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CO,-derived functional polycarbonates as a sustainable platform
for photosensitive polymeric materials

Andreia C. S. Gonzalez,? Rafael T. Aroso,? Carla Cunha,? J. Sérgio Seixas de Melo,® M. Ermelinda S.
Eusébio,® Teresa M. R. Maria,® Gabriela J. da Silva,? Pedro F. Cruz,2 Rui M. M. Brito,® Rui M. B.
Carrilho*? and Mariette M. Pereira *2

The development of CO,-based polymers integrating photo-responsiveness, synthetic versatility and processability remains
an important challenge in polymer chemistry. Herein, a modular strategy was developed for multifunctional CO,-derived
photosensitive polycarbonates. Catalytic copolymerisation of CO, and 1,2-epoxy-4-vinylcyclohexene using tetrapyrrolic
macrocyclic metal complexes (Cr porphyrin or Al phthalocyanine) as dual-function catalysts and embedded photosensitisers
afforded polycarbonates with high carbonate incorporation (95-99%) and preserved photophysical features. Pendant vinyl
groups enabled post-polymerisation modification, through an unprecedented Rh-catalysed hydroformylation introducing
formyl groups with remarkable chemo- and regioselectivity, while bromination with Br, provided an additional
functionalisation route. Comprehensive structural, spectroscopic and thermal characterisation confirmed the robustness
and tunability of the materials. Notably, the Al-phthalocyanine-based polycarbonates retained key photophysical properties
of the photosensitiser (¢r up to 0.46, da up to 0.21). To overcome polymer brittleness, an ethyl cellulose-based biocomposite
film incorporating the formyl-functionalised polycarbonate was prepared, leading to improved flexibility and thermal
stability. The formyl-functionalised polymer and the corresponding biocomposite film exhibited strong photo-antibacterial
activity, completely eradicating Staphylococcus aureus (27-log CFU reduction) under red light (660 nm, 49 J.cm?),

highlighting the potential of CO,-derived photosensitive polycarbonates for light-responsive environmental applications.

Introduction

Photosensitive polymers are a class of compounds that undergo
specific chemical or physical transformations upon exposure to
light, ranging from UV to visible or near-infrared (NIR)
wavelengths, enabling their integration into diverse
applications such as semiconductors, optical data storage,
biomedical devices and smart functional coatings.’> Typical
photoactive groups, such as azobenzenes® (reversible trans—cis
isomerisation), coumarins’ and cinnamates?®
(photodimerisation or cleavage), or spiropyrans® (light-induced
structural rearrangements), can be incorporated directly into
the polymer backbone or as pendant side chains. Photosensitive
polymers are particularly relevant in photodynamic therapy
(PDT) and antimicrobial photodynamic inactivation (aPDlI),
where they may work both as carriers and photosensitisers.10-16
For instance, porphyrin-loaded polymeric nanoparticles have
been shown to achieve effective tumour regression,” while
cationic conjugated polymers demonstrated high phototoxicity
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against multidrug-resistant bacteria under visible light, through
strong membrane binding and efficient ROS generation.8
Photosensitive polymers also show great potential in
photocatalysis and optoelectronics, enabling visible-light
harvesting for solar-driven environmental remediation and
hydrogen generation.’® Among photosensitive polymers,
polycarbonates are particularly attractive due to their
combination of mechanical strength, optical transparency and
thermal stability, supporting advanced applications in
microelectronics, sensors, microfluidic devices, drug delivery
and smart packaging.2%23 Light-responsive polycarbonates are
typically prepared by embedding photoactive groups during
step-growth polymerisation of bisphenol-based monomers
with carbonyl sources (e.g., phosgene, diphenyl carbonate),?42>
or by ring-opening polymerisation (ROP) of cyclic carbonates
carrying photosensitive substituents, allowing precise
functional group distribution in high-molecular-weight
polymers.2627  Post-polymerisation modifications further
expand their design possibilities by grafting photoactive
moieties onto reactive sites (e.g. hydroxyl terminal groups),
thereby fine-tuning photophysical behaviour without
compromising polymer integrity.282° Despite these advances,
the large-scale synthesis of photosensitive polycarbonates
remains constrained by the toxicity and sustainability issues of
conventional reagents, such as phosgene or acyl chlorides.
Alternatively, the production of CO,-derived polycarbonates
through catalytic copolymerisation of CO; and epoxides offers a


mailto:rui.carrilho@uc.pt
mailto:mmpereira@qui.uc.pt
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py01211b

Open Access Article. Published on 10 June 2026. Downloaded on 6/11/2026 10:10:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Polymer €hemistry:

versatile and greener route for polycarbonate synthesis,
reducing the environmental impact.3%-3* When applied to 1,2-
epoxy-4-vinylcyclohexene, this approach generates vinyl-
functionalised polycarbonates that are highly amenable to post-
polymer modification.35-50 However, although this
functionalisation strategy has been explored for a range of
chemical transformations and applications, its potential for the
development of multifunctional photosensitive polycarbonates
remains, to the best of our knowledge, still unexplored. In
addition, polycarbonates typically form materials that are
intrinsically rigid and brittle.>> In this context, blending
polycarbonates with bio-based cellulose derivatives as
plasticisers represents a promising strategy to enhance their
mechanical performance and expand their practical
applicability.>2>3

In this study, we report a sustainable one-step synthesis of CO,-
based photosensitive polycarbonates, in which tetrapyrrolic
metal complexes (aluminium phthalocyanine or chromium
porphyrin) act simultaneously as CO,/epoxide copolymerisation
catalysts and embedded photosensitisers (Fig. 1). Post-polymer
functionalisation of vinyl groups via unprecedented Rh-
catalysed hydroformylation and bromination enable the tuning
of their physical and thermal properties, as demonstrated by
comprehensive structural, spectroscopic and thermal
characterisations. The photosensitive behaviour of the
polymers originates from the embedded tetrapyrrolic
macrocycles, while post-polymerisation functionalisation was
intended to tune the thermal and mechanical properties of the
resulting materials. To overcome the intrinsic brittleness of neat
polycarbonates, we further developed a polycarbonate/ethyl
cellulose biocomposite film with enhanced flexibility while
preserving the relevant photophysical features. In addition, all
materials were preliminarily investigated in antimicrobial
photodynamic inactivation (aPDI) studies to assess their
potential for the development of light-triggered disinfectant

surfaces or coatings.
[o]
<<O O)J\Oj @
[of

HO

Post-polymer
Functionalisation

\@\\

"One-pot”
polymerisation

o
L
+coz'$><<o oom
/ Z:/é n

%ﬁ
o o)ko
VSRS
» N\ ’N; n
X M_ X M=ACr Br
=N )S X=NorGR Br
AN U
Ey O

Fig. 1 Envisioned synthetic strategy for CO,-derived photosensitive
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polycarbonates.

Results and discussion
Synthesis of CO,-derived photosensitive polycarbonates

The strategy for developing CO,-derived photosensitive
polymers, with tunable structures and light absorption

2| J. Name., 2012, 00, 1-3

properties, began with the synthesis \@f A0k (4
vinylcyclohexene)carbonate through catalyfit EpIgHaetiSation
between 1,2-epoxy-4-vinylcyclohexene and carbon dioxide
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(Scheme 1).

