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ARTICLE INFO ABSTRACT

Keywords: The non-covalent immobilization of porphyrins onto polymeric substrates introduces complex solvent-substrate

THPP interplay governing supramolecular organization. In this comparative physicochemical investigation, synergistic

Porphyrin-polyester platform effects between these factors were screened by depositing tetrakis(4-hydroxyphenyl) porphyrin (THPP) onto

IS\IEI:: ;Z::}:;iii’:cet;;’eﬁhzanon commercially available polyester sheets. Polyethylene terephthalate (PET), polylactic acid (PLA), and PLA/PET

Aggregates behaviour multilayer were employed as solid supports, while ethyl acetate (AcOEt) or a binary ethanol/diethyl ether

Mercury readout (EtOH/Et20) mixture were selected as solvent system for porphyrin dispersion prior to deposition. The first is
chosen as good solvent favouring the optimal solubilization of THPP, while the second one leverages the “good-
bad” solvent effect, promoting controlled aggregation.

A combination of analytical techniques, including attenuated total reflectance infrared (ATR-IR) and UV-vis
spectroscopy, confocal dark-field microscopy, atomic force microscopy (AFM), wettability investigation, sur-
face free energy (SFE) measurements, and Variable Angle Spectroscopic Ellipsometry (VASE), was employed to
elucidate both morphological and chemical characteristics at the interface. These structural and interfacial pa-
rameters critically dictate porphyrin aggregation mode and binding site accessibility.

The well-known selectivity of THPP for mercury ions was assessed as functional readout to compare the
porphyrin response in the investigated substrate-solvent combinations. The homogeneous aggregate's distribu-
tion and smaller size found for THPP from EtOH/Et;0 on PET made this system the most responsive, allowing
also to evaluate its qualitative response toward other dications.

The structure-property correlations presented in this study offer valuable design insights to guide the scalable
non-covalent functionalization of porphyrin-polymer platform for a wide range of potential applications.

1. Introduction

Over the last decades porphyrins immobilization onto solid supports
has received increasing attention to create active surfaces, with the aim
to extend their remarkable photophysical and photochemical properties
on solid-state platforms, bypassing potential complications associated
with liquid phase [1-6] and enabling their integration into practical
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devices.

Their unique characteristics and ability to selectively interact with
several molecules made these molecules among the most studied func-
tional species in materials science, with applicability across a wide range
of fields such as biology, photophysics, photochemistry, photovoltaics,
data storage, molecular recognition, catalysis and sensing [7-16].

When transferred from solution to an interface, however, porphyrin
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properties can change substantially and, consequently, the study and the
control of parameters governing functionalization procedures becomes
crucial for tuning the behaviour of the resulting platforms [17]. For this
reason, to ensure robust attachment and maintain porphyrins in a more
isolated or monomeric state, early immobilization approaches favoured
covalent binding [18,19]. These efficient strategies always require
multistep syntheses, chemical derivatization, and purification proced-
ures, often involving hazardous solvents.

Non-covalent functionalization offers a simpler and more sustainable
route for rapid and straightforward material preparation, without the
need for complex synthetic procedures. However, for functional mate-
rials this method typical relies on charged porphyrins, pre-modified
substrates or dispersing matrices [20-24], which may limit scalability.

Direct deposition from porphyrin solutions onto commercially
available solid supports could represents an attractive alternative,
overcoming preliminary modification steps. This approach is fast, low-
cost, and scalable, but introduces significant physicochemical
complexity: in such systems, the final material properties are governed
by molecular self-organization, interfacial confinement, and solvent-
substrate chemistry [25,26].

The n-m interactions, coordination bonding, hydrogen bonding,
donor-acceptor interactions, van der Waals interactions, electrostatic
and hydrophobic interactions collectively govern the assembly upon
deposition, leading to aggregates with different orientations, shapes,
sizes and nature [27,28]. Among these, the n—r interactions are
responsible for different aggregation types: in H-type aggregation por-
phyrins stack face-to-face, causing a blue (hypsochromic) shift in Soret
band compared to the monomeric form; in J-type aggregation, mole-
cules align edge-to-edge, producing a red (bathochromic) shift [29].

In addition to intermolecular interactions, the balance between
adsorbate-adsorbate and adsorbate-substrate interactions is a key factor
in directing the formation of two- and three-dimensional porphyrin
networks, as widely observed on metallic or semiconductor surfaces,
highlighting the crucial role of substrate nature [27].

Morphological control can be further achieved through the choice of
deposition and self-assembly strategies, including drop-casting, dip-
coating, and spin-coating [25]. Moreover, methods such us ionic
self-assembly, re-precipitation, and “good-bad” solvent protocols enable
the formation of a wide variety of nanostructures, including nanotubes,
nanofibers, nanosheets, nanorods, nanoprisms, and nanospheres [30,
31]. In this context, the solvent system is determinant, as its properties
of polarity, hydrogen-bonding ability, ionic strength, temperature and
pH [26,30-35], as well as the aging time [36], strongly influence mo-
lecular organization and surface morphology.

As a result, the features of the functionalized surface are not deter-
mined solely by the chosen of porphyrin itself and its behaviour, but
rather by a complex relationship among intermolecular interactions,
solute-solvent effects, evaporation rates, solution viscosity, substrate
surface energy, and interfacial phenomena.

Herein, we present a comparative physicochemical study of poly-
ester supports non-covalently functionalized with tetrakis(4-
hydroxyphenyl) porphyrin (THPP) via spin coating, by using two sol-
vent systems with different and peculiar physical properties: ethyl ace-
tate (AcOEt) and a 1:1 mixture of ethanol and diethyl ether (EtOH:Et;0)
as a “good-bad” solvent system [32].

In line with the growing interest in the development of low-cost and
more sustainable functional materials, poly(ethylene terephthalate)
(PET), poly(lactic acid) (PLA), and their assembly (PLA/PET) were
selected as underlying rigid and transparent substrates for THPP depo-
sition. These materials were chosen for their commercial availability,
recyclable/biodegradable nature, and representative chemical differ-
ences within common polyesters. Specifically, PET is an aromatic
polyester that exhibits high chemical/solvent resistance, while PLA is an
aliphatic biobased and biodegradable polyester [37-39].

