1× 10-5 M solution, black line)
solution obtained mixing equal volumes of P3 (1× 10-5 M) and Hg2+ (1
× 10-4 M) solutions (red line), P3 (1× 10-5 M) and Cu2+ (1 × 10-4 M)
solutions (green line), and f P3 (1× 10-5 M) and Zn2+ (1 × 10-4 M)
solutions (blue line). Inset: expanded scale of the Q-band region.

Figure 9. MALDI-TOF spectra of the species contained in (a) Hg2+-
containing P3 water solution, (b) Cu2+-containing P3 water solution, and
(c) Zn2+-containing P3 water solution.
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calculated by Petke et al.26 using ab initio SCF-MO on MgP
and confirmed Gouterman et al. on Zn(TFPP).25a

A similar behavior has been observed in the case of either
Cu(II) or Zn(II) solutions. In the Cu(II) case, the UV-vis
(Figure 8, green line) shows a blue-shifted Soret band at
409.8 nm25 and some changes in the Q-band region (Figure
8). These data indicate the formation of a Cu-porphyrin
complex, in agreement with MALDI results which show
(Figure 9b) a couple of peaks atm/z 2732+ n44 and 2754
+ n44 (n ) 44-80 range), corresponding to Cu/P3 (Mn)
molecular ions (in which a Cu atom substitutes for both two
porphyrin core H atoms), detected asMnH+ (/) andMnNa+

(b), respectively.
Finally, the Zn(II)-containing solution shows a red shift

of the Soret band at 427.5 nm associated to some variations
in the Q-band region (Figure 8, blue line). Its MALDI
spectrum (Figure 9c) consists of two peaks atm/z 2734+
n44 and 2756+ n44 (n ) 44-80 range), corresponding to
Zn/P3 (Mn) molecular ions, detected asMnH+ (/) andMn-

Na+ (b), respectively (unfortunately,m/zvalues of [Zn/P3]-
H+ species are coincident with those of [P3]Na+).

There is, therefore, evidence that the P1-SAM perfor-
mance could be hampered in the presence of Hg(II), Cu(II),
and Zn(II) ions because of the formation of porphyrin
complexes that are “poisoning” for the pH optical response.
Moreover, in the acid pH range presently investigated no
metal-ion displacement is observed.

Therefore, the optical pH-sensing behavior of the P1-
CAM was further tested in Mn(II), Co(II), Ni(II), Cd(II), or
Pb(II) solutions below pH 6. As expected, no UV-vis
differences have been observed relative to metal-free acidic
solutions. By contrast, 30 min exposure of the P1-CAM to
a 1 × 10-4 M Cu2+ water solution (Figure 10) results in a
blue-shifted Soret band at 416.6 nm (427.2 nm in the original
P1-CAM) and signals at 539 and 595 nm in the Q-band
region. All these features agree well with those observed
for the Cu (II)/P3 solution (Figure 8) and are again well tuned
with the formation of a Cu/(P1-CAM) complex. Therefore,
as expected, the presence of Cu2+ ions hampers the P1-
CAM optical pH-meter performance.

Conclusion

A novel covalently assembled porphyrin monolayer P1-
CAM has been obtained and characterized by UV-vis, AFM,
and XPS measurements. It has proven to be highly sensitive
to variation of pH values below 6 with a sensitivity of 0.1
pH units. This renders the system a well-suited, fast, and
reversible optical pH meter (in the 1-6 pH range). The
presence of Mn(II), Co(II), Ni(II), Cd(II), or Pb(II) ions in
water solution does not interfere with the sensing capability,
while the presence of Hg(II), Cu(II), or Zn(II) ions hampers
the P1-CAM performance because of metal-porphyrin
complex formation. Dilute P2 solutions are also of interest
in pH sensing. Further studies are in progress to probe the
influence of other metal ions as well as other chemicals.
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Figure 10. UV-vis spectrum of the P1-CAM after 30 min immersion in
a 1 × 10-4 M Cu(NO3)2 water solution.
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