Scheme 1 Synthesis of photosensitive polycarbonates 1-PSa and 1-
PSs via CO,/epoxide
phthalocyanine (PSa) or Cr-porphyrin (PSg) as catalysts and

catalytic copolymerization, using Al-

photosensitizers.
We employed two catalysts previously developed by our

group,3334 both of which have demonstrated high catalytic
activity and selectivity for polycarbonate formation: tetrakis(4-

tert-butylphenoxy)phthalocyaninatoaluminium(lll) chloride
(PSa) and tetrakis(4-
trifluoromethylphenyl)porphyrinatochromium(lil) chloride

(PSs). We envisaged that PSa and PSg would fulfil a dual
function, acting both as Lewis acid catalysts for polymerisation
and as embedded chromophores, enabling the straightforward
preparation of photosensitive polycarbonate materials. The
polymerisation conditions were previously optimised, using PSg
catalyst, through systematic evaluation of the effects of
temperature (50-80 °C) and CO; pressure (10-50 bar) on the
catalytic activity, polymer selectivity and CO, incorporation.
Reactions conducted at 50 °C resulted in conversions below
80%, whereas increasing the temperature to 80 °C led to
significantly higher conversions (ca. 90%), indicating improved
catalytic efficiency at this temperature. Regarding CO; pressure,
40 bar was identified as optimal, since at 10 bar CO;, lower
conversion was observed (ca. 70%), while increasing the
pressure to 50 bar did not provide further improvement
compared to 40 bar. Moreover, these variations in temperature

This journal is © The Royal Society of Chemistry 20xx
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and CO; pressure did not produce significant differences in
polymer selectivity or in the degree of CO; incorporation.
Accordingly, using the optimised conditions, the tetrapyrrolic
macrocycle catalyst and the cocatalyst,
bis(triphenylphosphine)iminium chloride (PPNCI), were mixed
with the epoxide substrate inside a glass-lined stainless-steel
autoclave. The vessel was then pressurised with CO; (40 bar),
and the reaction was conducted at 80°C for 24 h. After
completion, the crude was analysed by 'H NMR to determine
the conversion. The remaining epoxide was evaporated and the
selectivity for polymer formation was calculated. Finally, the
solid residue was washed with n-hexane and dried to remove
the cyclic carbonate trace contents, and the CO; content in the
polycarbonate material was determined. These results are
presented in Table 1.

Table 1 Catalytic copolymerization between CO; and 1,2-epoxy-4-
vinylcyclohexene, using Al(lll) phthalocyanine (PSa) and Cr(lll)
porphyrin (PSg) catalysts

Select €0 Yield
Cat.  Conv.(%)* TON/TOF(h?)® ’ content
(%) (%)
(%)?
PSa 55 786/33 75 95 38
PSs 90 1286/54 94 99 80

Reaction conditions: epoxide (31 mmol, 4 mL), catalyst: 0.07 mol %,
cocatalyst: PPNCI 0.07 mol %, T = 80 °C, Pco, =40 bar; t=24h; 7%
Conversion determined by 'H NMR; ? turnover number calculated as
mol(converted substrate)/mol(catalyst); turnover frequency
calculated as turnover number / hour; ¢ selectivity for polymers
determined by 'H NMR; ¢ % CO, incorporation determined by 'H
NMR, through integral ratio of carbonate linkage peak/(carbonate +
ether linkages peaks).

The Al(lll) phthalocyanine catalyst (PSa) achieved 55%
conversion after 24 h (TON = 786, TOF = 33 h'1), exhibiting good
catalytic performance with 75% selectivity toward polymer
formation (25% identified as cyclic carbonate product). In
comparison, the Cr(lll) porphyrin catalyst (PSg) demonstrated
superior catalytic performance under identical conditions,
achieving 90% conversion (TON = 1286, TOF = 54 h'') and a
markedly higher polymer selectivity of 94%. Notably, both
catalysts yielded copolymers with high levels of CO;
incorporation (95-99%), composed predominantly of carbonate
linkages and containing only minor proportions of ether
linkages, approximately 5% in 1-PSa and 1% in 1-PSg, as
determined by 'H NMR (Fig. S1 and Fig. S7, Sl). The high levels
of CO; incorporation observed are comparable to some of the
highest values previously reported for vinyl cyclohexene
polycarbonates,36:39-50 and exceed other achieved with double
metal cyanides (DMCs)3> and nickel phenolate catalysts.37:38

The differences in catalytic performance between PSa and PSg
can be attributed to their distinct electronic and structural
characteristics. The chromium porphyrin PSg, bearing strongly
electron-withdrawing trifluoromethyl substituents, increases
the Lewis acidity of the metal centre, thereby promoting
epoxide activation and facilitating CO; insertion, which

This journal is © The Royal Society of Chemistry 20xx
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accounts for its higher catalytic activity. In cntrast, othe
aluminium phthalocyanine PSa possessesRPmere&ldetrsAleieR
macrocyclic environment and is more prone to intermolecular
aggregation due to its extended planar aromatic structure,
which may reduce the effective Lewis acidity of the metal
centre, resulting in comparatively lower catalytic activity.
MALDI-TOF MS analysis, recorded in positive ion mode using
DIT as matrix and NaTFA as cationization agent (Figs. $23-524,
Sl), revealed a distribution of oligomeric species detected
mainly as sodium adducts [M+Na]*, in which M represents the
neutral oligomeric chain. For 1-PSa, signals in the range ca.
1050-1600 m/z can be assigned to oligomeric species containing
approximately 5-8 carbonate repeating units. For example,
peaks at m/z 1036.8, 1205.2, 1373.9 and 1547.6 are consistent
with sodium adducts of oligomers bearing chloride-containing
end groups, in agreement with initiation by ClI~. In addition,
peaks at m/z 1125.4 and 1294.3 are consistent with oligomers
incorporating one ether linkage, as supported by NMR analysis,
and bearing hydroxyl-containing end groups. The spectrum also
exhibits a second group of peaks at higher masses (ca. 2160-
2350 m/z), which indicates the presence of polymer-
photosensitiser-associated ions (e.g., [M+PSa+Nal]*). In
contrast, the MALDI-TOF spectrum of 1-PSg displays a well-
defined oligomeric distribution with a regular peak spacing of
168 Da, consistent with the expected -CsH1,0C(0O)O- fragment,
corresponding to the 4-vinylcyclohexylcarbonate repeating unit
formed. Peaks observed at m/z 1005.5, 1173.5, 1341.6, 1509.7,
1677.7 and 1846.8 correspond to oligomeric Na adducts
containing n = 5-10 repeating units, respectively, bearing two
terminal -OH groups. Additional peaks located at approximately
1023.4, 1527.6 and 1864.8 m/z are consistent with oligomers
bearing one -OH and one -Cl terminal groups.33 The absence of
polymer-photosensitiser-associated ions in the case of 1-PSg,
together with the contrasting behaviour observed for 1-PSa,
suggests that the structure of the photosensitiser may influence
the ionisation behaviour. Overall, the MALDI-TOF data are
consistent with initiation by Cl~ together with chain transfer
and/or hydrolysis processes, in agreement with the established
coordination-insertion mechanism for epoxide/CO-,
copolymerization using metalloporphyrin/PPNCI catalytic
systems.33-34

The resulting polymeric materials, 1-PSa and 1-PSg, preserved
both the characteristic colour and the absorption profiles of the
parent catalysts/photosensitizers, PSa and PSg. Specifically, 1-
PSa exhibited a blue colour with A, = 680-685 nm, while 1-PSg
displayed a green colour with A2« = 437-445 nm (Fig. 2). These
results indicate that the photophysical properties of the
polymers arise from the tetrapyrrolic macrocycles, which
remain embedded and electronically intact within the polymer
matrix.

To further investigate the possible linkage between the
photosensitizer and the polymer chains, 'H NMR DOSY
experiments were performed. Polymer 1-PSg was shown to
exhibit a significantly lower diffusion coefficient than 1-PSa,
indicating longer polymer chains (Fig. S9, Sl), consistent with
GPC/SEC data (Table 2). In both samples, the low
photosensitizer content (0.4-3%) prevented reliable diffusion

J. Name., 2013, 00, 1-3 | 3


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py01211b

Open Access Article. Published on 10 June 2026. Downloaded on 6/11/2026 10:10:30 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Polymer €hemistry:

correlations between the aromatic signals of the
photosensitizer (6 = 6.5-8.5 ppm) and the polymer backbone
signals (6 = 0.5-6.0 ppm). Therefore, an additional *H NMR DOSY
experiment, performed after adding more PSa to 1-PSa samples
showed identical diffusion coefficients for the aromatic signals
of PSa and the polymer backbone (Fig. S10, SI), indicating close
association and suggesting that the photosensitizer is physically
embedded within the polymer matrix through non-covalent
interactions (e.g., van der Waals interactions). A similar DOSY
NMR analysis for 1-PSs, was not feasible due to the
paramagnetic nature of the chromium (Ill) porphyrin, which
limits the acquisition of reliable diffusion data.

a) b)

Absorvance
2 $
®

Absorvance
o
@

2L A

400 500 600 700 800 400 - 500 E‘;n"' ) 760
Fig_ 2 Wavelenght (nm) Wavelenght (nm)

Images of photosensitive polycarbonate powders: a) 1-PSa; b) 1-
PSg, and their normalized UV-Vis spectra, using 2-Me-THF as

solvent.

