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ARTICLE INFO ABSTRACT

Keywords: A polymer-based sensor incorporating porphyrin species as the sensing unit, which makes it able to detect
Porphyrin different volatile organic compounds (VOCs) of environmental and industrial relevance, was developed by
Polyetherformal

synthesizing copolyetherformals with metalloporphyrin units in the main chain. Particularly, the Zinc and Cobalt
-porphyrins were produced by metalation of the porphyrin moiety into the copolyetherformal. The structural and
chemical-physical features of the obtained systems were investigated by means of MALDI-TOF mass spectrom-
etry, gel permeation chromatography, UV-Vis, fluorescence and nuclear magnetic resonance spectroscopies, as
well as thermoanalyses techniques. The sensing properties of the copolymers were evaluated in toluene solutions
and in solid-state thin film. In solution, the zinc-porphyrin-containing copolymer exhibited a linear response in
the range of 60 pM to 0.7 mM for pyridine and approximately 1.1 pM-60 pM for piperidine. The cobalt-
porphyrin-containing copolymer exhibited a linear response in the range of approximately 0.3 pM-30 pM for
pyridine and about 0.09 pM-18 pM for piperidine. The performance of the sensors was further investigated in the
solid state by exposing the thin films of the copolymer sensors to VOCs, showing sensing features towards the
amine species and no sensing activity towards the ethers and aromatic nonpolar species. These findings underline
the potential of metalloporphyrin-polymeric systems as versatile and highly sensitive materials for VOCs optical

Optical sensing

Volatile organic compounds
Amine

Polymeric sensor

sensing applications.

1. Introduction

The detection of Volatile Organic Compounds (VOCs) is of critical
importance in environmental monitoring and industrial applications
due to their ubiquitous presence and potential health hazards [1,2].
Among VOCs, amines are extensively emitted from anthropogenic ac-
tivities such as animal husbandry and biomass combustion [3,4], as well
as the food industry [5,6]. Their emission into the troposphere facilitates
interactions with water and particulate matter, which supports their
global diffusion through multiple pathways [7]. Considering their
widespread presence and potential environmental impacts [8,9], the
development of efficient and selective sensing systems for amines is
imperative. Furthermore, biogenic amines typically originate in foods
through the decarboxylation of amino-acids, resulting in a variety of
hazardous substances [10] that could affect human health, thereby
underscoring the importance of their rapid detection [11-13].

Porphyrins and metalloporphyrins constitute a class of macromole-
cules that have garnered significant attention in various scientific fields
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[14-16], particularly in the development of sensing applications
[17-21]. These compounds are recognized for their remarkable optical
and electronic properties, which exhibit high sensitivity to interactions
with various chemical species [21-23]. Their versatility stems from their
ability to coordinate metals within the porphyrinic core, thereby
altering their chemical, electronic, and optical properties. Metal-
loporphyrins, thanks to their ability to interact with electron-donor
molecules, thereby inducing substantial alterations in their absorption
and/or emission spectrum, acts as molecular sensors proficient in
detecting a broad spectrum of analytes across environmental, industrial,
and biological contexts [17,24-27].

Among the various metal ions that can be incorporated into the
porphyrinic core, Cobalt and Zinc are two of the most studied. Cobalt-
porphyrin complexes are renowned for their pronounced affinity for
nitrogen-containing ligands, which facilitates their function as effective
sensors for amines and related compounds [28]. Conversely,
Zinc-porphyrin complexes are notable for their optical features,
although they tend to be less efficient in coordination chemistry than
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their Cobalt-based counterparts [29,30].

An important consideration in the development of functional sensors
using porphyrins is the requirement for materials that exhibit both sta-
bility and processability. Porphyrins present challenges in handling
when used as standalone materials due to their propensity to aggregate
[31,32], their limited solubility in numerous solvents [33], and their
insufficient mechanical properties for the formation of stable thin films
[34]. To address these challenges, an adaptable strategy may involve
embedding of porphyrins in polymeric matrices [35,36].

