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Synthesis of Fluorine-Containing, UV-Responsive PLA-Based
Materials by Means of Functionalized DOX Monomer

Stefano Gazzotti, Marco Aldo Ortenzi,* Hermes Farina, and Alessandra Silvani

1,3-Dioxolan-4-ones (DOX) chemistry is exploited for the synthesis of
UV-curable, polylactic acid (PLA)-based copolymers. DOX monomer
functionalized with 4-fluoro-4′-hydroxybenzophenone is synthesized and
employed as comonomer with l-lactide. Copolymerization reactions are
performed with different DOX loadings through a solvent-free,
metal-catalyzed protocol. Products are characterized through NMR analysis in
order to demonstrate the random insertion of the modified monomer within
the polymeric chain. Copolymers are subjected to UV irradiation and
compared to a control PLA synthesized and processed in the same conditions.
The evolution of the molecular weight during prolonged UV exposure is
evaluated through SEC analysis, showing the effect of the benzophenone side
groups, which promote crosslinking reactions. A crosslinking mechanism is
proposed and demonstrated by means of 1H NMR and FT-IR analyses. The gel
content of the samples is measured after the UV exposure, demonstrating a
correlation with the concentration of DOX-derived units. Finally, water contact
angle analyses are performed to investigate the effects of the fluorination
degree on the wettability properties and thermal characterization is carried
out. Moreover, rheological analyses show a shear thickening behavior for the
copolymers with the highest concentration of DOX-derived units.

1. Introduction

Polylactic acid (PLA)-related research is flourishing, pushed for-
ward by the increasing demand of valid solutions for the plas-
tic pollution problem in the world.[1,2] To this regard, highly re-
cyclable materials often represent the best choice in terms of
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sustainability. On the other hand, biobased
and biodegradable polymers are attract-
ing more and more interest, to replace
commonly employed oil-derived plastics in
many different fields of application.[3] In
particular, academic and industrial research
often targets polymers with good biodegrad-
ability as they would help to limit the ac-
cumulation of end-of-life goods in the en-
vironment. Within such a class of materi-
als, PLA is one of the most studied and de-
veloped since its monomer (i.e., lactic acid)
can be extracted from many different natu-
ral sources and its degradation products are
unharmful for living beings.[4,5] High stiff-
ness, high tensile strength and good opti-
cal features of PLA paved the way to a wide
span of applications, ranging from food
packaging to tissue engineering.[6,7] In par-
ticular, employment in the biomedical field
has always attracted much interest, thanks
to PLA biocompatibility and good process-
ability, which allows for the preparation
of scaffolds, even with complex shapes.[8,9]

However, PLA’s poor toughness has always
been a strong hurdle to its applicability

in this field, especially when dealing with bone-regeneration
applications.[10,11] In the search for possible improvements of
PLA’s mechanical properties, one of the most investigated ap-
proaches relies on the preparation of crosslinked materials, since
crosslinks impart additional dimensional stability to the polymer,
improving its toughness.[12] They are usually obtained by intro-
ducing acrylic moieties that can eventually be UV-cured to yield
the crosslinked lattice.[13–15] The strong limit of this approach is
related to acrylates toxicity, which makes the obtained material
unsuitable for in vivo applications unless thoroughly purified.[16]

Besides poor mechanical properties, PLA’s in vivo applicability
is often limited by inadequate surface properties and hydropho-
bicity and low surface energy, as well as the lack of surface func-
tional groups, likely hindering proper cell adhesion.[17,18] A par-
tial fluorination of the surface has been recently reported as a
possible improvement, as it was demonstrated that partially flu-
orinated surfaces can promote the cells’ adhesion and prolifer-
ation, thanks to the formation of favorable dipoles.[19–21] To this
regard, it is important to balance properly the fluorination degree,
in order to avoid an increased hydrophobicity that would hinder
proper in vivo interactions.[22]

Given these premises and relying on our expertise in the
preparation of functional PLAs,[23,24] the synthesis of a curable
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Scheme 1. Synthesis of PhenDOX indicating reagents and conditions (upper scheme) and copolymerization between PhenDOX and l-Lactide (lower
scheme). In upper scheme: a) 4-fluoro-4′-hydroxybenzophenone, NaOH, H2O, reflux, 4 h, 33% yield; b) acetone, H2SO4, 4 h, 70% yield. In lower scheme:
c) Zn(ClO4)2⋅6H2O (0.25 w/w% with respect to monomers), Zn(OTf)2 (0.05 w/w% with respect to the monomers), Sn(Oct)2 (0.03 w/w% with respect
to the monomers), 190 °C, 4 h, under N2 flow.