To access functionalised photosensitive polycarbonates, taking
advantage of the pendant vinyl groups present in the polymer
backbone, we proceeded with  the Rh-catalysed
hydroformylation of vinyl-functionalised polycarbonates 1-PSa
and 1-PSg, using 9,9-dimethyl-9H-xanthene-4,5-
diyl)bis(diphenylphosphane (xantphos) as phosphorus ligand, in
order to maximise the selectivity for linear aldehydes
formation.>*>6 The vinyl polymer 1-PSa or 1-PSg, along with the
rhodium precursor Rh(CO)z(acac) and xantphos, were placed
into a glass-lined stainless-steel autoclave. Toluene was then
added, the system was pressurised to 20 bar with an equimolar
mixture of CO/H, and the mixture was stirred at 80 °C for 5 h
(Scheme 2, via A). The solvent was then removed under reduced
pressure, and the resulting solid was washed with n-hexane and
dried under vacuum.

The hydroformylation of vinyl polycarbonate 1-PSa proceeded
with complete conversion into the corresponding formyl-
functionalised polycarbonate 2-PSa. This transformation was
confirmed by 'H NMR spectroscopy, through disappearance of
the signals at 5.05 and 5.76 ppm, assigned to the vinylic protons,
and the presence of a single signal at 9.78 ppm, characteristic
of aldehyde protons resonance, showing full chemoselectivity
towards aldehydes and the exclusive formation of
polycarbonate chains bearing linear aldehyde groups (Fig. S3,
Sl). Consequently, the target photosensitive polycarbonate 2-
PSp, incorporating aluminium phthalocyanine photosensitisers,

4| J. Name., 2012, 00, 1-3

was successfully isolated as a light blue powder jn,88%.yield.
Under identical reaction conditions, the 3/d¥otermytatior 1ot
vinyl polycarbonate 1-PSg resulted in the formation of a green
solid, which exhibited complete insolubility in a wide range of
solvents, including n-hexane, toluene, dichloromethane,
acetone, ethyl acetate, DMF, DMSO, methanol and water. The
insolubility of formyl-functionalised polycarbonate 2-PSg
suggests the possible formation of a higher molecular-weight
cross-linked polymer network. After washing with n-hexane
and dichloromethane, the photosensitive polycarbonate 2-PSg
was isolated in 92% vyield.

e
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Scheme 2 Post-polymer functionalisation of photosensitive
1-PSa 1-PSg
hydroformylation (via A) and bromination (via B).

polycarbonates and through  Rh-catalysed

A different approach towards multifunctional photosensitive
polycarbonates was carried out, through bromination of the
pendant vinyl groups (Scheme 2, via B). In a typical procedure,
vinyl polycarbonates 1-PSa or 1-PSg were reacted with a 5%
solution of Br, in CH,Cl,. Bromination of 1-PSa and 1-PSg
proceeded with complete conversion after 1 h, as confirmed by
1H NMR spectra of the crude mixtures, showing no signals of
characteristic vinyl protons. Upon work-up, the resulting solids
were washed with brine and dried under vacuum, to afford the
brominated polycarbonates 3-PSa and 3-PSg, as bluish green
powders with isolated yields of 90% and 86%, respectively.

The amount of photosensitiser incorporated into the polymer
matrices was quantified by ICP-MS, through determination of
the Al or Cr metal contents. For PSa-based polymers (1-PSa, 2-
PSa, 3-PSa), the Al-phthalocyanine contents were 3.0%, 2.8%,
and 1.7%, respectively, while for PSg-based polymers (1-PSg, 2-
PSg, 3-PSg) the Cr-porphyrin levels were 0.41%, 0.28%, and
0.24%. The higher relative amount of PSa compared with PSg
reflects the lower polymerisation conversion and isolated yield
obtained with the Al catalyst, resulting in the same amount of
catalyst (0.07 mol %) being distributed over a smaller mass of
polymer obtained.

The photosensitive polycarbonates were characterised by size
exclusion chromatography (GPC/SEC). Measurements were
performed in tetrahydrofuran, against polystyrene standards,

This journal is © The Royal Society of Chemistry 20xx
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enabling determination of the number-average (ME) and
weight-average (Mw) molecular weights and dispersity (D =
Mw/MR). The results are summarised in Table 2.

The GPC chromatograms of vinyl polycarbonates 1-PSa and 1-
PSg, obtained via CO,/epoxide copolymerisation, both display a
unimodal elution profile, indicative of polymers with relatively
uniform chain lengths and low dispersity. However, the
presence of a slight shoulder on the elution curves points to
minor fractions of lower molecular weight species (Figs. S11 and
S14, Sl). In contrast, the modified polycarbonates 2-PSa, 3-PSa
and 3-PSg showed bimodal or polymodal elution profiles,
characterised by broader peaks or multiple distinct peaks (Figs.
S$12, S13 and S15, SI).

Table 2 GPC/SEC data of photosensitive polycarbonates

M, x 103 M,, x 103 b M, % 103
Entry  Polymer — omolt)  (gmol’)  (Mu/M;)  (gmol)
1 1-PSa 2.9 3.6 1.24 97.8¢
2 1-PSg 11.2 15.8 1.41 202.5¢
3 2-PSa 4.5 13.0 2.88 3.4°
4 2-PSg n.d.* n.d.* n.d.* -
5 3-PSa 1.3 2.1 1.62 5.7°
6 3-PSs 10.5 14.7 1.40 21.9

Analysis were performed against a polystyrene standard, using THF
as solvent. M,: number-average molecular weight; M,,;: weight-
average molecular weight; D=M,/M,: dispersity.

* Not determined due to insolubility of 2-PSg.

9 Mh,theory Calculated from monomer-to-cocatalyst ratio, epoxide
conversion, selectivity and carbonate incorporation.

5 M, theory calculated from M, of vinyl polymer precursor and repeat-
unit mass increase, assuming quantitative functionalization and no
chain scission/coupling.

These features suggest that hydroformylation and bromination,
as post-polymer modifications, lead to the formation of
polymer mixtures comprising chains with varying lengths and
molecular weights. The vinyl cyclohexene polycarbonate 1-PSa,
prepared via CO,/epoxide copolymerisation with aluminium
phthalocyanine catalyst (PSa), exhibits low number and weight
average molecular weights (My, = 3.6 x 103 gmol; M, = 2.9 x
103 gmol?), consistent with oligomers formation. In contrast,
chromium porphyrin catalyst (PSg) yields 1-PSg with significantly
higher molecular weight (My = 15.8 x 103 gmol?! and M, = 11.2
x 103 gmol?), clearly demonstrating the effect of the
tetrapyrrolic metal catalyst on the polymerisation process
(Table 2, entries 1-2). These differences may reflect variations
in propagation efficiency and in the relative rates of chain-
transfer or termination processes for each catalytic system. The
greater electrophilicity of the chromium centre likely favours
more efficient chain growth, whereas the aluminium-based
system might experience more chain-transfer events, resulting
in shorter polymer chains.