Polymeric matrices offer several advantages in the development of
thermoplastic filmable materials [37,38], as they function as carriers
capable of homogeneously dispersing porphyrin molecules [39]. None-
theless, when a physical mixture of a polymer with porphyrins is pre-
pared, the porphyrins may migrate within the polymer matrix, resulting
in phase segregation [40,41] which adversely affects the efficiency of
the sensor. With the objective of developing robust and filmable sensors
applicable in diverse liquid and gaseous sensing environments, a syn-
thetic strategy specifically designed to guarantee the immobilization of
porphyrins within the polymer matrix can be achieved through the
functionalization of the porphyrin peripheral position with appropriate
groups to allow its covalent bond within a polymer matrix [35,42,43]. A
useful approach is based on condensation reaction leading to
step-growth polymers, such as copolyetherformals, These are thermo-
stable polymers having good chemical and physical properties, that
were already used to produce polymeric optical sensors thanks to their
transparency in the visible wavelength region [44-46].

Furthermore, polymeric systems can be easily applied to diverse
surfaces using techniques such as spin-coating [47], dip-coating [48], or
spraying [49]. This facilitates the integration of porphyrin-based sensors
into devices suitable for applications that require sensors that are flex-
ible, durable, and capable of covering large surface areas [47].

In this study, to address the challenges mentioned above, a copoly-
formal incorporating porphyrins within the main chain was synthesized
using dibromomethane, bisphenol-A, and 5,15-(4-hydroxyphenyl)-5,20-
(diphenyl)-21H,23H-porphine as comonomers. Polymerization was
performed through an interfacial polycondensation reaction. The
resultant copolyformal exhibited thermal stability and filmability. To
enable the system to be sensitive to electron donor species, the
porphyrin moiety within the copolymer underwent metalation reactions
to yield the corresponding Cobalt- and Zinc-porphyrin complexes. The
investigation of the structural, compositional and chemical-physical
features was carried out using MALDI-TOF mass spectrometry, gel
permeation chromatography (GPC), thermoanalytical techniques, as
well as UV-Vis, fluorescence, and 'H NMR spectroscopies.

Finally, sensing features of the copolymers were verified against
polar and non-polar volatile compounds. Experimental data showed that
the copolymers can detect pyridine and piperidine, and remain inactive
towards THF and toluene.

The data obtained indicated the metalloporphyrin-polymeric sys-
tems as a potential versatile and highly sensitive materials suitable for a
wide range of VOCs sensing applications.

2. Materials and methods

Tetrahydrofuran (THF), n-hexane, ethanol (EtOH), methanol
(MeOH), water (LC-MS grade), dichlorometane (CH3Cly), chloroform
(CHCly), deuterated chloroform (CDCl3), pyridine, triethylamine (TEA),
sodium hydroxide, potassium hydroxide, dibromomethane, Tetrabuty-
lammonium bromide (TBAB), piperidine and bisphenol-A (BPA) were
purchased from Sigma Aldrich. 5,15-(4-hydroxyphenyl)-5,20-
(diphenyl)-21H,23H-porphine (P) was obtained from Frontier Specialty
Chemicals.

2.1. Polyetherformal synthesis

Polyetherformal (PEF), used as reference, was synthesized by
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interfacial polycondensation using TBAB as a phase transfer agent [50].
Briefly, sodium hydroxide (660.0 mg, 16.5 mmol), TBAB (236.0 mg,
0.733 mmol) and BPA (167.0 mg, 0.73 mmol) were solubilized in water
(5 mL). Concurrently, dibromo-methane (51 pL, 0.73 mmol) was
dispersed in toluene (5 mL). The two solutions were mixed and heated at
110 °C under vigorous stirring for 24 h. The organic phase was subse-
quently precipitated twice in acidulated methanol (40 mL of methanol
with 1.6 mL of acetic acid). The solid sample collected was dried in a
vacuum oven (80 °C, 24 h), resulting in a yield of approximately 39 %.