These differences, together with the use of THPP dispersions in
different solvent systems, were exploited to assess how substrate-solvent
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interactions influence THPP deposition and, consequently, its supra-
molecular organization on the surface, ultimately impacting the binding
site accessibility. Within this framework, Hg(II) was employed as a
functional probe, taking advantage of the well-known ability of THPP to
selectively complex this metal ion with high binding constants and a
pronounced spectral response [23]. Upon coordination, the molecular
symmetry increases, leading to characteristic variations in the Soret and
Q-bands associated with n—n* electronic transitions within the porphyrin
scaffold [40-42]. Due to its relatively large ionic radius, Hg(II) cannot fit
into the porphyrin core to form planar metalloporphyrins; instead, it sits
on the top of the molecules [43,44].

The interplay between interfacial chemistry of the selected poly-
esters and deposition conditions was investigated through UV-vis and
Attenuated total reflectance Fourier-transform infrared (ATR-IR) spec-
troscopies, confocal dark-field microscopy, Atomic Force Microscopy
(AFM), Surface Free Energy (SFE) measurements and Variable Angle
Spectroscopic Ellipsometry (VASE). To the best of our knowledge,
comprehensive comparative studies on combined solvent-substrate ef-
fect of non-covalently functionalized commercial polyester remain
limited; therefore, this work provides useful insights for the rational
design of future porphyrin-polymer based functional platforms.

2. Experimental
2.1. Materials

Commercial PET sheets were supplied by Buffetti S.p.a., commercial
PLA sheets and pellets (4060D, MW = 106,226 D) were acquired from
MP3 S.r.l. and NatureWorks LLC, respectively. Tetrahydrofuran (THF),
absolute ethyl alcohol, diethyl ether, ethyl acetate, formamide, glycerol,
Mercury(IDtrifluoroacetate and salts of Cu?*, Co®", Ni*, Pb%* and
Mn?* were purchased from Merck and used without any further puri-
fication. A Milli-Q water purification system was used to produce
deionized water. Tetrakis(p-hydroxyphenyl)-porphyrin was prepared by
the method described by Little et al. [45] starting from pyrrole and
p-acetoxybenzaldehyde in boiling propionic acid.

2.2. Instrumentation

UV-vis absorption spectra were acquired utilizing a JASCO V-750
spectrophotometer (JASCO Corporation, Tokio, Japan).

Ultrasonic treatment was carried out employing an ARGO-LAB AU
32 Ultrasonic Cleaner Bath (Argo Lab Ltd, London, England).

Thermogravimetric analyses (TGA) of both PLA sheet and PLA pel-
lets were performed using a TA Instruments Q500 thermogravimetric
apparatus under a nitrogen flow (gas flow: 40 ml min ' at 10 °C min~!
heating rate, up to 800 °C).

Thin films of PLA and THPP were obtained through spin-coating
techniques using a KLM spin coater (Schaefer Technologie GmbH,
Langen, Hessen, Germany).

Surface morphological analysis at micrometre scale were performed
by a SENSOFAR S Neox Confocal Microscope (SENSOFAR's, Terrassa,
Barcelona, Spain) with a 532 nm green light excitation source to acquire
images over a scan area of 140 pm x 115 pm.

Morphological characterization at the nanometer scale was carried
out by AFM using a Multimode Nanoscope IIIA (Digital Instruments,
Santa Barbara, CA). Image processing and surface roughness analysis
were conducted using the Nanoscope software. Measurements were
performed in tapping mode with silicon tapping-mode probes (Tap300-
G, BudgetSensors, Bulgaria), featuring a nominal resonant frequency of
300 kHz, a force constant of 40 N m’l, and a tip radius below 10 nm. For
each sample, areas of 2 pm x 2 pm was scanned in different regions of
the substrate surface. Height images were recorded with a resolution of
512 x 512 pixels.

ATR-FTIR spectroscopy measurements were collected by using an
iS50 FT-IR Thermo Scientific spectrometer (Thermo Fisher Scientific
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Inc., Waltham, MA, USA).

The OCA30 instrument (Dataphysics, Filderstadt, Germany) was
used at 25°C and under 65% relative humidity for contact angle
investigation. The measurements were carried out on each substrate,
about 2-4 pL solvent drops were applied on different zones of each
sample surface and the static contact angle was measured on both sides
of the two-dimensional projection of the droplet by digital image anal-
ysis. At least three measurements were made for each sample, and values
were averaged.

THPP thin films deposited on Silicon wafer, used as reference sub-
strates, were characterized at room temperature using an M2000
ellipsometer (rotating compensator ellipsometer, J.A. Woollam Co.,
Inc.). Measurements were carried out over the spectral range of 350-
800 nm with a wavelength step of approximately 1.5 nm, at angles of
incidence of 65° and 75°. The acquired data were analysed using the
WVASE32 software package.

Ellipsometry measures the complex ratio of the Fresnel reflection
coefficients Rj, and R, corresponding to p- and s-polarized light reflected
from the sample surface. The experimental data are expressed in terms
of the ellipsometric parameters ¥ and A, according to the relation:

P=R, /R, = tan ¥e* €Y}

VASE is an indirect technique used to determine the optical constants
and thickness of thin films through regression analysis of experimental
data against a theoretical model. The quality of the fit is assessed by a
merit function, a positive parameter that approaches zero as the
agreement between experimental and calculated data improves. Herein,
porphyrin thin film deposited on a silicon substrate were analysed using
a Gaussian oscillator model to describe the complex dielectric function
of the film. In particular, the imaginary part of the dielectric function
(¢2) was parameterized as a sum of three Gaussian oscillators, each
associated with an electronic transition. One oscillator, centred at
approximately 420 nm, was introduced to reproduce the intense Soret
(B) band, while two additional oscillators in the visible range were used
to account for the Q-band transitions. The fitting procedure involved the
simultaneous optimization of the oscillator amplitudes, central energies,
and broadenings, together with the film thickness, in order to minimize
the mean square error between the calculated and experimental ellip-
sometric parameters (¥ and A).

2.3. Platforms preparation

2.3.1. Preparation of polymeric substrates

In order to investigate the porphyrin arrangements behaviour onto
polyester substrates from different solvents, we selected commercially
available plastic sheets, PET and PLA, commonly used in everyday ap-
plications, as polymeric supports. A substrate incorporating both poly-
mers, PET as support and PLA deposited on PET as a thin film, was tested
to assess any synergistic or surface-mediated effects stemming from their
distinct chemical structures and resultant properties.