The M, values obtained by SEC/GPC are significantly lower than
the theoretical values estimated from the monomer-to-
cocatalyst ratio, assuming one growing chain per equivalent of
PPNCI. This discrepancy can be rationalised by the apparent
molecular weights derived from polystyrene calibration,

This journal is © The Royal Society of Chemistry 20xx
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together with the likely presence of multiple initigting spesies,
leading to a higher number of polymer chdifd: dAdEER3y e Aty
lower experimental M, values. The dispersity (Mw/M,) values of
1.2 (for 1-PSa) and 1.41 (for 1-PSg) indicate that the polymer
chains exhibit relatively uniform lengths and molecular weights,
reflecting narrow and well-controlled molecular weight
distributions. These values represent a significant improvement
over the broader distributions for 4-vinylcyclohexane
polycarbonate, obtained with other catalysts, previously
reported in the literature.3> GPC analysis further revealed that
hydroformylation of polycarbonate 1-PS, yielded a structurally
distinct polycarbonate 2-PSh, accompanied by a notable
increase in My, from 3.6 x 103 gmol? to 13.0 x 103 gmol? and a
substantial rise in M, from 2.9 x 103 gmol? to 4.5 x 103 gmol?,
indicating the formation of polymer chains with significantly
higher molecular weights (Table 2, entries 1 and 3). This
increase points toward the occurrence of intermolecular
crosslinking between formyl-functionalised polymer chains,
through aldol-type reactions (Scheme S1, Sl). These findings are
consistent with the *H NMR analysis of 2-PSa, which shows a
lower-than-expected integration value for the aldehyde proton
signal at 9.78 ppm (Fig. S3, SlI). This phenomenon also results in
a significantly higher dispersity for 2-PSa (D = 2.88), indicating a
broad molecular weight distribution compared to the more
uniform profiles typically observed for the vinyl-based
polycarbonates 1-PSa. For 2-PSA, Mh,theory Was calculated from
M, of vinyl polymer precursor (1-PSa) and the repeat-unit mass
increase expected upon quantitative hydroformylation. The
higher M, determined by SEC/GPC relative to this theoretical
value indicates partial intermolecular coupling during
modification, consistent with the *H NMR data. In the case of
the brominated polycarbonates 3-PSa and 3-PSg, a decrease in
both number-average (My) and weight-average (M) molecular
weights was observed relative to their vinyl-functionalised
precursors (Table 2, entries 5 and 6). This diminution may be
attributed to chain cleavage processes occurring during
bromination, potentially triggered by side reactions or partial
degradation of the polymer backbone.>” Consistently, Mn theory
values calculated assuming quantitative dibromination and no
chain scission, predict a substantially higher molecular weight.
The lower values experimentally observed therefore strongly
supports the occurrence of chain cleavage processes during
bromination.

Fourier-transform infrared (FTIR) spectra of the photosensitive
polycarbonates (Fig. 3) consistently show two absorption bands
in the 2937-2855 cm™ region, assighed to aliphatic C-H
stretching vibrations, together with intense carbonyl (C=0)
stretching bands at 1735-1738 cm-?, characteristic of carbonate
functionalities.>® Additionally, intense bands near 1235 cm™ are
attributed to C—O stretching vibrations within the carbonate
moiety. The presence of these vibrational modes confirms the
preservation of the polycarbonate backbone across all samples.
For the vinyl-functionalised polycarbonates 1-PSa and 1-PSg,
weak absorption bands at 3074 cm™ and 1640 cm are
detected, corresponding to the C—H and C=C stretching
vibrations of olefinic groups. Additionally, comparison between
the FTIR spectra of 1-PSa and 1-PSg reveals an additional
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absorption band at 1080 cm™ in 1-PSg, characteristic of C-O
stretching in ether bonds, which suggest the presence of minor
ether linkages when aluminium phthalocyanine is used as the
copolymerisation catalyst (Table 1, entry 1), corroborating the
1H NMR data (Fig. S1, SI). The FTIR spectra of polymers 2-PSa
and 2-PSg retain the carbonate carbonyl stretching band, which
overlaps with the C=0 stretching of the introduced formyl
groups. Deconvolution of the carbonyl region reveals two
distinct bands at 1818 cm and 1721 cm’l, attributed to
carbonate and aldehyde carbonyls, respectively (Fig. S22, Sl).
The disappearance of the alkene C—H stretching band at 3074
cm?, coupled with the appearance of a new band at 2725 cm™,
characteristic of aldehyde C—H stretching, provides further
evidence of successful hydroformylation. Regarding the
brominated polycarbonates 3-PSa and 3-PSg, the FTIR spectra
exhibit complete disappearance of the alkene-related bands at
3074 and 1640 cm?, consistent with the absence of the vinyl
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5
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=
0.5 0,54
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— 2.5,
—— 3.8,
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Wavenumber (cm™)

a) b)

4000 3500 3000 2500 2000 1500 1000 500
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groups.>®
Fig. 3 FTIR spectra of photosensitive polycarbonates: a) 1-PSa, 2-PSa
and 3-PSA; b) 1-PSB, Z-PSB and 3-PSB.

To gain insight into the morphological features of the
photosensitive polycarbonates, high-resolution surface images
were acquired by scanning electron microscopy (SEM), shown
in Fig. 4.

As observed, all samples displayed non-uniform particles,
forming dense agglomerates of faceted and irregular shapes,
with fragmented surfaces and a broad size distribution enriched
in submicron aggregates. This pronounced fragmentation seen
in all samples suggests limited plastic deformation, a
characteristic typical of alkyl polycarbonates.®%61 Comparative
analysis of vinyl polycarbonates 1-PSa and 1-PSg revealed that
the higher molecular weight polymer 1-PSg, obtained with the
chromium porphyrin catalyst PSg, formed larger particles than
1-PSa, highlighting a catalyst-dependent effect on polymer
growth and microstructure. Furthermore, formyl-functionalised
polycarbonates 2-PSa and 2-PSg displayed distinctly different
morphologies, characterised by uniform lamellar particles with
smooth surfaces and sharp edges, generally larger than their
vinyl analogues. In contrast, brominated polycarbonates 3-PSa
and 3-PSg exhibited intermediate particle sizes and
morphologies, consistent with a balance between amorphous
and semi-ordered domains imparted by bromine addition.
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Fig. 4 SEM images of photosensitive polycarbonates (with 500x
magnification).

Thermal stability of polycarbonates

The thermal stability of the photosensitive polycarbonates was
systematically investigated through thermogravimetric analysis
(TGA) and differential scanning calorimetry (DSC). The TGA/DTG
curves (Fig. 5) reveal different degradation profiles according to
the chemical modifications introduced into the initial vinyl
polycarbonate 1-PSa or 1-PSg. Post-polymer functionalisation
via hydroformylation or bromination markedly influence their
degradation mechanism and thermal stability, as reflected by
variations in the maximum degradation temperature (Tmax) and
the temperatures corresponding to 5% and 50% mass loss (75
and Tso, respectively), as shown in Table 3.

Table 3 Thermal degradation temperatures of photosensitive
polycarbonates 1-3-PSa and 1-3-PSg

Polymer Ts/°C Ts0/°C Tonax/°C
1-PSa 168 223 207
2-PSa 164 282 200
3-PSa 190 237 242
1-PSg 177 203 206
2-PSg 250 309 297
3-PSg 188 261 266

Ts = temperature at 5% weight loss, Tso = temperature at 50% weight
loss, Tmax = temperature at maximum degradation rate.

Distinct thermal degradation profiles were obtained for each
PSa and PSg series, corresponding to the degree and type of
chemical functionalisation. The initial decomposition
temperatures, Ts5, which indicate the temperature of
measurable weight loss, provide an early indication of the

This journal is © The Royal Society of Chemistry 20xx
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thermal robustness of the materials. For the vinyl-
functionalised polycarbonate 1-PSa, a 75 of 168 °C suggests the
presence of thermally labile end groups or low molecular
weight fractions, consistent with its low molecular weight. This
is followed by a main decomposition event at Tmax = 207 °C and
a broader weight loss culminating at Tsp = 223 °C, with a
secondary degradation peak at 412 °C likely associated with
residual backbone degradation. For the formyl polymer 2-PSj, a
similar T5 of 164 °C was observed, implying that initial labile
sites remain, but Tsp markedly increased to 282 °C, and
additional degradation steps at 286 °Cand 417 °Cindicate more
complex thermal breakdown pathways,
oxidation of aldehyde functionalities.
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Fig. 5 TGA/DTG plots of photosensitive polycarbonates 1-3-PSa and

1-3-PSs.