The copolymer, incorporating the porphyrin moiety within the main
chain and designed as PEF-P, was synthesized utilizing an analogous
methodology. In summary, sodium hydroxide (660.0 mg, 16.5 mmol),
TBAB (240 mg, 0.745 mmol), BPA (150 mg, 0.660 mmol), and P (25 mg,
0.039 mmol) were dissolved in water (5 mL) using an ultrasonic bath
treatment for 15 min at 50 °C. Separately, dibromo-methane (51 pL,
0.73 mmol) was dissolved in toluene (5 mL). The two solutions were
combined and the reaction was carried out under continuous stirring for
24 h at 100 °C. Finally, PEF-P was isolated by precipitation in acidulated
methanol (40 mL of methanol with 1.6 mL of acetic acid) and subjected
to vacuum drying for 24 h at 80 °C, resulting in a yield of about 38 %.

2.2. Metalation of the copolyether PEF-P

The metalation reaction of PEF-P was performed as reported in the
literature [51]. Briefly, PEF-P (approximately 15 mg) was dissolved in
pyridine (3 mL) and metal acetate (Co(II) or Zn(II)) was added to the
solution in appropriate amounts to obtain a porphyrin:metal molar ratio
of 1:10. The mixture was stirred under a nitrogen atmosphere and kept
at 100 °C for 24 h.

The residue, once dissolved in THF, was purified through a silica-gel
chromatography column to remove any unreacted salt. The eluate was
preliminarily dried with a nitrogen stream and then in a vacuum oven at
50 °C. To remove the residual coordinated pyridine, the copolymer was
dissolved in toluene and washed twice with diluted hydrochloric acid
using a separating funnel. The organic phase was then recovered and
dried using a nitrogen stream followed by a vacuum oven treatment at
50 °C for 24 h, yielding 97.6 % and 82.0 % for the Cobalt (PEF-PCo) and
Zinc (PEF-PZn) derivatives, respectively.

2.3. Sensing properties

The sensing properties of PEF-PCo and PEF-PZn were examined in
solution and as a solid thin film.

For solution-based assessments, the copolymeric system was dis-
solved in toluene (1 mg/mL) and then diluted to reach a concentration of
0.1 mg/mL. For solid-state tests, the copolymer (either PEF-PCo or PEF-
PZn) was deposited on a polyethylene terephthalate (PET) film (disks
with diameter ~1 cm) by solvent casting (100 pL of PEF-PMe THF so-
lution, 0.5 mg/mL), and allowed to dry overnight at 50 °C.

The resulting film was placed in the headspace of a glass vial (20 mL)
containing 100 pL of the selected pollutant. The vial was sealed and
positioned on a heating plate at 50 °C to ensure the saturation of the
headspace with the vapors of the pollutant, preventing the occurrence of
condensation phenomena. UV-visible diffuse reflectance spectroscopy
(DRS) measurements were then performed on the polymeric film to
evaluate its response following the exposure to the gaseous pollutant.
The stability of the sensor was verified through three reuse cycles: after
the exposure to the pollutant, the solid sensor was recovered through
vacuum oven treatment (1 h, 50 °C).

2.4. Instruments

MALDI-TOF mass spectra were acquired in linear mode with a
Voyager DE (PerSeptive Biosystem) and using the delay extraction de-
vice (25 kV after 2600 ns, potential gradient 454 V mm ™}, wire voltage
25V) [52,53]. The calibration of the mass spectrometer was performed
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as previously described [54]. The trans-2-[3-(4--
tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) was
used as a matrix. The data analysis was performed with the Grams/386
software (Version 3.04, Galactic Industries Corp) [55]. The m/z value
reported in the text are referred to the most abundant isotopes in the
macromolecule.

'H NMR spectra were registered at 27 °C with a "N'TYINOVA in-
strument (Varian, Agilent Technologies) operating at 500 MHz. Spectra
acquisition and processing were performed with the VnmrJ software
(Version 2.2C, Varian, Agilent Technologies). The samples were dis-
solved in deuterated chloroform and the chemical shifts were expressed
in ppm, using TMS signal as a reference.