PET and PLA squares with dimensions of 2.5 x 2.5 cm? were cut from
their respective sheets, cleaned with EtOH, and dried under a nitrogen
flow. PET/PLA multilayer was prepared starting by a PLA solution ob-
tained dissolving 1 mg of PLA pellets in 30 mL of THF and using 3 cycles
of temperature-assisted sonication at 47 °C. Each ultrasound treatment
cycle consisted of 6 min of sonication followed by 10 min of cooling, due
to THF high volatility. 200 pL of PLA solution was used at 4 °C to form a
polymeric layer onto a cleaned PET square via spin coating technique,
employing an acceleration to 200 rps in 3 s, constant rotation for 180s,
and deceleration to 100 rps over 3s followed by 60s rotation. The
sample was left overnight in air for complete drying.

2.3.2. THPP deposition on PET, PLA and PLA/PET substrates
Two different THPP solutions, at concentration 5 mM, were obtained
using two solvent systems: pure AcOEt and EtOH:Et,O mixture (1:1
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ratio). For the mixed solvent system, THPP was first dissolved in EtOH
and then Et;0 was rapidly added drop by drop. The resulting solution
was left to age for 24 h before use. 35 pL of each porphyrin solution were
deposited by spin coating on PLA, on PET and on PLA/PET substrates
following Scheme 1. Spinning conditions were adopted as follows: ac-
celeration to 100 rps over 5 s, 30 s constant speed, deceleration to 50 rps
over 3s, and 30s final rotation. Samples were dried overnight in the
dark. An additional PLA/PET sample was treated with 35 pL of AcOEt by
spin coating under the same spinning conditions used for THPP depo-
sition, prior to depositing 35 pL of THPP from the EtOH:Et,O mixture.
All obtained systems are shown in Scheme 1A, B, C and D.

2.4. Measurements procedure

Samples were cut with a width of 0.9 cm to insert them into com-
mercial PMMA cuvettes (1 cm path length). Optical response was eval-
uated by immersing functionalized systems in aqueous solutions at
25 ppm in Hg?" by a custom 3D-printed cup with a central groove,
ensuring a fixed position (Scheme 1E). Spectra were acquired over time
for 60 min by an UV-visible spectrophotometer to monitor changes in
porphyrin absorption bands.

3. Results and discussion
3.1. Platforms characterization

3.1.1. Polymeric substrates characterization

The characterization of the polymeric supports was performed by
TGA, UV-vis and ATR-FTIR spectroscopy, confocal microscopy, AFM,
wettability and SFE measurements.

Thermal analysis performed on PLA matrices, reported in Fig. S1,
demonstrate that PLA sheet and pellets possess the same thermogravi-
metric profile.

UV-visible absorption spectra of PET, PLA and PLA/PET (Fig. S2),
recorded after immersion for 20 min in deionized water, assess their
optical transparency and no spectral overlap with characteristic THPP
absorption bands exploited as monitoring signals.

Confocal microscopy analysis revealed distinct topographical fea-
tures that highlight differences in polymeric substrate surfaces. PET and
PLA exhibit homogeneous morphologies, consistent with the commer-
cial extrusion process (Fig. 1A and C). In contrast, PLA/PET displays a
distinct morphological organization. Spin-coating deposition of PLA
onto PET resulted in a heterogeneous distribution of concurrent de-
pressions and protrusions of variable size and irregular shape, likely
arising from PLA chain arrangements relative to PET's exposed interfa-
cial groups, visible in Fig. 1B (also confirmed by AFM measurements
reported in Fig. S3A).

Morphological changes observed in the composite are further sup-
ported by ATR-FTIR analysis. Fig. 1D shows the spectra of PET, PLA, and
the PLA/PET. The latter displays distinctive features reflecting both the
chemical structures of the individual polymers, as evidenced by the
characteristic IR signals for PET [46-48] and PLA [49,50], and the ef-
fects of processing and polymers organization in the composite. PET
shows well-defined and relatively intense bands associated with its ar-
omatic polyester structure: the carbonyl stretching vibration of the ester
group appears at ~1713 cm ™!, while strong C-O-C stretching bands are
observed at ~1245 cm™! (asymmetric), 1120 and 1097 em™! (symmet-
ric), accompanied by weaker skeletal and aromatic-coupled vibrations
below 1080 cm !, Additional signals at 1577 and 1504 cm ! correspond
to aromatic C=C stretching, and a group of signals in the range between
980 + 840 cm ™! is attributable to out-of-plane bending of aromatic C-H.
A last characteristic band is observed at 722 cm ™ relative to the inter-
action of the polar ester group and benzene ring. PLA displays a higher
C=0 stretching frequency at ~1745cm™! due to its aliphatic ester
structure, with the main asymmetric C-O-C stretching at 1262 cm™! and
a broader symmetric stretching contribution at 1210 and 1180 cm ™},
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Scheme 1. Schematic illustration of sample labelling and preparation pathway onto PET, PLA and PLA/PET substrates.
@ denotes AcOEt; # denotes EtOH:Et,O mixture; THPP@ denotes THPP spin-coating deposition from @ solution; THPP# denotes THPP spin-coating deposition

from #.
Panel A) shows the preparation of THPP@(PET) and THPP#(PET).

Panel B) illustrates the preparation of THPP@(PLA/PET) and THPP# (PLA/PET).
Panel C) illustrates PLA/PET substrate pre-treated with @ before THPP#, to obtain THPP# (PLA/PET@).

Panel D) shows the preparation of THPP@(PLA) and THPP#(PLA).
Panel E) depicts the final step where cut sample strips are used for analysis.
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Fig. 1. Morphological and spectroscopic characterization of pristine substrates. A), B), C) Grayscale confocal microscopy images of PET, PLA/PET and PLA,
respectively. D) ATR-FTIR spectra of substrates; the green dashed box shows a magnified view of the fingerprint region (1850-600 cm™1).

followed by multi-peaked band (1127, 1080 and 1042 cm™}) assigned to
C-O-C bending and backbone skeletal vibrations. Characteristic CHg
deformation modes appear at 1454 cm™ ' (asymmetric bending), 1382
and 1360 cm™! (scissoring). A weaker band at ~755 em™! is observed,
attributable to the contemporary contributes of CHs rocking of the
pendant methyl groups along the backbone and C=O scissoring.