PLA-based material, endowed with a tunable degree of flu-
orine content, was conceived. To the best of our knowledge,
no similar polymeric scaffolds have been reported in litera-
ture until now. Going on with our recent exploitation of 1,3-
dioxolan-4-ones (DOXs) as intriguing monomers for functional
PLA synthesis,[25] a new DOX monomer, bearing 4-fluoro-4′-
hydroxybenzophenone as side group, was specifically designed
in order to guarantee UV light sensitivity for the curing reaction,
as well as fluorine presence in the final material. Different than
acrylates, benzophenone, and its derivatives are generally consid-
ered non-toxic[26,27] and they are often employed as UV absorbers
in combination with many different matrices aimed at several
different fields of application.[28–30] As the physical mixing of the
active benzophenone with the polymeric matrix usually ends
up in the loss of activity with time due to diffusion phenomena,
and in the loss of mechanical properties due to the presence of a
low molecular weight species physically mixed with the polymer,
the covalent bond of the functional molecule to the polymeric
backbone appears intriguing for such applications.[31–33] Copoly-
merization of DOX monomer with l-lactide, by means of a
previously optimized protocol,[25] was carried out. PLA-based
materials bearing fluoro hydroxybenzophenone moieties at
different loadings were successfully obtained and characterized,
studying the effect of UV exposure on their properties. The
strong dependance in UV-sensitivity of the final materials on the
amount of loaded benzophenone was determined.

2. Results and discussion

2.1. PhenDOX Synthesis and Polymerization with l-Lactide

The synthesis of 4-fluoro-4′-hydroxybenzophenone-
functionalized DOX (PhenDOX) proceeded straightforwardly,
without the use of particularly harsh conditions (Scheme 1a).
PhenDOX was then employed as comonomer with l-lactide for

copolymerization reactions. Our recently reported solvent-free,
metal-catalyzed protocol for l-lactide-DOX copolymerizations
is based on a combination of three different metal catalysts,
which proved to be effective for the complete insertion of DOX
monomers when low loadings are employed.[25] Copolymer-
ization reactions between PhenDOX and l-lactide were carried
out using the same protocol, with PhenDOX loadings ranging
from 0.1 to 2 mol/mol%. Briefly, a combination of zinc trifluoro
methanesulfonate (Zn(OTf)2), zinc perchlorate hexahydrate
(Zn(ClO4)2⋅6H2O), and tin(II) 2-ethylhexanoate (Sn(Oct)2) was
employed as catalytic system. Copolymerization reactions were
performed at 190 °C for 4 h under nitrogen atmosphere, as
indicated in the general reaction scheme (Scheme 1b).

DOX polymerization mechanism has been investigated for
what regards homopolymerization reactions.[34,35] It has been
demonstrated that Lewis acid-catalyzed polymerization involves
a cyclic transition state in which the Lewis acid coordinates the
DOX’s carbonyl and promotes the attack of the nucleophilic
species (i.e., the initiator or the growing chain terminal group).
The driving force for the reaction is the elimination of the alde-
hyde or ketone used as the protecting group for the parent 𝛼-
hydroxy acid. When formaldehyde is employed, the elimination
competes with the Tishchenko reaction which results in the for-
mation of acetal bridges that are detrimental for the final prop-
erties of the material.[36] The mechanism of DOX polymeriza-
tion closely resembles the Ring Opening Polymerization (ROP)
mechanism of lactones, such as lactide, where the Lewis acid co-
ordinates the carbonyl and catalyzes the chain growth through
the release of ring strain.

2.2. Size Exclusion Chromatography (SEC)

All products were analyzed through SEC, in order to determine
the effect of different quantities of PhenDOX-derived units on
the hydrodynamic volume of the final product. Molecular weight
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Table 1. Molecular weight data of the copolymers compared to a standard PLA.