Gel permeation chromatography (GPC) experiments were performed
using a PL-GPC 110 (Polymer Laboratories), equipped with two Mixed-D
and one Mixed-E PL-gel 5 pm columns joined in series. As detectors, a
differential refractometer connected in parallel with a UV-Vis spectro-
photometer (Hewlett Packard series 1050) were used. The analysis was
performed at 35 + 0.1 °C using THF as eluent (flow rate 1 mL min’l).
Data acquisition was performed with ASTRA software (version 6.0.1.10,
Wyatt Technology) [56]. The average molecular mass values (Mw and
Mn) were calculated using monodisperse polystyrene samples as stan-
dards (from Polymer Laboratories, mass range from 2.05 KDa to 1.2
MDa).

Thermogravimetric analyses (TGA) were performed in the temper-
ature range 50-800 °C (thermal ramp of 10 °C min™') in nitrogen at-
mosphere (60 mL min~!) using a TGA 7 equipped with a TAC 7/DX
(PerkinElmer).

Differential scanning calorimetry (DSC) measurements were per-
formed with a TA Q20 equipped with a refrigerant cooling system (RCS-
90), applying a heating rate of 10 °C min~!, in an anhydrous nitrogen
atmosphere (60 mL min_l).

UV-Vis spectra were acquired using a Cary60 UV-Vis spectropho-
tometer (Agilent Technologies), with quartz cuvettes (1 cm path length)
and THF or toluene as solvent (T = 25.0 £+ 0.1 °C). UV-Vis diffuse
reflectance Spectroscopy (DRS) spectra were recorded using a V-670
spectrophotometer (Jasco Corporation) equipped with an ISV-722
integrating sphere (Jasco Corporation). Fluorescence spectra were ob-
tained with an FP-8200 spectrofluorometer (Jasco Corporation), in
quartz cuvettes (1 cm path length) and using THF or toluene as solvent.
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The UV-Vis and fluorescence spectra were analyzed using the
Spectragryph optical spectroscopy software (version 1.2.11, Dr. F.
Menges) [57].

3. Results and discussion

The development of a polymer containing porphyrinoid species used
as the sensing element was carried out by introducing 5,15-(4-hydrox-
yphenyl)-5,20-(diphenyl)-21H,23H-porphine (P) as a repeating unit of a
copolyetherformal, named PEF-P. To optimize the optical density of the
system, the concentration of P in PEF-P was maintained at approxi-
mately 5 %mol. The polymerization was conducted through a water/
toluene interfacial reaction, using TBAB as a phase transfer agent. Spe-
cifically, P, BPA, and TBAB were solubilized in water (adjusted to pH 12,
approximately). The dibromo-methane was added to the toluene phase.
The biphasic toluene-water mixture produced was subjected to 24 h of
vigorous stirring at 100 °C in a nitrogen atmosphere (Fig. 1a). Owing to
the nature of the polymerization method and the similar reactivity of the
comonomers, it is reasonable to assume the formation of a statistical
copolymer. As a blank system, a polyether formal containing only BPA
(named PEF) was synthesized in the same way and used to assess the
effect of the porphyrin moiety on the polymer matrix (Fig. 1b).

The structure of the polymers was investigated by MALDI-TOF mass
spectrometry. The mass spectrum of PEF (Fig. S1a) shows clusters of
peaks at m/z 1223.3 + n240 (°) and 1479.5 + n240 (*) (n = 0-17,
starting from pentameric cyclic species) attributed to the cyclo-[[BPA-
CH,],] Na™ and K species, respectively. The mass spectrum of PEF-P
(Fig. S1b) shows main peaks at m/z 1139.1 +n240 (#) (n = 0-17) due
to the cyclo-[[BPA-CH],-[P-CHzl4] H™ species, at m/z 1223.3 + n240
(°) (n = 0-17) due the cyclo-[[BPA-CH,],] Na™ species.

The molecular structure of the polymers was confirmed by 'H NMR
spectroscopy. In particular, the spectrum of PEF shows the following
signals (Fig. S2): two doublets at 7.10 ppm and 6.98 ppm (both 4H, C-H
aryl, a and b, respectively), a singlet at 5.63 ppm (2H, C-H methylene,
d), a singlet at 1.60 ppm (6H, C-H methyl, ¢). The 'H NMR spectrum of
the PEF-P (Fig. 2) shows, in addition to the signals of PEF, also the
signals of the porphyrinic comonomer (protons amount is relative to the
porphyrin structure): a multiplet at 8.82 ppm (8H, C-H pyrrole protons
in e positions); two unresolved multiplets from 8.22 to 8.09 ppm (8H,

T=100°C oH
TBAB (aq) 12
E— —Eo C 0—CH2} (Tol)
H,0/Toluene éH n
vigorous stirring 3
PEF

Fig. 1. Scheme of the PEF-P (a) and PEF (b) polyether formals syntheses.
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Fig. 2. 'H NMR spectrum of PEF-P.