In the PLA/PET composite spectrum, the C=0O stretching bands of
PET and PLA make a double-peak profile, but the PLA band shifts to
1754 cm™!. The PLA-specific ester band relative to C-O-C symmetric
stretching shifts to higher wavenumbers of 1216 and 1185cm !
respectively, as well as the bending contributes, which move to 1088
and 1047 cm ™!, in contrast to the PET signal at 1245 cm™! which in this
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case appears at 1239 cm~'. The weak CHj scissoring band at ~755 cm ™!
becomes undetectable, due to overlapping with PET signal in the closed
region and because of the lower PLA thickness in the film respect to the
bulk. PLA/PET composite reveals a spectrum largely dominated by PET-
related signals, which are substantially unchanged, while differences in
the relative intensity and position of several characteristic bands of PLA
suggest distinct conformational arrangements and a decreased chain
mobility of this polyester in the film. The observed spectral differences
are consistent not only with the amorphous nature of the spin-coated
PLA film but also provide clear insight into the effects of physical su-
perposition, film geometry, substrate contribution and chemical inter-
action between the two polymers.

Additional insights into the polymeric substrate surfaces were gained
through wettability investigation, which demonstrates the lower water
contact angle of PLA compared to PET (Table 1).

Furthermore, surface free energy (SFE) measurements were per-
formed using Milli-Q water, formamide, and glycerol to apply acid-base
theory. The SFE was estimated by measuring the static contact angle
using the three different probe liquids and applying the combining rules
proposed by van Oss-Chaudhury-Good [51]. The results indicate very
similar total surface free energy values for all the analysed polymeric
substrates.

Nevertheless, a more detailed analysis of the SFE components,
associated with the apolar and acid-base contributions, reveals some
significant differences among the samples. As shown in Fig. 2, the
Lifshitz-van der Waals component, which is related to the apolar char-
acter of the surface, is slightly higher for PLA/PET. The SFE contribution
values and their relative standard deviations are reported in Table S1 for
each substrate.

The polar acid-base (AB) contribution of the SFE, associated with the
Lewis electron-acceptor (acid) and electron-donor (base) interactions,
also exhibits variations. In particular, the acid component is very low for
all the investigated substrates, whereas a noticeable difference is
observed in the base component. Specifically, PLA shows a significantly
higher base component compared to the other polymers, with a value
more than twice as high. This characteristic is much less pronounced for
PLA deposited on PET, indicating a partial reduction of the Lewis base
character upon deposition on PET, confirming a different polymeric
chains conformational arrangement.

3.1.2. Solvent effect on pristine substrates

The use of different solvents, as predictable, impacts on the chemical
arrangement and consequently on the polymeric surface morphology.
This effect was investigated by depositing 35 pL of pure AcOEt or 35 pL
of EtOH:Et;0 mixture on pristine substrates via spin coating following
the same procedure described in section 2.2.3 for the THPP deposition.

Grayscale confocal microscopy images in Fig. 3A and B and C showed
that, when treated with EtOH:Et,O mixture, all polymeric surfaces
exhibited remarkable stability, preserving patterns comparable to those
of untreated surfaces shown in Fig. 1A, B and C. In contrast, treatment
with AcOEt altered the surfaces of PLA-containing samples, while
leaving PET surface unaffected (Fig. 3A’, B’ and C’). Specifically, after
AcOEt exposure, in PLA/PET, PLA islands coalesced into a quasi-
continuous and smoother PLA film, while the initially flat PLA sheet
exhibited a more textured topography, which was evident even to the
naked eye, as the sample became opaque compared to the untreated one.
Fig. S3 presents AFM images of the same samples, highlighting the

Table 1
Contact angle average values and relative standard
deviations for PET, PLA/PET and PLA substrates.

Substrates WCA (6° +s. d.)
PET 78.3+1.8
PLA/PET 743+£19
PLA 58.0 £4.4
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Fig. 2. Surface free energy (SFE) for PET, PLA/PET and PLA. SE, surface en-
ergy; LW, Lifshitz van der Waals term; Acid/Base polar terms: acid, Lewis
electron-acceptor term; base, Lewis electron-donor term. Error bars represent
the standard deviation of triplicate measurements.
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changes induced at the nanometric scale by solvent treatments on PLA-
containing samples.

ATR-FTIR spectra, reported in Fig. 3D and E, show that PLA as well as
the composite is affected by AcOEt treatment, reflecting the interaction
of this solvent with the PLA phase. In the neat PLA, the intensity of the
carbonyl stretching band at 1745cm™! decreases after treatment,
accompanied by a systematic attenuation of the C-O-C stretching bands
at 1262, 1180 cm ™! and bending at 1080 cm ™. In particular, the band
centred at 1080 cm ™! also shifts to lower wavenumbers (1074 cmfl),
while the signal at 1042cm™! increases in intensity and shifts to
1039 em ™. Similar solvent-induced spectral modifications have been
previously reported by Paragkumar Thanki et al. [50], who associated
these changes with conformational restrictions of C-O-C segments in
PLA, indicative of more closely packed polymer chains.

In the PLA/PET composite, PET-related absorptions at 1713 cm ™
and 1239 cm ™! appear relatively enhanced after treatment. Since PET is
not affected by AcOEt, this behaviour is attributed to partial thinning of
the PLA overlayer induced by the solvent treatment, which increases the
relative contribution of the underlying PET phase within the ATR
probing depth. Concurrently, the PLA-related bands at 1754, 1185,
1088, and 1047 cm™! decrease in intensity, mirroring the conforma-
tional stiffening and the increased segmental packing observed in neat
PLA. Therefore, morphological and spectroscopic changes observed
after solvent treatment underscore the critical role of THPP solvent se-
lection in determining substrate properties during the functionalization
step.

3.1.3. THPP functionalized platforms characterization

THPP functionalized platforms were fabricated by depositing
porphyrin onto polymeric supports using AcOEt (@) and an EtOH:Et;0
mixture (1:1, v:v) (#) as solvent systems (see Scheme 1A, B, C and D).

AcOEt and EtOH were selected as good solvents for THPP solubili-
zation, due to their ability to establish favourable solute-solvent in-
teractions. Particularly, AcOEt, with its relatively low boiling point and
low viscosity, enables rapid solvent evaporation and the formation of
homogeneous, continuous film during spin-coating deposition.