Sample PhenDOX loading
(mol/mol%)

a )
PhenDOX-derived repeating

units (mol/mol%)
b )

Mn [g mol−1]
c ) Mp[g mol−1]

c ) Ð

PLA 0 0 13 300 14 400 1.6

PLA-co-0.1 0.1 n.d. 11 900 12 700 1.6

PLA-co-0.2 0.2 0.1 11 900 13 000 1.8

PLA-co-0.5 0.5 0.2 11 800 13 000 1.7

PLA-co-1.0 1.0 0.4 11 200 12 600 1.8

PLA-co-2.0 2.0 0.9 10 100 11 000 1.7

a)
Loaded monomer calculated with respect to l-lactide;

b)
Determined via1H NMR, as ratio between the signal of the aromatic protons at 7.00 ppm and the lactide-derived

signal at 5.19 ppm, belonging to the –CH group in the macromolecular chain;
c)

Determined through SEC against a PS calibration. Molecular weights are approximated to
one hundred.

Figure 1. Stacked1H NMR spectra for all crude samples. Frames highlight the presence of signals attributed to PhenDOX-derived units.

data are reported in Table 1 and compared to that of a standard
PLA synthesized in the same conditions and used as reference.

As Table 1 shows, all copolymers were characterized by a
slightly lower hydrodynamic volume with respect to PLA, with
the lowest value detected for the PLA-co-2.0 sample. As already
reported, with increasing concentration of DOX comonomer in
the feed the molecular weight tends to decrease, because of two
distinct reasons. From one side, at a relatively high DOX concen-
tration the catalyst loses activity toward polymerization, causing
a decrease of monomer conversion. On the other hand, our pre-
vious work also demonstrated that DOX monomers partially de-
protect before the polymerization takes place, releasing the free
𝛼-hydroxy acid which acts as initiator.[25]

2.2.1. H-NMR Analysis

All crude products were characterized through1H NMR analysis,
in order to evaluate the actual insertion of the comonomer in the
chains. Figure 1 reports the stacked spectra for all samples in the

8.0 to 4.5 region.
The predominant signal, which is present in each spectrum at

5.19 ppm, was assigned the CH group of l-lactide-derived units.
Except for PLA, all samples show other peaks in the framed re-
gions. At 5.59 ppm the broad peak appearing and increasing in
intensity in parallel with PhenDOX loading, is attributable to
the CH group of PhenDOX-derived units. This assumption is
confirmed by the 2D correlation with the broad CH2 signal at
4.49 ppm highlighted by the COSY spectrum of PLA-co-2.0 (re-
ported in the SI file). The strong downfield shift of this CH sig-
nal can be explained not only by electronic but also steric rea-
sons, being significantly more encumbered with respect to the
same proton in lactide-derived units. Similarly, all copolymers
show three distinct signals in the aromatic region (7.81, 7.19,
and 7.00 ppm), assigned to the 4-fluoro-4′-hydroxybenzophenone
side group protons. Signals relative to unreacted DOX are not
present in any spectrum according to the1H NMR of PhenDOX
(reported in the Supporting Information file). This observation
confirms a full insertion of the monomer and therefore the effi-
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ciency of the copolymerization protocol at low DOX loadings. In
order to further confirm the reliability of the protocol, the con-
centration of PhenDOX-derived units in the copolymer was cal-
culated by means of 1H NMR. Integrals of the signals at 7.00
and 5.19 ppm were compared as signals of the PhenDOX-derived
units and l-lactide-derived units, respectively, and are results
reported in Table 1. As the data show, copolymerization reac-
tion proved to be reliable with full insertion of the loaded DOX.
As expected,1H NMR-determined loading is close to the half of
the molar loading with respect to l-lactide, since each l-lactide
molecule gives two repeating units. The little discrepancies be-
tween the theoretical values and the calculated concentrations
arise from the integration of the signals that is not always fully
reliable given the low concentration of the monomer. This obser-
vation is especially true in the case of PLA-co-0.1, where the low
intensity of the signals couldn’t allow a proper calculation.