C-H phenyl protons, b>> and b’); a multiplet at 7.71 ppm (6H, C-H
phenyl protons, a’’); a multiplet at 7.43 ppm (4H, C-H phenyl protons,
a’); a singlet at —2.78 ppm (2H, N-H pyrrole protons, f).

The GPC analysis of PEF (Fig. S3) shows a broad band at the RI de-
tector, without any absorbance at the UV-Vis detector set at 420 nm.
The average molecular weights of the PEF result to be Mn = 6.7 kDa and
Mw = 17.1 kDa (PDI = 2.55). On the other hand, the GPC analysis of
PEF-P (Fig. 3) confirmed the homogeneous presence of P moieties within
the main chains of the copolymer, as evidenced by the overlap of the
refractive index and UV-Vis (set at 420 nm, which is the absorbance
wavelength of the porphyrinic moiety) detectors traces. The average
molecular weights of the copolymer result to be Mn = 4.0 kDa and Mw
= 21.1 kDa (PDI = 5.20). The observed multimodal molecular mass
distribution is attributed to the formation of both linear and cyclic
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Fig. 3. GPC traces of PEF-P using refractive index (black line) and UV-Vis (set
at 420 nm, red line) detectors connected in parallel. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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species [45,58-61].

Thermogravimetric analysis was performed under a nitrogen atmo-
sphere to verify the thermal behavior of the polymers. For PEF (Fig. 4,
black line), an initial weight loss step of 2 % was observed at 95 °C,
which is attributed to the loss of solvent residues. The main weight loss
occurs at 418 °C (PDT 450 °C), which is attributed to the thermal
degradation of the polymer, resulting in a residue at 800 °C of 12 %.
Regarding the thermal degradation pathway, polyether formals un-
dergoes thermal degradation through the formation of cyclic oligomers
comprising two or three repeating units, along with thermal rear-
rangement that produces compounds with aldehyde, hydroxyl, methyl,
and phenyl end groups [62,63].

Conversely, the TGA trace for PEF-P (Fig. 4, red line) exhibits slightly
reduced thermal stability relative to homopolymer (Topset = 398 °C,
PDT = 439 °C), with a higher residual amount at 800 °C (26 %), owing to
the contribution of the porphyrin’s extended aromatic structure [50].

On the other hand, incorporation of porphyrin within the main chain
of the polymer exerts minimal impact on the glass transition tempera-
ture (Tg) of the system, which is recorded at 89.08 °C for PEF and
90.06 °C for PEF-P (Fig. 4 inset).

Although P is integrated into the polymeric chain, its spectroscopic
properties are almost retained. The THF solutions of P and PEF-P exhibit
the characteristic porphyrin-like absorption spectra (Fig. 5 red and blue
solid lines, respectively), showing the Soret band at A = 418 and 417 nm
(originating from the Sy—S; electronic transition [64,65]), respectively,
and four Q-bands at 515 nm, 550 nm, 594 nm, and 650 nm (due to the
So-S1 electronic transitions [32]). Considering the molar absorption
coefficient of P (226000 M’lcm’l), the percentage amount of P within
the PEF-P was determined to be approximately 1.9 %mol (5.5 %w) with
respect to BPA.

Regarding the fluorescence properties of both P and PEF-P, upon
excitation of the solution at a wavelength of 430 nm, the emission
spectrum exhibited the maximum at 653 and 651 nm (Fig. 5, red and
blue dashed lines), respectively.