The EtOH:Et;0 mixture combines the polar character of EtOH, which
favours THPP solubility, with the lower polarity of Et;O, acting as
poorer solvent. This induces a typical “good-bad” solvent effect, widely
used to achieve controlled aggregation of porphyrin macrocycles: by
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Fig. 3. On the left, morphological characterization of solvents treated substrates. Grayscale confocal microscopy images of polymeric substrates treated with EtOH:
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dissolving THPP in the good solvent and then adding a bad solvent,
solubility decreases progressively, enhancing intermolecular in-
teractions between porphyrin rings and triggering formation of aggre-
gated supramolecular structures [31,32]. In a previous study, authors
investigated the 1:9 (v/v) EtOH:Et,0 as preliminary conditions for THPP
deposition onto PLA/PET, as starting point for a non-covalent func-
tionalization approach [52]. In the present study, the 1:1 (v:v) EtOH:
Et,0 ratio was selected as optimal condition for the most uniform and
continuous substrate covering. Collected pictures of platforms, obtained
by screening different “good-bad” ratios for THPP deposition on PLA/-
PET, are reported in Fig. S4.

Fig. 4A shows that THPP@(PET), THPP#(PET), THPP#(PLA/PET),

and THPP#(PLA) appear yellow, while THPP@(PLA/PET) exhibited a
salmon hue and THPP@(PLA) is pink. The samples colour appearance,
already indicative of different homo- and heteromolecular interactions
[29], was investigated by UV-vis spectroscopy, reported in Fig. 4D, E
and F. To ensure consistent and reproducible positioning of the plat-
forms during the measurements, minimizing potential scattering effects,
platforms were centrally fixed in the cuvette using the custom
3D-printed cup with a central groove (Scheme 1E and Fig. 4B). No sig-
nificant variations were observed in the overlapping UV-vis spectra of all
the systems after 1 min and 20 min of immersion in water (Fig. S5).
The spectrum of the THPP solution in EtOH (Fig. 4C), reported just
for comparison, shows the typical monomeric profile with a sharp Soret
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band peaked at about 420 nm.

THPP#(PET), THPP#(PLA/PET) and THPP#(PLA) exhibited a red-
shifted and broader Soret band peaked in the range between
434 + 436 nm, and absorption Q-bands indicative of J-type aggregates.
In contrast, when THPP is deposited from AcOEt, the spectroscopic
characterization shows a different profile for any investigated substrate.

THPP@(PET) spectrum seems to be similar to that observed for THPP
deposited from EtOH:Et;O mixture, but it is less intense, presents a
bathochromic shift at 436 nm, and has a more defined profile in the Q-
band region. THPP@(PLA/PET) shows the same spectral trend of the
monomeric porphyrin, displaying a Soret band at 424 nm and well-
resolved Q-bands located at 519, 556, 595, and 652 nm (Fig. 4E).

Notably, THPP@(PLA) spectrum displays a complex profile not
attributable to a single molecular species. Specifically, the dominant
Soret at 421 nm and the retention of four Q-bands indicate a major
contribution from neutral free-base THPP, while additional red-shifted
features at 468 nm and 723 nm respectively point to coexisting other
electronic species. Several studies demonstrate that these intense red-
shifted features typically arises from strong excitonic coupling, or-
dered intermolecular interactions, hyperporphyrin-like behavior, pro-
tonated contributions, or mixed aggregated/protonated states [35,
53-60], where porphyrin behaviors is investigated in aqueous envi-
ronment at specific pH, by adding proper amount of acid and/or in
presence of ionic surfactant. Under our experimental conditions (room
temperature, Milli-Q water short immersion time, surface deposition
from aprotic solvent) potential protonation, due to PLA hydrolysis, is not
expected, as demonstrated by the lack of spectral variation of the sys-
tems between 1 and 20 min immersion in water (Fig. S5). According to
literature, in fact, the hydrolytic PLA degradation is a slow process that
requires extended exposure times and/or extreme pH or elevated tem-
peratures [61-65]. Additionally, ethyl acetate only induces reversible
swelling allowing chains mobility, for as long as the solvent remains
present, without cleaving ester bonds [50]. By the way, AcOEt-induced
crystallization of the PLA matrix promotes a molecular confinement
effect, that as conquence, can result in THPP expulsion into restricted
amorphous domains. This segregation could force porphyrins into close
proximity with the terminal carboxylic groups of the polymer chains,
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creating a local microenvironment where protonation might occur.
Based on all these considerations and data reported in literature, the
THPP@(PLA) optical response might be interpreted as resulting from the
combination of free-base monomer and coexisting locally protonated
aggregated species, within the polymer-confined system. PLA matrix
effect has been evaluated by an additional spectroscopic measurement
reported in Fig. S6.

Supramolecular organization and surface topography of the plat-
forms were assessed using confocal dark field microscopy (Fig. 5) and
AFM for their complementary spatial resolutions (Fig. 6).

Confocal dark-field images of THPP@(PET), THPP@(PLA/PET), and
THPP@(PLA) (Fig. 5A, B and C) displayed the presence of similar and
more or less homogeneous distribution of low-brightness domains, with
sizes in the order of a few micrometres. At the nanometer scale, the
surface morphology analysed by AFM shows clear differences among
samples. In particular THPP@(PLA/PET) (Fig. 6B) shows a flat and
homogeneous topography, indicating a uniform distribution of the
deposited material. This surface appears much smoother when
compared to THPP@(PLA) (Fig. 6C), which instead presents a more
irregular and bumpy morphology. Considering the samples prepared by
depositing THPP from AcOEt, only the PET-based platform (Fig. 6A)
displays the presence of some surface aggregates. This behaviour agrees
with the spectroscopic results, which show a response similar to that
observed for platforms where THPP was deposited from alcoholic-ether
mixture, further supporting the consistency between morphological and
optical data. Surprisingly, although the THPP spectra obtained from
deposition on PET, PLA and their composite from 1:1 EtOH:Et50 display
the same spectral profile, their surface morphology differs markedly.
Indeed, the analyses performed at both the micro- and nanoscale reveal
pronounced topographic variations among the three substrates.
Confocal dark-field microscopy performed on THPP#(PET) shows a
dense constellation of bright spots distributed over the entire surface
(Fig. 5A"). This observation is consistent with AFM analysis, which re-
veals an almost homogeneous distribution of spherical aggregates with
an average diameter of 115+ 15nm (Fig. 6A"). In the case of THPP#
(PLA/PET), the bright features appear mainly localized clusters confined
to specific areas (Fig. 5B). This distribution reflects the heterogeneous