The brominated derivative 3-PSa shows a higher Ts of 190 °C,
with Tmax =242 °Cand Tsp = 237 °C, reflecting an overall increase
in thermal resistance, likely due to steric hindrance and the
stabilizing influence of the bromine atoms.52 Regarding the PSg
series, the vinyl-functionalised polycarbonate 1-PSg presents Ts
= 177 °C, slightly higher than that of its analogue 1-PSa,
suggesting marginally improved initial stability due to the longer
polymer chains. The subsequent relatively narrow degradation
window (Tmax = 206 °C and Tso = 203 °C) is indicative of a uniform
degradation process. In contrast, the formyl-functionalised
polymer 2-PSg exhibits a pronounced increase in thermal
resistance, with Ts = 250 °C, Timax = 297 °C and Tsp = 309 °C. The
corresponding DTG curve shows an additional maximum at
390 °C, consistent with a more thermally stable network
structure, potentially arising from higher intermolecular
interactions or partial crosslinking induced by the formyl

This journal is © The Royal Society of Chemistry 20xx

Polymer Chemistry

groups.®3The brominated polycarbonate 3-PSg (with. [57 880G
Tmax = 266 °C, Tsp = 261 °C) also demonstrat&d ifpPS0EPEYability
over 1-PSg, associated with steric hindrance and restricted chain
mobility, though to a lesser extent than 2-PSg, likely due to the
occurrence of chain cleavage.®*

Complementary differential scanning calorimetry (DSC)
measurements were then performed to investigate the precise
determination of glass transition temperatures, offering deeper
insight into the segmental mobility and chain rigidity of the
polymers (Fig. 6). The vinyl-functionalised polycarbonate 1-PSa
exhibits a T at ~50 °C, characteristic of flexible aliphatic chains
with pendant vinyl groups. Upon hydroformylation, T increases
to 89 °Cin 2-PSa, which reflects increased rigidity and restricted
mobility due to the polar aldehyde groups that may enhance
interchain interactions.®3 In contrast, the T; of 3-PSa remains at
~50 °C, suggesting that bromination, while increasing thermal
stability, does not significantly affect chain mobility. Regarding
the PSg series, the vinyl polycarbonate 1-PSg shows a T at
~87 °C, which aligns with expectations for reduced segmental
motion in longer chains. The formyl-functionalised
polycarbonate 2-PSg displays two distinct Ty values at 65 °C and
105 °C, indicating phase heterogeneity, possibly due to partial
crosslinking or microphase separation between modified and
unmodified domains. On the other hand, the brominated
polycarbonate 3-PSg presents a T of ~77 °C, slightly lower than
that of 1-PSg, attributed to increased flexibility, possibly due to
chain cleavage upon bromination.>7.64
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Fig. 6 DSC curves of photosensitive polycarbonates 1-3-PS, and 1-
3-PSs.

Complementary powder X-ray diffraction analysis revealed
typical amorphous patterns for all prepared polymers, with an
absence of sharp crystalline diffraction peaks, consistent with
their intrinsically non-crystalline nature (Figs. S16 — S21, Sl).

Photophysical characterisation

The photosensitive polycarbonates were then analysed by UV-
vis spectroscopy to evaluate their photophysical properties and
potential photosensitising applications. The UV-vis spectra of
the photosensitive polycarbonates, recorded in 2-MeTHF at
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room temperature, are presented in Fig. 7 and compared with
those of the parent photosensitisers PSa and PSg. For the Al-
phthalocyanine-derived polymers 1-3-PSa, both absorption and
fluorescence emission spectra are shown in the same plot.

The UV-vis spectra of photosensitive polycarbonates 1-3-PSa
exhibited the typical spectral features of monomeric
phthalocyanine PSa, with a well-resolved and intense sharp Q-
band at around ~ 685 nm, a vibronic band near ~ 615 nm and
the Soret band in the region of ~ 350-355 nm (Fig. 7a). On the
other hand, the UV-vis absorption spectra of the chromium
porphyrin-based vinyl-functionalised photosensitive
polycarbonate 1-PSg display the characteristic features of
metalloporphyrin PSg, including an intense Soret band with
absorption maxima at 417 nm and two less intense Q-bands
around 560 and 600 nm (Fig. 7b). Differently, the bromo-
functionalised photosensitive polycarbonate 3-PSg shows a red-
shifted Soret band at 480 nm, which indicates that, under the
employed bromination conditions, bromine substitution may
also have occurred at the B-pyrrolic positions of the porphyrin
ring.6>
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Fig. 7 a) UV-vis absorption and emission spectra obtained for Al(lll)
phthalocyanine-based functionalized polycarbonates 1-3-PSa; b)
UV-vis absorption spectra obtained for Cr(lll) porphyrin-based
functionalized polycarbonates 1-PSg and 3-PSg (using 2-MeTHF as
solvent, at 25 °C).

A summary of photophysical parameters, including wavelength
absorption (Aaps), fluorescence emission maxima (Aem),
fluorescence quantum vyields (¢e), fluorescence lifetimes (tg)
and singlet oxygen quantum yields (¢a), is presented in Table 4.
The Al(lll) phthalocyanine-derived polycarbonates 1-3-PSa
present fluorescence maxima at approximately 690 nm, with
the emission spectra being the mirror image of the
corresponding absorption ones (Fig. 7a). Small Stokes-shift of 6-
8 nm, indicates a similar structure of both the ground and first
excited singlet states. In addition, the polycarbonates 1-3PSa

8| J. Name., 2012, 00, 1-3

feature fluorescence quantum vyields (dr) betwegn, 0,17 And
0.46, while their fluorescence lifetimes werd sipdilap/Rp™ G HSP
within the range for reported phthalocyanine compounds.®® To
further estimate the potential of the photosensitive polymers
for the photo-inactivation of microorganisms, singlet oxygen
sensitisation studies were also performed. It was found that the
polycarbonates 1-PSa and 2-PSa are capable of generating
singlet oxygen at levels comparable to that of the polymer-
unbound aluminium phthalocyanine photosensitiser PSa.
However, the brominated polycarbonate material 3-PSa
exhibited a significantly lower singlet oxygen quantum yield (¢pa
= 0.08). This reduction may be attributed to heavy atom effect,
possibly resulting from the partial bromination of the
phthalocyanine macrocycle, which is known to promote
intersystem crossing to the triplet state, leading to a shorter
triplet-state lifetime, thereby reducing the efficiency of energy
transfer to molecular oxygen and ultimately limiting singlet
oxygen generation.®” As expected, none of the chromium-based
polycarbonate materials exhibited detectable fluorescence
emission or singlet oxygen generation under the studied
conditions.686°

Table 4 Photophysical data obtained for
polycarbonates, compared with aluminum phthalocyanine (PSa)

photosensitive

and chromium porphyrin (PSg) photosensitizers

Aabs (NM) Aem (NM) br T ba
PSa 355/616/685 692 0.17 6.6 0.21
1-PSa 355/615/685 691 0.42 6.1 0.18
2-PSa 355/614/683 690 0.46 6.1 0.19
3-PSa 350/617/684 692 0.28 5.9 0.08
PSg 445/560/600 N.D. N.D. N.D. N.D.
1-PSg 437/560/600 N.D. N.D. N.D. N.D.
3-PSg 480/603/650 N.D. N.D. N.D. N.D.

Measurements were performed using 2-MeTHF as solvent, at 25°C
N.D.: not detectable (below the detection limit). Photophysical data
for 2-PSg was not acquired due to polymer insolubility.

Overall, the photophysical data indicate that polycarbonates
functionalisation with different substituents, including vinyl,
formyl or dibromoethyl groups, does not induce significant
changes in the photophysical parameters of Al phthalocyanine-
based polymers 1-3-PSa. As the singlet oxygen generation
efficiency of 1-3-PSa remained comparable to that of the
polymer-unbound Al(lll) phthalocyanine (PSa), these materials
present a strong potential as photosensitive antibacterial
systems.