When targeting copolymerization reactions involving
monomeric systems such as DOX or O-carboxyanhydrides
(OCAs), the catalyst exerts a significant effect on the resulting
microstructure of the product. Selective catalysts can be exploited
for the synthesis of block copolymers, with optimal control on
the sequence of repeating units.[37,38] On the other hand, when
non-selective catalysts are employed, random copolymers are
obtained. As previously reported, using the combination of
metal catalysts here described in DOX-lactide copolymerization
reactions results in a random distribution of the DOX-derived
units along the chain.[25]

2.3. UV Light Exposure

Once the presence of PhenDOX-derived repeating units was
demonstrated, copolymers were purified through precipitation,
in order to remove all possible unreacted species. Products were
then subjected to UV-light irradiation, with the aim of inves-
tigating the UV sensitivity of the synthesized species in com-
parison to a standard PLA. Within this context, the grafting
of benzophenone derivatives onto different kinds of polymeric
chains have been explored extensively, aimed to either promote
photo-induced crosslinking reactions or act as UV adsorbers.
Benzophenone-derived units are indeed able to inhibit the pho-
todegradation of the material since UV-light irradiation is able
to generate a radical on the carbonyl carbon of benzophenone,
which is then transferred to other species. All copolymers were
subjected to UV-irradiation for 96 h, taking samples throughout
the exposure time and analyzing them through SEC. Samples
were taken at 3, 13, 24, 48, and 96 h of exposure and the evolution
of Mn and Ð was investigated (Figure 2).

As expected, in the first stages of UV exposure the PLA sam-
ple shows a decrease of the molecular weight, resulting from the
light-promoted chain scission phenomena. On the other hand,
all the copolymers show an opposite trend, with an increase of
molecular weight during the first hours of exposure. This be-
havior demonstrates the effectiveness of the benzophenone side
groups as UV absorbers moieties, preventing the photoaging of
the material. Remarkably, this effect was registered in the whole
range of tested PhenDOX loadings, showing the potential of this
approach even when low concentrations are employed.

In general, all samples show a dependence of the molecular
weight evolution with the content of PhenDOX-derived units,
with trends closely resembling that of standard PLA when low
loadings (0.1 and 0.2 mol/mol%) were employed. On the other
side, as expected, higher PhenDOX loadings promote significant
changes in the molecular weights with increasing UV-light expo-
sure time compared to PLA.

For PLA-co-0.5, PLA-co-1.0 and PLA-co-2.0, a rapid increase of
Mn can be detected, starting from the early hours of UV-exposure
(Figure 2A). The three samples show a similar trend up to 48 h,
while differentiate afterward. Mn of PLA-co-0.5 only slightly de-
creases from 48 to 96 h, while for both PLA-co-1.0 and PLA-co-
2.0 it decreases more consistently. This behavior can be explained
considering that PLA-co-1.0 and PLA-co-2.0 samples taken at 48
and 96 h were not completely soluble, indicating that gel point
has been reached after ≈48 h of UV-irradiation. As a polymer
reaches its gel point it becomes insoluble, even at high temper-
atures. Therefore, the presence of an insoluble fraction in the
samples demonstrates the occurrence of light-induced branching
reactions, promoted by the benzophenone side units. The more
extended is the branching, the tighter will be the intermolecu-
lar network, leading to the formation of fully crosslinked regions
that are not soluble.[39–41] For this reason, the molecular weight
data at 48 and 96 h only refer to the soluble fraction of material
that is still below the gel point. PLA-co-0.1 and PLA-co-0.2 show
an initial increase of molecular weight as well, but at a lower ex-
tent with respect to the other three copolymer samples. Their Mn
remains almost constant up to 48 h: at higher times a strong in-
crease of molecular weight can be detected for PLA-co-0.2, as if
the crosslinking was triggered later, due to a lower concentration
of active benzophenone-derived side groups. The evolution of Mw

is similar to that of Mn but, in this case, the increase for PLA-co-
2.0 is significantly more pronounced when compared to that of
the other copolymers, as shown by the evolution of Ð (Figure 2B).
To this regard, the great difference in the evolution of Mw for PLA-
co-PS-2.0 with respect to the other samples confirms the signifi-
cantly higher degree of crosslinking occurring for this sample, as
the higher concentration of benzophenone units translates into
more abundant crosslinking sites. Probably, at 48 h of exposure,
high branching is occurring, ultimately leading to crosslinking,
and this turns into high dispersity values of the sample.