Fig. 5. Confocal dark field microscopy images of: A) THPP@(PET); A") THPP#(PET); B) THPP@(PLA/PET); B’) THPP#(PLA/PET); C) THPP@(PLA); C') THPP#

(PLA) - Scan area: 140 pm x 115 pm.
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Fig. 6. 3D AFM topographic images of: A) THPP@(PET), A’) THPP#(PET), B) THPP@(PLA/PET), B’) THPP#(PLA/PET), C) THPP@(PLA), C') THPP#(PLA) - Scan

area: 2 x 2 pm?; Z scale: 400 nm.

morphology of the underlying PLA/PET substrate. AFM images confirm
that these clusters are formed of spherical aggregates of comparable size
(130 + 20 nm) (Fig. 6B"), with the main difference from PET being their
spatial arrangement rather than their dimension. A different behaviour
is observed for THPP#(PLA). Dark-field images display fewer bright
clusters, more uniformly distributed across the surface (Fig. 5C"). How-
ever, AFM analysis reveals the presence of larger and more isolated
domains, with sizes of 350 & 50 nm (Fig. 6C). This distinct aggregation
behaviour is likely related to the lower water contact angle of PLA
compared to PET, as reported in Table 1.

Film thickness estimation was assessed through Variable Angle
Spectroscopic Ellipsometry (VASE) technique. The presence of aggre-
gates of such large dimensions, not uniformly distributed across the
surface and with significant vertical dimensions, as revealed by
morphological characterization (Figs. 2 and 6D AFM images reported in
Fig. S7), prevents a reliable determination of thickness of the deposited
layers. For these reasons, THPP thin films evaluation was performed by
depositing 35 pL of porphyrin from both AcOEt and a binary EtOH:Et,0
mixture onto silicon substrates, following the same procedure already
described in Section 2.3.2. Prior to deposition, the silicon surfaces were
treated with UV-ozone for 10 min to remove organic contaminants and
enhance surface wettability, thereby promoting the formation of uni-
form and homogeneous films.

The analysis of the ellipsometric data revealed distinct thicknesses
depending on the solvent system employed. In particular, films obtained
from the AcOEt solution (THPP@) exhibited a thickness of approxi-
mately 11.02 + 0.05 nm, whereas those prepared from the EtOH:Et;0
mixture (THPP#) showed a greater thickness of 13.32+0.10 nm
(Fig. S8) with a difference of about 21%. This difference suggests that
the choice of solvent plays a significant role in the film formation pro-
cess, likely influencing parameters such as solute-substrate interactions,
evaporation rate, and molecular organization during deposition. As a
result, the binary solvent system appears to promote the formation of
slightly thicker films under the same preparation conditions. The ob-
tained values agree with other porphyrin film thickness, obtained by
spin coating, reported in literature [32,66].

Stability of the systems was monitored over time under both wet and
dry conditions through UV-vis absorption measurements. Regarding the
first condition, samples were immersed in Milli-Q water for five days,

and no absorbance variation were observed. Absorption spectrum of
water was also recorded after sample removal, showing no detectable
absorbance and thus confirming that the porphyrin remained attached
to the substrate. The shelf-life of the platforms was monitored over a 25-
day period, with absorption spectra recorded every five days while the
systems were stored in the dark under dry conditions. No significant
variations were observed, indicating the robustness of the systems.

3.2. HZ response as functional readout

The well-known THPP affinity toward Hg2+ ions [23] was exploited
as a qualitative functional readout to elucidate substrate-solvent effects
on THPP supramolecular organization, aggregates distribution, and
binding site accessibility. Tests were performed by immersing each
functionalized platform in an aqueous solution containing 25 ppm Hg?*
insidle a PMMA cuvette and monitoring optical signal variations.
UV-visible spectra were recorded in a time frame of 1 h at room tem-
perature, with sample fixed in the 3D-printed cup to maintain a repro-
ducible positioning. Each experiment was conducted in triplicate to
evaluate the reproducibility and reliability measurements.

When THPP was deposited from AcOEt solution, the resulting plat-
forms showed no detectable activity as visible in Fig. S9. Although the
absorption spectrum of THPP@(PET) shows J-type aggregates, as well as
for systems where deposition has carried out from mixture, the
porphyrin chelating sites by using AcOEt seem to be inaccessible, pre-
venting Hg?" complexation. In this case the chelation ability differs
because solvents influence the structure of the deposited aggregates (see
Fig. 5A and A, Fig. 6A and A") which modulate accessibility, without
altering the main optical transition. On PLA and PLA/PET substrates,
AcOEt induces PLA swelling, bringing THPP to enter within the PLA
matrix. This trapping prevents effective coordination with Hg?" ions,
resulting once again in inactive surfaces.

In contrast, as shown in Fig. 7, THPP deposited from EtOH:Et;0
mixture yielded, at first glance, active platforms. Fig. 7A, B and C show
the response of these platforms to Hg?' in water, featuring bath-
ochromic and hypochromic effects of the Soret band and the growth of a
new absorption signal around 465 nm, accompanied by an isosbestic
point at 451 nm, indicative of an equilibrium between free-porphyrins
and metalloporphyrins. Modifications in the Q-bands are also
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Fig. 7. On the top, UV-vis absorption spectra of A) THPP#(PET), B) THPP#(PLA/PET), and C) THPP#(PLA) under 1h 25 ppm mercury exposure. The inset
highlights the spectral region between 500 and 750 nm, corresponding to the Q-bands of the porphyrin. On the bottom, normalized absorbance values for the Soret
band reduction (in black), and for the growing 465 nm signal (in red) for A") THPP#(PET), B') THPP#(PLA/PET), and C’) THPP#(PLA), under 1 h mercury exposure.
Error bars represent the standard deviation of three independent measurements per sample type.

observed, consistent with the complexation phenomenon.

Fig. 7A’, B and C' present normalized absorbance trends of two sig-
nals for each platform with their relative standard deviations: the
exponential decay of the Soret band intensity (black points) and the
growth of the signal at 465nm (red points). Absorbance data were

normalized according to Equation (2):
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where, as maximum absorbance over the time, Absyax (t) corresponds
the higher value of the B band and to the absorbance at 465nm to

monitor the Soret signal decreasing and the new growing signal,
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Fig. 8. Time-dependent trend of the normalized Soret band maximum absorbance for THPP#(PET), THPP#(PLA/PET) and THPP#(PLA) under 1h mercury
exposure. Error bars represent the standard deviation of three independent measurements per sample type.
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respectively. Absys; corresponds to the absorbance value at the iso-
sbestic point.