Antibacterial photodynamic inactivation (aPDI) studies

Preliminary studies on the antibacterial photodynamic
inactivation  activity of the  Al-phthalocyanine-based
polycarbonates 1-3-PSa were conducted against

Staphylococcus aureus, a high-priority pathogen associated
with antibiotic resistance and hospital-acquired infections.”%7%
The assays were performed using a 96-well plate (Fig. 8), in
which polymer-coated wells were exposed to bacterial
suspensions and irradiated with red light (660 nm, 49 J cm),

This journal is © The Royal Society of Chemistry 20xx
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followed by colony counting to quantify bacterial survival. The
photosensitive polycarbonates 1-3-PSa, each containing
approximately 2% (w/w) of the photosensitiser PSa, showed
limited photodynamic inactivation against S. aureus, achieving
only up to a 1-log reduction in colony-forming units (CFU),
corresponding to 90% bacterial inactivation. This modest
activity is consistent with previous reports on similar low-
loaded photosensitizing systems.”>73 To evaluate whether the
low efficacy stemmed from insufficient photosensitiser content,
the polymers were further enriched with PSa to a final loading
of 15% (w/w), as confirmed by UV-Vis spectroscopy, and the
PSa-enriched materials were re-evaluated under identical light
irradiation conditions. Regarding the materials 1-PSa and 3-PSa
(with 15% PSa), a 3-log CFU reduction was observed, indicating
bactericidal activity, defined as 2>99.9% inactivation.”*
Remarkably, the formyl-functionalised polymer 2-PSa (with 15%
PSa) achieved complete inactivation of the bacterial inoculum
(27-log CFU reduction), fulfilling the disinfection threshold set
by the U.S. Environmental Protection Agency for healthcare
settings.”> Given that all samples contained comparable
photosensitiser loadings (~15%), the observed differences in
photodynamic inactivation efficiency strongly suggest that the
aldehyde functionalities incorporated into the polycarbonate
backbone play a synergic role in the photo-antimicrobial
activity,”680 consistent with our previous findings obtained with
porphyrin photosensitisers combined with aldehydes.”? In
contrast, PSg-based polymers are not expected to exhibit
significant photodynamic activity due to the paramagnetic
nature of the chromium(lll) centre, which limits efficient
generation of reactive oxygen species, and may instead be
better suited to alternative applications, such as oxidative
catalysis for the degradation of organic pollutants.

W Dark
mm 2% PSy
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Fig. 8 a) Photodynamic activity of Al(lll) phthalocyanine-based
photosensitive polycarbonates 1-3-PS, in inactivation of S. aureus
planktonic cultures, using 49 J/cm? light dose (660 nm LED). The
label *** (p < 0.001) represents statistical difference relative to the
control (light irradiation without photosensitive material); b) Image
of the 96-well plate loaded with
photosensitive polycarbonates 1-3-PSa (83 mg/mL).

stock solutions of the

Polycarbonate/ethyl cellulose biocomposite films

To investigate the application potential of photosensitive
polycarbonates as photo-disinfectant materials, attempts were
made to process them into polymer films by solvent casting.
However, the resulting films were rigid and brittle, restricting

This journal is © The Royal Society of Chemistry 20xx
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their practical applicability. To overcome this \Jimitatios,;a
polycarbonate-based photosensitive bidea9dsite/ D0 1nas
developed,®* by blending the polycarbonate with ethyl
cellulose, a well-established bio-based plasticiser recognised for
its excellent film-forming ability and broad polymer
compatibility.82 Considering the superior efficacy of formyl-
functionalised polycarbonate 2-PSa, enriched with 15% PSa
(w/w), in the inactivation of S. aureus (Fig. 8), the biocomposite
formulation was prepared by dissolving 2-PSa (25 w/w%) and
ethyl cellulose (75 w/w%) in cymene, used as a green solvent.
After homogenisation, the solution was cast onto a glass plate
substrate using a doctor blade applicator to obtain uniform
films. The glass plate was then kept in the dark at room
temperature to allow solvent evaporation and formation of the
biocomposite film 2-PSas5%)@EC (Fig. S25, Sl). The resulting film
(Fig. 9a) was analysed by UV-vis spectroscopy (Fig. 9b), which
revealed the characteristic absorption bands of Al-
phthalocyanine PSa at approximately 614 and 683 nm,
confirming that its photophysical properties were retained
upon incorporation into the ethyl cellulose composite. The DSC
curve of 2-PSa15%)@EC (Fig. 9c) shows two glass transitions, one
around 70 °C and another near 125 °C. The lower Tg, attributed
to the 2-PSa rich domains, appears at a lower temperature than
in pure 2-PSa. This shift is likely due to interactions with the
ethyl cellulose matrix and partial mixing, which might increase
the segmental mobility of 2-PSa chains and reduce their thermal
rigidity.83 The higher T, corresponds to the ethyl cellulose
phase,? indicating partial compatibility between the two
polymers (polycarbonate and ethyl cellulose) and the formation
of a heterogeneous amorphous system.
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Fig. 9 Characterization of 2-PSa(s%)@EC: a)
biocomposite film; b) UV-Vis spectra, measured in 2-Me-THF at 25
°C; c) DSC/DTG plot; d) TGA curve; e) SEM image (with 5000x
maghnification).

image of the

Complementary TGA analysis of the biocomposite film (Fig. 9d
and Table 5) revealed a markedly different degradation profile
compared to the 2-PSa neat polymer. While neat 2-PSa shows
early degradation with a Tmax around 200 °C (Table 3, entry 2),
the composite exhibited Ts = 304 °C, Tso = 407 °C, and Tmax =
415 °C. These values indicate that the thermal behaviour of the
system is dominated by the ethyl cellulose matrix,® with no
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clear thermal signature from the 2-PSa. The significant delay of
degradation suggests a synergistic effect, where the ethyl
cellulose matrix provides a thermally stable environment that
suppresses the decomposition of 2-PSa. The absence of a
distinct degradation step for 2-PSa in the composite profile
further supports the strong thermal shielding effect of the
matrix. This results in a composite with improved thermal
resistance, suitable for applications requiring bio-based
materials with high thermal stability. The SEM image (Fig. 9e)
showed a rough textured surface with small aggregates
dispersed in a smoother background, reflecting the
heterogeneous nature of 2-PSa(15%)@EC.

Table 5 Thermal degradation temperatures of 2-PSa(1s%)@EC

Material T5/°C TSO/DC Tmax/oc
2-PSa(15%)@EC 304 407 415

Ts =temperature at 5% weight loss, Tso = temperature at 50% weight
loss, Tmax = temperature at maximum degradation rate.

Tensile testing of composite 2-PSa1s%)@EC revealed markedly
improved strength and flexibility. The stress-strain curve (Fig.
10) displays a smooth elastic region, followed by gradual plastic
deformation and fracture at a relatively high elongation
(42.1%). This response reflects reduced stiffness compared to
neat polycarbonate, yielding a film with enhanced ductility and
which

toughness, critical attributes for practical

applications.
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Fig. 10 Tensile (stress-strain) tests of ethyl cellulose-polycarbonate

biocomposite 2-PSas%)@EC.

The photo-antimicrobial activity of the biocomposite film 2-
PSa(15%)@EC was also evaluated in aPDI assays, by placing film
sections in 96-well plates, followed by exposure to S. aureus
suspensions and irradiation with red light (660 nm, 49 J cm™2).
Ethyl cellulose (EC) films without 2-PSh were tested under
identical conditions as material control to assess any intrinsic
effect of the polymer matrix. Dark controls were performed for
both materials by incubating the bacterial suspensions in
contact with the films for the same period in the absence of
light. Bacterial survival was subsequently quantified by colony
counting (Fig. S28, Sl). The results revealed the complete
inactivation of S. aureus in the presence of 2-PSa(15%)@EC films
(=7-log CFU reduction), confirming the strong photo-
antibacterial activity of the material (Fig. 11). As previously
observed for polycarbonates 1-3-PSa (Fig. 8), this effect
continues to be exclusively light-dependant, since no
antibacterial activity is obtained through just dark incubation.

10 | J. Name., 2012, 00, 1-3

Moreover, this photoinactivation efficacy is only attrjbutable te
the presence of 2-PSausw), as ethyl célfild9e Owithdliplany
photosensitizer (EC) does not exhibit intrinsic antibacterial
activity either in dark or under the applied irradiation conditions
(Fig. 11).

mm Dark
mm Light

Control

EC 2-PS,@EC

Fig. 11 Photodynamic inactivation of S. aureus planktonic cultures
with ethyl cellulose-polycarbonate biocomposite 2-PSa15%)@EC and
ethyl cellulose without 2-PSaus%) (EC) using either 49 J/cm? light
dose (660 nm LED) or dark incubation under the same time. The
label *** (p < 0.001) represents statistical difference relative to the
control (light irradiation without photosensitive material).

Therefore, the incorporation of ethyl cellulose not only
improved flexibility and processability but also preserved the
photodynamic efficacy of the 2-PSa polycarbonate. These
findings highlight the potential of the ethyl cellulose-
polycarbonate biocomposite as a photoactive antimicrobial
coating for surface disinfection applications.