Consistent with observations in porphyrinoids [66-69], the PEF-P
system also showed solvatochromism phenomenon. The UV-Vis
spectra of PEF-P, acquired in toluene solution (Fig. 6, continuous black
line), exhibited the Soret band at 420 nm, and four Q-bands at 515.5,
551, 596, and 652 nm. As expected, metalation of the P core within the
copolyformal structure modifies the spectroscopic properties due to
changes in the electronic structure and symmetry of the porphyrin
macrocycle [65]. The PEF-PZn absorption spectrum (Fig. 6, continuous
red line) exhibited a sharp Soret band at 424 nm and two Q-bands at 551
and 592 nm. On the other hand, the PEF-PCo UV-Vis spectrum exhibited
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Fig. 4. TGA and DSC (inset) analyses of PEF (black lines) and PEF-P (red lines).
(For interpretation of the references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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Fig. 6. Normalized absorption (solid line) and normalized emission spectra
(dashed line) of PEF-P (black lines, Aexc = 430 nm), PEF-PZn (red lines, Aeye =
430 nm) and PEF-PCo (blue line) in toluene solution. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

(Fig. 6, continuous blue line) a broad Soret band with a maximum at 418
and a shoulder at 434 nm. This broadening of the band may result from
partial aggregation of the PCo moiety within the PEF-PCo structure,
possibly due to the interaction between the metal center and the aro-
matic core of adjacent porphyrins. Additionally, broad Q-bands appear
at 529 nm, with a shoulder at 555 nm, and at 602 nm.

Regarding fluorescence emission, PEF-PZn (Fig. 6, dashed red line)
showed a main emission band at 598 nm (Aexe = 425 nm) overlapped
with a secondary band at 644 nm. Comparison with the PEF-P fluores-
cence emission (Fig. 6, dashed black line) reveals that the inclusion of
the Zn cation induces a blue shift in the fluorescence emission.
Conversely, the inclusion of the Co cation within the P core induces
quenching of the fluorescence emission (data not shown for brevity).

3.1. Sensing toward amines species

Metallo-porphyrins are renowned for their spectroscopic properties,
which makes them suitable for the detection of electron-donor species,
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such as amines. This occurs by coordination between the nitrogen atoms
in these species and the central metal cation within the porphyrin core,
leading to modifications in its spectroscopic features. Same kind of co-
ordination with oxygen-based electron-donor species (as an example,
THF) is not occurring in our systems, as confirmed by experiments with
PEF-PZn and PEF-PCo in toluene solution (data not shown for brevity).

On the other hand, after exposure to amino derivative species [70],
the toluene solution of PEF-PZn exhibited substantial changes in both
absorbance and emission spectra (Fig. 7). Specifically, the addition of
pyridine to the PEF-PZn solution (Fig. 7a) results in a bathochromic shift
in both the Soret band, shifting from 424 nm to 429 nm, and the
Q-bands, comprising a 12 nm shift from 551 nm to 563 nm, along with a
decrease in intensity, and an 11 nm shift from 593 nm to 604 nm,
accompanied by an increase in intensity.

The observed spectral variations are slightly more pronounced in the
presence of non-aromatic amino species, such as piperidine (Fig. 7c),
exhibiting a bathochromic shift of the Soret band of 7 nm (from 424 nm
to 431 nm) as well as the Q-bands, shifting from 14 nm from 551 nm to
565 nm, accompanied by a decrease in intensity, and a shift of 12 nm
(from 593 nm to 605 nm) with an increase in intensity.

This difference likely arises from the nature of piperidine nitrogen,
which possesses a more available lone pair, making it a more proficient
electron donor species toward Zinc cation in the PEF-PZn. In contrast, in
aromatic systems such as pyridine, the nitrogen’s lone pair tends to be
less available due to electron delocalization within the aromatic ring,
thus reducing the ability of nitrogen to interact with other species [71],
as already reported for other Zn(II) porphyrinoids [69].

Regarding the coordination chemistry, the Zinc cation within the
porphyrin core, typically, exhibits a preference for tetrahedral or square-
pyramidal geometries, depending on the ligands involved [72,73],
exhibiting a five-coordination behavior in solution [69]. In terms of the
electronic perturbation, when nitrogen coordinates the Zinc-porphyrin,
it alters the energy levels of the molecular orbitals of the
metal-porphyrin system, affecting the transition energies determining
the modification of absorbance and emission phenomena [74,75].