To evaluate the overall spectral evolution, a parameter A;— Ay was
estimated for each system as in Equation (3):

N N N N
Ai—Ap= [Ab&s‘iﬂ?m:oq *Abs(:e‘.?t:o')] - [Abs(s‘:;:t,t:GO’) *Abs(:gt:so')]
()

Fig. 7A’, B' and C' show that A; — A; progressively decreases when
moving from PET to PLA/PET and finally to PLA substrates, indicating a
reduced extent of porphyrin metallation and a decreasing response on
supports with increasing PLA content.

Temporal evolution of the Soret band decay of the three systems
upon mercury exposure, reported as normalized data with the initial
absorbance value set to 1, is shown in Fig. 8. Considering the spectral
changes observed during 1h of immersion, a % decay of about 22%,
17% and 6% was observed suggesting a ranking PET > PLA/PET > PLA.
Since the optical response was monitored in the defined time-frame,
without reaching a stable plateau, the reported relative ranking should
be interpreted as time-dependent descriptors of the systems response
under the chosen observation window.

The very slight observed variations for THPP#(PLA) seem to be
consistent with a nearly total absence of response, while the other two
platforms exhibit appreciable decay. Observed behaviours are directly
related to spatial distribution, surface density of aggregates and
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accessible coordination sites dictated by the different substrates. Un-
doubtedly, the homogeneous aggregates distribution in THPP#(PET)
results in more disposability sites if compared to the more heteroge-
neous morphology of THPP#(PLA/PET) featuring “grape cluster” like.
This latter is attributable to the PLA chains arrangements in presence of
PET, as suggested by IR and WCA measurements.

Assumed THPP morphology results in a reduced sites disposability,
partially hindering mercury interactions. Meanwhile, the large aggre-
gates observed in THPP#(PLA), showed negligible response. The surface
PLA characteristics probably drive porphyrin aggregates to assume an
assessment where core is not disposable to interact with ions. However,
the aggregate size also plays a crucial role, as it is directly related to the
active surface area: smaller aggregates provide a larger effective active
area, thereby enhancing the response of the surface.

An additional experiment was conducted using a PLA/PET substrate
pretreated with AcOEt, followed by the deposition of THPP from the
EtOH:Et,0 mixture. As previously shown in Fig. 1B’, AcOFEt redistributes
PLA on PLA/PET surface and chemically alters its surface. The picture
and the UV-vis spectrum in Fig. 9A indicate the presence of J-type ag-
gregates on THPP#(PLA/PET@) sample. The 3D AFM image in Fig. 9B
confirms a heterogeneous distribution of aggregates, resembling the
pattern seen on untreated PLA/PET, yet distinctly different from the
larger, more isolated structures observed on untreated PLA. In this case,
the THPP aggregates formed through the “good-bad” solvent approach
interact with a different PLA chains conformation induced by the AcOE
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treatment. Upon exposure to Hg2+, THPP#(PLA/PET@) shows a very
negligible response (Fig. 9C), as well as the THPP#(PLA) (Fig. 7Q),
compared to THPP#(PLA/PET) (Fig. 9D). This finding confirms that
AcOEt modifies not only the surface morphology, but also the physico-
chemical properties of the substrate (as suggested by IR analysis), ulti-
mately impairing the interactions with the tested metal ion.

Table 2 summarizes the optical THPP observed species, distribution
and average size at nanoscale, and qualitative mercury readout for all
substrate-solvent combinations described in the previous pages. Overall,
the observed trends highlight the crucial interplay between solvent-
induced porphyrin aggregation and substrate properties in deter-
mining response: AcOEt deposition leads to inactive surfaces, whereas
aggregates formed in the EtOH:Et,O mixture exhibit different activities
depending on the PLA content. These results indicate that the physico-
chemical properties of PLA are likely critical in driving molecular or-
ganization at the surface, especially for pristine PLA, which exhibits a
pronounced Lewis base character. This latter high base contribute ap-
pears to inhibit active chromophores which could interact with mercury
ions.

3.2.1. THPP#(PET) as optimal platform: qualitative comparison response
of HZ" vs other dication

The homogeneous surface distribution, aggregate size, and positive
Hg?* response in 1 h identify the system featuring PET as substrate and
porphyrin deposition from the EtOH:EtoO mixture as the optimal
substrate-solvent combination for non-covalent THPP deposition onto a
polyester substrate, among the investigated platforms. For this reason,
THPP#(PET) was also exposed to other dications to qualitative evaluate
the preservation of THPP specificity towards mercury even in aggregate
form. The active platform was tested separately in various solutions,
each containing 25 ppm of the following individual metals: Cu®*, Co®",
NiZ*, Pb%*, Mn?" and compared to the Hg?* response. Fig. 10 shows a
comparison between the spectral response at t =0 min (Fig. 10A) and
after 1 h immersion in metal solutions (Fig. 10B). Negligible absorbance

Table 2
Summary of THPP substrate/solvent deposition conditions, spectroscopically
assigned species, surface morphology, and qualitative Hg?* response after 1 h of

exposure.
Substrate ~ THPP THPP species Morphological Response
Solvent  Spectroscopically surface shape, towards
identified Average Size Hg>"in1h
(nm) £ SD and
surface
distribution
PET AcOEt J-type aggregates Bumpy and Absent
irregular
EtOH: J-type aggregates Spherical Very Good
Et,0 aggregates
115+15
Homogeneous
PLA/PET AcOEt Monomeric Flat and Absent
homogenous
EtOH: J-type aggregates Spherical Good
Et,0 aggregates
130 +20
Grape-like
Cluster
PLA AcOEt Coexisting of Bumpy and Absent
monomeric and irregular
locally protonated
aggregated species
EtOH: J-type aggregates Spherical-like Negligible
Et;0 350 4 50
Isolated
PLA/ EtOH: J-type aggregates Spherical Negligible
PET@ Et,0 125 +20
Clustered
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reductions were observed for Mn?*, Pb®" and Ni®*, and very small
variations for Cu?* and Co?". Only Hg?" induces the characteristic
absorbance changes previously described, as clearly displayed in the bar
chart reported in Fig. 10C.