Experimental
Materials and methods

All reagents and solvents were purchased from commercial
suppliers (TCI chemicals, Alfa Aesar, Merck/Sigma Aldrich,
Apollo Scientific or STREM chemicals). Solvents were purified
and dried according to standard methods. Air and moisture
sensitive reagents were manipulated using Schlenk techniques,
under a nitrogen or argon atmosphere. Glass material was dried
in an oven at 150 °C. The tetrapyrrolic macrocycle complexes
PSa and PSg were synthesized accordingly to our previously
reported methods and spectroscopic data is in agreement.3334
1H and 13C NMR spectra were recorded in CDCl3 on a Bruker
Avance IIl 400 spectrometer, operating at 400.13 MHz for 'H
and 100.61 MHz for 13C. Pseudo-2D *H NMR DOSY spectra were
acquired using the diffusion bipolar pulse pair stimulated echo
and LED (LEDBPGP) method, with 32 k complex points, 16 scans
per increment, and a spectral width of 4795.34 Hz, at 25 °C. The
data were obtained with a diffusion delay of 180 ms and 4 ms
small delta, linear gradient pulse amplitudes ranging from 2 to
95% during 2 ms with a total of 64 steps, and an eddy current
delay of 5 ms. Temperature calibration was performed using
standard samples before each NMR session. Chemical shifts for
1H and 13C are expressed in ppm, relatively to a TMS as internal
standard, or relatively to residual peaks, present in the
deuterated solvents used, CDCl; or DMSO-de. UV-Visible spectra
were obtained on a Shimadzu 2100 spectrophotometer, using
glass cells with an optical path of 1 cm. MALDI-TOF mass spectra

This journal is © The Royal Society of Chemistry 20xx
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were recorded in positive ion mode on a rapifleX MALDI
Tissuetyper (Bruker) mass spectrometer using dithranol (DIT) as
matrix and sodium trifluoroacetate (NaTFA) as cationisation
agent. Samples were dissolved in CHCI3 (50 pL), diluted 1:50 in
CHCl3, and mixed with the matrix solution (2 mg DIT in 200 puL
MeOH) and NaTFA (1 mg mL™" in THF). An aliquot (1 uL) of the
resulting mixture was spotted onto the MALDI plate. Data are
reported as mass-to-charge ratios (m/z). Size exclusion
chromatography (GPC/SEC) analysis was carried out on a
Shimadzu LC-20AD, equipped with index refraction detector
RID-20A (T2 35 2eC), on a column PLgel 5 um MIXEDC; 2 x (300 x
7.5 mm), from Polymer Laboratories Ltd, using THF as eluent.
The polymer sample (3 mg/mL) in THF, was first filtered through
a 0.45 um nylon filter, and then injected (20 pL). Polystyrene
standards for calibration (EASYCAL-1 by Polymer Laboratories)
were used to determine number average (Mn) and weight-
average (M) molecular weights, using GPC-Shimadzu software.
SEM analyses were carried out in a Zeiss-GEMINI Il FESEM
operated at an accelerating voltage of 2 kV, using a secondary
electron detector. The solid-state infrared spectroscopy studies
were carried out using an infrared spectrophotometer with
Fourier transform from Thermo Scientific, model Nicolet 380 FT-
IR, with an ATR module, model Orbit Diamond from the same
brand. The thermogravimetric studies were carried out in a
Perkin-Elmer equipment, model STA 6000 connected to a
cooling bath (cooling liquid: water-ethylene glycol 1:1, at a
temperature of 15 2C) made by Julabo, model F12. DSC tests
were performed using a power compensated differential
scanning calorimeter Perkin-Elmer, model DSC7, with a branded
circulation bath MGW Lauda as a cooling system (coolant:
water-ethylene glycol 1:1, at -20°C). The equipment used to
obtain the X-ray diffractograms was a Rigaku powder
diffractometer, model MiniFlex 600, connected to a van der
Heijden thermostatic bath (water, 202C). UV-vis absorption
spectra were obtained in a 5 mm or 10 mm quartz cuvette in 2-
MeTHF on a Shimadzu UV-2600 spectrophotometer. The
emission spectra of the compounds in solution were obtained
in fluorescence quartz cuvette of 5 mm or 10 mm path length,
using a Horiba-Jobin-Vonn Fluorolog 3.22 spectrometer. All the
fluorescence spectra were corrected for the wavelength
response of the system. Fluorescence quantum vyields for the
solution samples were obtained by the absolute method using
a Hamamatsu Quantaurus QY absolute photoluminescence
quantum yield spectrometer model C11437 (integration
sphere). Room-temperature singlet oxygen phosphorescence
was detected at 1270 nm with a Horiba-Jobin-lvon SPEX Fluorog
3.22 using the Hamamatsu R5509-42 photomultiplier previously
reported. The use of a Schott RG1000 filter was essential to
eliminate from the infrared signal all of the first harmonic
contribution of sensitizer emission in the region below 850 m.
The singlet oxygen formation quantum vyield was then
determined by direct measurement of the phosphorescence at
1270 nm following irradiation of the aerated solution of the
samples in 2-MeTHF.

Synthetic procedures and characterization

This journal is © The Royal Society of Chemistry 20xx
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Synthesis of 4-vinylcyclohexane polycarbonate (1-PSa and 1-PSg).
The tetrapyrrolic macrocycle catalyst PSP©F IPSHI0 0P W aIvh)
and PPNCI (0.07 mol%) were placed in a glass-lined stainless-
steel autoclave, and left in vacuum for approximately 3 h, at 80
°C. Then, 1,2-epoxy-4-vinylcyclohexene (4 ml, 31 mmol),
previously dried over alumina, was injected, via cannula, into
the autoclave, which was set at the desired temperature (80 °C)
and pressurized with of CO; (40 bar). The reaction proceeded
with stirring (600 rpm) at 80 °C, for 24 h. At the end, the
autoclave was cooled and slowly depressurized and the crude
was dissolved in CH)Cl;, to remove the polymer from the
autoclave. After solvent evaporation and drying under vacuum
at 100 °C for 12 h, the resulting solid was washed with n-hexane
(3%) and dried under vacuum at 100 °C for 18 h. The % of
conversion was determined by 'H NMR of the crude mixture.
Selectivity was calculated by integral ratio between
polycarbonate and cyclic carbonate peaks. The CO, content (%)
was calculated from 'H NMR data by the integral ratio between
copolymer carbonate linkages (6 = 4.64 ppm) with respect to
the ether linkage signals (6 = 3.57 ppm). Isolated yields (%) were
calculated from the mass of the isolated products relative to the
weighted mass of epoxide and the CO; weight. 1-PSa (using PSa
as catalyst): Yield 1.981 g (38%). *H NMR (CDCls, 400 MHz): &
(ppm) 5.77-5.76 (m, 1H), 5.05-5.02 (m, 2H), 4.90-4.77 (m, 2H)
2.43 (brs, 1H), 1.86-1.57 (br m, 6H). 13C NMR (CDCls, 100 MHz):
8 (ppm) 153.5, 141.7, 113.9, 74.2, 39.2, 35.0, 31.8, 29.5, 26.3.
FTIR (ATR, cm™): 3074, 2925, 2861, 1742, 1640, 1596, 1230. UV-
Vis (2-MeTHF, nm): 681, 643, 615. GPC data: M, = 2943 g/mol,
P = 1.23. 1-PSg (using PSg as catalyst): Yield 4.171 g (80%). *H
NMR (CDCls, 400 MHz): 6 (ppm) 5.79-5.73 (m, 1H), 5.11-4.96 (m,
2H), 4.89-4.77 (m, 2H), 2.43 (br s, 1H), 1.85-1.53 (br m, 6H). 13C
NMR (CDCls, 100 MHz): & (ppm) 153.5, 141.5, 114.1, 73.5, 35.0,
31.7,26.2, 25.5. FTIR (ATR, cm™): 3078, 2940, 2866, 1755, 1643,
1449, 1235, 1080. UV-Vis (2-MeTHF, nm): 602, 560, 438. GPC
data: M, =11191 g/mol, b = 1.41.