Examining the emission spectrum, in presence of pyridine and
piperidine (Fig. 7b and d), a similar behavior is observable for both.
Specifically, it is evident a decrease in the intensity of the band at 597
nm, accompanied by a shift to 610 nm, as well as a lowering of the band
at 644 nm with a shift to 660 nm. Considering the UV-Vis spectra, the
PEF-PZn system exhibited a linear response within the range of 60 pM to
0.7 mM for pyridine (LOD = 22 pM), and approximately 1.1 pM-60 pM
for piperidine (LOD = 0.5 pM). As expected, the fluorescence emission
ensures a wider range of linear response for both the pollutants, going
from 80 pM to 3 mM for pyridine (LOD = 38 uM) and from 3.6 pM to 0.1
mM for piperidine (LOD = 1.2 pM).

The sensing properties of the PEF-PZn system were further investi-
gated by employing PEF-P in the form of a solid thin film, through its
exposure to vapors of pollutants and subsequent monitoring of the op-
tical response via DRS. The presence of gaseous toluene or THF do not
induce any spectroscopic change (data not shown). In the presence of
pyridine, after 1 min of exposure, the diffuse reflectance spectrum of
PEF-PZn thin film (Fig. 8a) exhibited a quick shift in the Soret band,
from 427 to 433 nm. The interaction with piperidine (Fig. 8b) induces
analogous spectral changes, characterized by a shift in the Soret band
from 427 to 434 nm. However, for piperidine, the intensity variation is
slightly more pronounced, and the formation of a new side band at 465
nm is evident. This phenomenon corroborates the trends observed in
liquid-phase experiments, wherein the formation of the complex with
PEF-PZn is significantly affected by the structure of the amino derivative
pollutant, whether aromatic or non-aromatic. The reusability of the
solid sensor was verified up to three cycles, with a performance decrease
below 5 % (inset Fig. 8a and b).

The sensing feature of PEF-PCo was investigated by monitoring
changes in its absorption spectrum upon exposure to amine species,
varying the concentrations of pyridine and piperidine (Fig. 9a and b).
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The experiment in toluene solution was performed by increasing the
concentration of pyridine, revealing a notable red-shifts in the Soret
band, about 20 nm from 417 nm to 438 nm, and in the Q-bands, from
528 to 697 nm to 556 and 603 nm, respectively (Fig. 9). This phenom-
enon is attributed to the coordination of pyridine’s nitrogen with PEF-
PCo [76].

In the presence of piperidine, the absorption spectrum of the solution
of the PEF-PCo complex exhibited similar spectral changes, even if
starting at lower concentrations of pollutant, as expected due to the
more readily available electron lone pair of piperidine.

The enhanced sensitivity of Co-porphyrin compared to Zn-porphyrin
is primarily ascribed to differences in their electronic structure and
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coordination chemistry. Specifically, PEF-PCo demonstrated a linear
response ranging from approximately 0.3 pM-30 puM for pyridine (LOD
= 0.16 pM) and from about 0.09 pM to 18 pM for piperidine (LOD =
0.04 uM). The Co(II) is recognized to have a flexible and reactive co-
ordination environment, which generally makes it prone to binding to
nitrogen ligands [77,78].

In particular, the partially filled d-orbitals of Co(II) facilitate stronger
metal-ligand interactions compared to those of Zn(II), which possesses a
completely filled d-shell. This results in a more stable coordination bond
in Co-porphyrin complexes, which accounts for the increased sensitivity
to both pyridine and piperidine [74] with respect to PEF-PZn. Con-
cerning the emission spectra of PEF-PCo, the quenching effect exerted by
the Cobalt cation avoids the observation of any significant emission
signal.