Once the increase of molecular weights, promoted by 4-
fluoro-4′-hydroxybenzophenone-derived side groups through
UV-irradiation, was demonstrated, the chemical nature of the
crosslinking was investigated by means of NMR analysis. PLA-co-
2.0 was chosen as reference copolymer since, according to SEC
analysis, it shows the most significant transformation. Figure 3A
reports the1H NMR spectrum of purified PLA-co-2.0, compared
to that of PLA-co-2.0 after 96 h of UV-irradiation.

As already discussed,1H NMR spectra of all copolymers are
characterized by a signal at 5.59 ppm, attributable to the me-
thine proton in Phen-DOX-derived units. As shown in Figure 3A,
this signal, well visible in the1H NMR of PLA-co-2.0, is not
detectable anymore after 96 h of UV-exposure. Regarding the
aromatic region, the1H NMR of PLA-co-2.0 is characterized by
the presence of a well-resolved spin system accounting for the
eight aromatic hydrogens of the fluoro-benzophenone moiety.
This same region becomes scarcely defined after the UV-light
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Figure 2. Evolution of A) Mn, and B) Ð, as function of UV-light exposure time.

treatment, suggesting the active participation of the PhenDOX-
derived units to the curing reaction. Hence, relying on the
well-known mechanism of benzophenone light-induced activa-
tion, a pathway for the crosslinking reaction was proposed (Fig-
ure 3B).[42] Under UV-light irradiation, radical species are gen-
erated from the PhenDOX-derived units, which are able to pro-
mote proton abstraction from the polyester chains. To this re-
gard, the disappearance of the methine signal in the PhenDOX-
derived units after UV-exposure suggests that the proton abstrac-
tion mainly occurs at that position. Very likely, also the less ham-
pered methine from the lactide-derived units would be involved
in the crosslinking, although there is no appreciable variation of
the signal at 5.19 ppm, given its high intensity. The crosslinked
structure was finally achieved through radical recombination.

In order to further confirm the crosslinking mechanism, FT-
IR analysis was performed. Figure 4 reports the FT-IR spectra of
standard PLA and of PLA-co-2.0, in comparison with those result-
ing after the 96 h of UV-exposure, as well as the magnification of
the 1900 to 1550 cm−1 range.

The main difference between the spectra of PLA and of PLA-
co-2.0 is represented by two bands, at 1602 and 1658 cm−1, re-
spectively, which are present only in the copolymer spectrum.
The first one is typical of C=C stretching in aromatic systems
conjugated with a carbonyl moiety, while the band at 1658 cm−1

is attributable to the stretching of the benzophenone carbonyl
group. As Figure 4B shows, no significant differences are de-
tectable for PLA sample before and after the UV-exposure. On
the other hand, the IR spectrum of PLA-co-2.0 after 96 h of UV-
exposure shows the complete disappearance of the two bands at
1602 and 1658 cm−1, as reported in Figure 4A. This change ac-
counts for a reaction occurring at the carbonyl of the benzophe-
none moiety. In particular, the carbonyl reacts through a radical
mechanism, as described in Figure 3, ending up in the loss of
conjugation with the aromatic system and turning out in the dis-
appearance of both the IR key bands. In addition, differences can
be spotted regarding the carbonyl stretching band, centered at
1750 cm−1. In the case of PLA the band appears sharper and its
shape doesn’t change significantly after the UV exposure. PLA-
co-2.0 shows a broader band, with a shoulder generated by the
stretching of DOX-derived carbonyl groups which decreases in
intensity after the curing process as highlighted by the arrow in
the expansion in Figure 4A.

The gel content of all samples after UV-exposure was calcu-
lated, through evaluation of the insoluble fraction, in order to de-
termine the extent of the UV-promoted crosslinking (Table 2).