Synthesis of 4-(3-oxopropyl)cyclohexane polycarbonate (2-PSa and
2-PSg). The vinyl-functionalized polycarbonate 1-PSa or 1-PSg
(840 mg), Rh(acac)(CO); (2.58 mg 0.01 mmol) and xantphos (29
mg, 0.05 mmol) were placed in a glass-lined stainless-steel
autoclave. Then, toluene (10 mL) was added, via cannula, and
the autoclave was purged with three cycles of vacuum and an
equimolar mixture of CO/H, (syngas). The autoclave was set on
the desired temperature (80°C), pressurized with syngas (20
bar), and the reaction was conducted under these conditions
with stirring for 5 h. At the end, the reactor was cooled to room
temperature and depressurized. The solvent was evaporated,
the resulting solid was washed with n-hexane, filtered and dried
in vacuum at 80 °C. 2-PSa: Yield 871 mg (88%). 'H NMR (CDCls,
400 MHz) & (ppm) 9.78 (s, 1H), 4.85-4.78 (m, 2H), 2.49 (br's, 1H),
1.86-1.25 (m, 10H). 13C NMR (CDCls, 100 MHz): 6 (ppm) 202.6,
153.7, 73.5, 41.8, 35.3, 31.2, 30.2, 26.3, 25.7. FTIR (ATR, cm™2):
2935.5, 1818.6, 1722.1, 1433, 1235. UV-Vis (2-MeTHF, nm):
688, 652, 619. GPC data: M, = 4495 g/mol, b = 2.88. 2-PSg: Yield
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910 mg (92%). FTIR (ATR, cm™): 2926, 2860, 1819, 1731, 1449,
1225. UV-Vis (solid state, nm): 602, 563, 520, 439.

Synthesis of 4-(1,2-dibromoethyl)cyclohexane polycarbonate (3-
PSa and 3-PSg). The vinyl-functionalized polycarbonate 1-PSa or
1-PSg (250 mg) was placed in a round-bottom flask and
dissolved in carbon tetrachloride (15 mL). Then, a Br, 5%
solution in carbon tetrachloride (5.7 mL) was added dropwise,
at 25 °C, with stirring. After approximately 30 min, the mixture
was quenched with an agueous sodium thiosulfate solution (1
M) and washed brine, and the organic phase was extracted with
dichloromethane. Finally, the organic phase was dried with
anhydrous sodium sulphate, the solvent was evaporated, and
the obtained solid was dried in vacuum at 80 °C. 3-PSa: Yield 225
mg (90%). *H NMR (CDCls, 400 MHz) & (ppm) 4.97-4.84 (m, 2H),
4.20 (brs, 1H), 3.85-3.69 (m, 2H), 2.35-2.31 (brs, 1H), 1.99 - 1.63
(m, 7H). 13C NMR (CDCls, 100 MHz): & (ppm) 152.6, 75.2, 58.3,
33.0, 29.5, 24.8, 18.4. FTIR (ATR, cm™): 2930, 2856, 1737, 1430,
1230, 590. UV-Vis (2-MeTHF, nm): 682, 650, 616. GPC data: M,
=1279 g/mol, D = 1.63. 3-PSg: Yield 215 mg (86%). FTIR (ATR,
cm):2939, 2865, 1742, 1434, 1225, 590. UV-Vis (2-MeTHF,
nm): 655, 605, 482. GPC: M, = 10479 g/mol, b = 1.40.

Preparation of biocomposite film 2-PSas%)@EC. The formyl
polycarbonate 2-PSa (125 mg) was placed in a round-bottom
flask and dissolved in cymene (5 ml), at 25 °C, with stirring. Once
fully dissolved, ethyl cellulose (375 mg) was gradually added to
the solution. Then, PSa (21 mg) was added and the mixture was
stirred continuously for approximately 3 h, in the dark, at 25 °C.
Upon observing full homogenization and increased viscosity,
the resulting solution was cast onto a glass plate using a doctor
blade applicator to obtain uniform films. The coated plates were
stored in the dark under ambient conditions and exposed to air
for 48 h to allow solvent evaporation and film formation.

Antibacterial photodynamic inactivation (aPDI) studies

Photoinactivation assays were carried out using Staphylococcus
aureus ATCC 29213 as the model microorganism. These bacteria
were cultured on Mueller—Hinton (MH) agar for ~24 h at 37 °C
on the day prior to testing. A suspension was then prepared in
sterile water at a density of 0.5 McFarland standard,
corresponding to approximately 1.5 x 102 CFU/mL. Then, in the
wells coated with the photosensitive polycarbonate material (or
biocomposite film), 20 uL of the bacterial inoculum was added
and irradiated with a red LED source (660 + 20 nm, 20 mW/cm?).
The light doses reported were obtained by calculating the total
energy emitted by the light source during a given irradiation
time, to which a correction factor (0.34) is applied that
considers the overlap between the absorption spectrum of PSa
and the emission spectrum of the LED (Flg. S26, SI).8¢ After
irradiation, 80 pL of sterile distilled water was introduced into
each well. After homogenization, 10 pL aliquots were collected,
serially diluted in sterile water, and plated on MH agar. The
plates were incubated at 37 °C for 24 h, after which the surviving
bacterial colonies were counted and expressed as CFU/mL,
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relatively to control experiments, which were perfarmed usder
identical conditions in the absence of pdNdatBenIeMEteridl
(Fig. S28, SI). Two distinct methods were followed for
preparation of coated wells, depending on the investigated
photosensitive material type: polycarbonate powder or ethyl
cellulose/polycarbonate biocomposite films.

Photosensitive polycarbonate powders. The polycarbonate
material 1-3-PSa (125 mg) was dissolved in acetone (1.5 mL).
Then, aliquots of 40 pL (83 mg/mL) were transferred into the
wells of a 96-well polypropylene round-bottom plate, and the
solvent was allowed to evaporate at room temperature,
forming a uniform thin film at the bottom of each well.

Photosensitive ethyl cellulose/polycarbonate biocomposite film.
Circular sections (6 mm diameter, 0.7 mm thickness) of the
ethyl cellulose-based photosensitive biocomposite film 2-
PSa(15%)@EC (5 mg) were cut and placed in the wells of a 96-well
polypropylene round-bottom plate.

Conclusions

We have described a sustainable and versatile strategy for the
synthesis of multifunctional CO,-based photosensitive
polycarbonates. The one-pot CO,/epoxide copolymerisation,
using tetrapyrrolic macrocyclic metal complexes (aluminium
phthalocyanine or chromium porphyrin) as dual-function
catalysts and integrated photosensitisers, afforded
polycarbonates with high carbonate content (95-99%) and
enabled efficient incorporation of chromophore units directly
into the polymer backbone, avoiding post-grafting steps
thereby reinforcing the process sustainability. The presence of
pendant vinyl groups along the polymer chains provided a
robust and modular platform for post-polymerisation
functionalisation, significantly expanding the chemical
versatility of these CO,-based materials. Rh-catalysed
hydroformylation afforded aldehyde-functionalised
polycarbonates with excellent chemo- and regioselectivity,
representing the first example of this transformation applied to
CO;-derived polycarbonates, while bromination offered an
alternative route for fine-tuning polymer structure and
functionality. Detailed structural, spectroscopic and thermal
characterisation confirmed preservation of the intrinsic
photophysical properties of the tetrapyrrolic macrocycles,
together with the robustness and tunability of the materials.
Notably, the Al-phthalocyanine-based polycarbonates exhibited
high fluorescence quantum vyields (¢r up to 0.46) and efficient
singlet oxygen generation (¢a up to 0.21), highlighting their
suitability for light-driven applications. To address the intrinsic
brittleness of the neat polycarbonates and progress towards
processable materials, an ethyl cellulose-based biocomposite
film was successfully developed. The resulting biocomposite
preserved the key photophysical characteristics of the
photosensitive polycarbonate while exhibiting enhanced
flexibility, thermal stability and film-forming ability,
demonstrating an effective translation of molecular-level
design into macroscopic functional materials. Preliminary
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antibacterial photodynamic inactivation studies illustrated the
potential of the aluminium phthalocyanine-based
polycarbonate materials for light-triggered antimicrobial
applications, serving as a proof of concept for future surface and
coating technologies. Overall, this study expands polymer
chemistry by integrating CO, valorisation, post-polymerisation
modification and biocomposite processing, establishing a
sustainable synthetic platform for next-generation
photosensitive materials with tunable properties and broad
application prospects.
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