DRS UV-Vis spectrum of the thin films of PEF-PCo exhibited (Fig. 10)
a broad absorption band centered approximately at 434 nm. The
broadening of the PEF-PCo Soret band may be attributed to the inter-
action between the Cobalt and the pyrrole ring of adjacent porphyrins
[79]. The exposure to gaseous toluene or THF not determines significant
alteration of the UV-vis spectrum. Conversely, exposure to pyridine and
piperidine vapors over 1 min results in an evident spectroscopic varia-
tion. In particular, the interaction with pyridine (Fig. 10a) leads to the

0.39
)y
S
| ga.o
<
\N Sos
0.2 Ea0
3
| <45
8
<
01 2N ‘
\ \
\\
0.0 4— S~

4%0 500
Wavelength (nm)

formation of a sharp band at 440 nm. Instead, the interaction with
piperidine (Fig. 10b) results in a slightly more intense band centered at
437 nm with a shoulder at 417 nm. The performances of the solid sensor
were retained up to three reuse cycles (inset in Fig. 10a and b).

To verify the effectiveness of the metals within the porphyrin core,
similar sensing experiments were performed using PEF-P as sensor. As
expected, no spectral variations were observed (data not reported for
brevity). On the other hand, using other polar and non-polar organic
substances, such as THF and toluene, no spectra variations were
observed.

In order to correlate the experimental findings acquired in solution
with the chemical nature of the host-guest systems, a preliminary
evaluation of the association constants (K,) was performed by applying
Eq. (1).

__[PEF — PMe + Pollutant]|
“" [PEF — PMe][Pollutant]|

Eq. 1

In this equation, the term [PEF-PMe + Pollutant] represents the con-
centration of the PEF-PCo/pollutant complex at the inflection point of
the titration, whereas as [PEF-PMe] and [Pollutant] indicate the con-
centrations of metalloporphyrin and the pollutant. The results obtained
are reported in Table 1, where the differences in the binding capabilities
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Fig. 10. Diffuse Reflectance UV-Vis spectra of PEF-PCo thin film deposited onto an acetate substrate in the presence of Pyridine (a) and Piperidine (b), before (black
line) and after (red line) exposure. Inset shows the variation of the absorbance intensity ratio registered during three reuse cycles. (For interpretation of the references
to colour in this figure legend, the reader is referred to the Web version of this article.)
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Table 1
Association constants (log K) of the sensor systems towards different pollutants.
The pK, values are reported from Ref. [69].

Polymer Sensor Pyridine pK, = 5.23 Piperidine pK, = 11.22

PEF-PZn 3.7 4.9
PEF-PCo 5.3 5.9

due to the metal placed at the center of the porphyrinic core and the
electron-donor ability of the different pollutant result to be evident [80,
81].

4. Conclusions

Copolyformals incorporating porphyrin derivatives in the main
chain were synthesized through an interfacial TBAB assisted poly-
condensation reaction. The synthetic route resulted in a high average
molecular weight copolymer (Mw = 21.1 kDa, PDI = 5.20) possessing a
film-forming abilities. MALDI-TOF mass analysis identified the presence
of linear and cyclic species containing porphyrinic units. The spectro-
scopic properties of P were preserved even when it was incorporated in
the PEF-P structure, exhibiting only minimal shifts of a few nanometers
in the UV-Vis and fluorescence emission spectra. Because of the intro-
duction of metal cations within the P core (forming PEF-PZn and PEF-
PCo derivatives), the polymeric sensor systems became sensitive to
electron-donor species, such as amine.

The sensing response of both PEF-PZn and PEF-PCo in toluene so-
lution depends on the chemical nature of the pollutant. Investigations
with aromatic (pyridine) or non-aromatic (piperidine) pollutants
demonstrated higher sensitivity to non-aromatic amines, as evidenced
by more pronounced spectral modification. Furthermore, due to cobalt
electronic configuration, the PEF-PCo system showed enhanced sensi-
tivity (LODpyridine = 0.16 pM; LODpiperidine = 0.04 pM) to both pyridine
and piperidine compared to PEF-PZn (LODpyridine = 22 PM; LODpiperidine
= 0.5 pM).

The optical sensing capabilities were further validated in the solid
state against gaseous pollutants, showing spectral shift and intensity
enhancements of the Soret absorption band of the polymeric sensor after
1 min of exposure. The experimental data support the potential appli-
cation of these systems, also as thin films, as optical sensors for amine
pollutants.
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