A selectivity estimation percentage through single ions (SI) test was
calculated applying Equation (4):

|AAbSHg}

x 100
‘AAbSHg| + Z |AAbSMemls‘

Selectivitys; (%) = 4)

where |AAbsg| is defined as the absolute change in absorbance due to
Hg2+, and > |AAbSyerais| is the summation of absolute change in
absorbance from all the other metals tested. Selectivitys; (%) of about
83% confirms that the supramolecular organization of THPP on PET
provides selective accessibility to the porphyrin core preferentially for
mercury ions.

The response of THPP#(PET) was further evaluated under compet-
itive conditions by exposing the platform to a mixed-ions solution (MIX)
containing Cu?", Co?*, Ni%*, Pb%", Mn?", each at 25 ppm. The MIX
alone induces a minor perturbation of the Soret band 1 h after immer-
sion, respect to the pure water used as background (Fig. 11A).

The system was later tested in five different solutions containing the
MIX and Hg?" concentrations of 5, 10, 15, 20 and 25 ppm, respectively.
A clearly marked hypochromic evolution of the Soret band was observed
concomitantly with Hg?" increasing concentration and is still percep-
tible even at the lowest tested of 5 ppm, despite competing ions.

In this case, a competitive (COMP) selectivity percentage was esti-
mated for each Hg?" concentration in MIX, after 1 h exposure, through
Equation (5):

| AAbng+MIX {
| AAbSyg. mix | +1 AAbstX\

100 )

Selectivitycomp (%) =

where |AAbng+MIX| is defined as the absolute change in absorbance due
to MIX + Hg?" solution respect to the signal in water. |AAbsyix| is the
absolute change in absorbance after exposure to only MIX solution,
respect to the absorbance collected in pure water.

Fig. 11B illustrates Selectivitycomp (%) as a function of Hg?' con-
centration (5 25ppm) in the presence of the MIX. Selectivitycomp
values increase proportionally with the mercury ions concentration,
with a mean value of 84 + 8%. This value is fully in agreement with the
previous Selectivitys; (%), confirming THPP#(PET) ability to preferen-
tially coordinates Hg>" despite a 25:1 interferent-to-target ratio.

To rationalize the behaviour within the selected observation period,
the AAbs variation, collected at 1h in the presence of the competitive
mixture, were plotted respect to the increasing mercury concentration.
The signal variation was defined as:

AAbs = Abs(water) — Abs(MIX + n ppm Hg(II)) (6)
where Abs(water) represents the Soret band absorbance after 1 h im-
mersion in pure water, and Abs(MIX + n ppm Hg?") is the maximum of
Soret absorbance after exposure to the competitive mixture plus Hg?"
concentrations of 5, 10, 15, 20, and 25 ppm, respectively.

The linear fit reported in Fig. 12 shows a direct proportionality be-
tween the recorded absorbance variation and increasing mercury ion
concentrations in MIX, measured during 1 h of sample exposure, with an
R? value of 0.99456 and a slope of 0.0078 + 0.0003 Abs/ppm. The non-
zero intercept also reflects the minor response of the system in a complex
matrix, consistently with the previously discussed Selectivitycomp (%)
(~84%). These parameters are therefore valid within the specific mea-
surement window and experimental conditions adopted in this study,
describing the responsivity performance of the platform under
competitive conditions where Hg?' concentration is varied in the
presence of fixed interferents, rather than a time-independent equilib-
rium response.
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Fig. 11. A) UV-vis absorption spectra of THPP#(PET) recorded after 1 h immersion in Milli-Q water, in a mixed-ions solution (MIX, 25 ppm each) and in MIX plus
increasing ngJr concentrations (5, 10, 15, 20 and 25 ppm). B) Column plot of Selectivitycomp (%) Vs [Hg2+] in the MIX solution.
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Fig. 12. Linear fit of collected AAbs variations in MIX solution at different
ngJr concentrations (0, 5, 10, 15, 20 and 25 ppm, respectively). Error bars
represent the standard deviation of three independent measurements.
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4. Conclusion

The non-covalent functionalization of PET, PLA/PET and PLA via
THPP deposition was employed to investigate how both the intrinsic
properties of the polymeric substrate and the solvents used for porphyrin
deposition play critical roles in governing the supramolecular organi-
zation of the macrocyclic layer, thereby impacting its well-known
mercury affinity. A functional read-out of all prepared platforms was
carried out by direct immersion in 25 ppm Hg?* aqueous solutions.

Specifically, spin-coating porphyrin deposition from AcOEt results in
poorly defined aggregates on PET, monomeric species on PLA/PET, with
also the presence of different species on PLA substrate, as evidenced by
morphological characterization and UV-vis spectroscopy. These struc-
tural features correspond to a responsivity absence when these platforms
are exposed to aqueous mercury solutions. Particularly, for platform
containing PLA the inactive surface is attributable to chromophore

entrapment within the polymeric matrix.

In contrast, deposition from EtOH:Et,O led to aggregated species
with accessible coordination sites depending on the substrate, thereby
enabling active surface towards Hg?". Surface Free Energy measure-
ments, corroborated by shape and size of THPP aggregates, demonstrate
that in this case the chemical-physical characteristic of the substrate
play a key role in the organization of aggregates, leading to different
activities. The neat PLA substrate, owing to its significant SFE base
component, promotes aggregate orientations that do not expose binding
sites, resulting in negligible Hg?* recognition. This SFE component
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decreases when PLA is laminated onto PET, indicating a conformational
change also supported by IR analysis. This structural rearrangement
leads to smaller THPP aggregates and activity enhancement. The best
covering in terms of homogeneity and aggregate size was achieved by
combining the ether-alcohol mixture as THPP solvent with PET as sub-
strate. This configuration produced a uniform distribution of aggregates
on the polymer surface, with an average size of approximately 115 nm,
resulting in a faster mercury trapping within a 1-h time window. This
latter has shown mercury selectivity of about 84% even in presence of
other metal ions.

The findings of this study underscore that porphyrin arrangements
are governed by the intricate interplay between polymeric substrate
chemistry and solvent dynamics, which also drive the coordination sites
disposability. Collectively, these insights advance the current under-
standing of the multifaceted parameters that must be addressed to
design an effective, economically viable heterogeneous platform using a
simply non-covalent functionalization strategy.
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