As expected, the gel content is directly related to the concentra-
tion of PhenDOX-derived units, as it increases with the increas-
ing concentration of UV-sensitive sites.
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Figure 3. A) Stacked1H NMR spectra of purified PLA-co-2.0 and PLA-co-2.0 after 96 h of UV-exposure. B) Proposed UV-promoted mechanism.

2.4. Water Contact Angle Analysis (WCA)

Water contact angle analyses were carried out in order to deter-
mine the effects of fluorine atoms on the wettability of the mate-
rials prior to UV exposure. Films were prepared through solvent
casting from a dichloromethane solution. Since it was not possi-
ble to form films directly from the synthesized polymers due to
their low molecular weight, they were solution blended in a 70 to
30 w/w% ratio with a commercial grade PLA (Natureworks Ingeo
3251D), that is, 70% copolymer and 30% Ingeo 3251D. In order
to avoid any possible problem arising from phase separation phe-
nomena given by the polymers’ miscibility and the evaporation
of the solvent, films surfaces were analyzed before the analyses
through FTIR. The two surfaces of the films were compared and
no significant differences were detectable. In addition, five dif-
ferent measurements were recorded for each sample in different
regions of the surface in order to account for any possible differ-
ence in terms of surface composition. Water contact angle results
are reported in Table 3.

It is well known that the presence of fluorine has profound ef-
fects on the wettability properties of the material. On a general
level, high fluorination degrees give hydrophobic and even su-

perhydrophobic superficial features, coupled with overall chemi-
cal inertness and resistance. However, partial fluorination of sur-
faces can also be exploited to improve the wettability properties
since C-F bonds are characterized by a strong dipole that can in-
crease the surface polarity.[21] In addition, it was demonstrated
that partially fluorinated materials can display improved cell ad-
hesion properties, which is a key element for specific in vivo
applications.[19,20,43,44] To this regard, it is important to preserve
the surface wettability as highly hydrophobic materials would
hinder a proper interaction with the growing cells. Fluorine con-
tent in the tested blends has been determined and reported in
Table 3. Calculations were made based on the actual concentra-
tion of PhenDOX-derived units determined through1H NMR re-
ported in Table 1. As the data show, wettability properties ap-
pear to be scarcely influenced by the concentration of PhenDOX-
derived units in the copolymer. The surface of the films appeared
to be slightly more hydrophobic than standard PLA both in the
case of PLA-co-0.1 and PLA-co-0.2. Increasing the loading of
DOX monomer ended up in a more hydrophilic material with
a decrease of the water contact angle to a minimum of 67.6° for
PLA-co-0.5. Finally, PLA-co-2.0 shows similar wettability proper-
ties to the standard PLA, despite having the highest concentra-
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Figure 4. A) Superimposed spectra of PLA-co-2.0 and PLA-co-2.0 after 96 h exposure with expansion in the 1900–1550 cm−1. B) Superimposed spectra
of PLA and PLA after 96 h exposure with expansion in the 1900–1550 cm−1.

Table 2. Gel content measured after 96 h of UV-exposure.

Sample Gel content (w/w)

PLA 1%

PLA-co-0.1 2%

PLA-co-0.2 3%

PLA-co-0.5 16%

PLA-co-1.0 20%

PLA-co-2.0 30%

tion of fluorine-bearing benzophenone side groups among the
tested samples. The wettability properties of a material can be in-
fluenced by several different factors, both due to chemical com-
position and physical appearance. Therefore, the negligible dif-
ferences existing in the water contact angle values between PLA
and PLA-co-2.0 could arise from the differences in the chemical
nature of the two specimens, as well as physical differences in
films (i.e., surface roughness and/or porosity) and not only from
the concentration of fluorine atoms in the copolymers. From one
side, the lower molecular weight of PLA-co-2.0 with respect to

Table 3. WCA values for all synthesized polymers and fluorine content in
each blend.

Sample Water contact angle [°] Parts per million of
fluorine in the blend

PLA 72 ± 0.2 0

PLA-co-0.1 75 ± 2.7 n.d.

PLA-co-0.2 76 ± 3.4 185

PLA-co-0.5 66 ± 2.5 370

PLA-co-1.0 70 ± 0.8 741

PLA-co-2.0 73 ± 2.6 1672

PLA would imply a higher concentration of polar chain ends that
would eventually result in a more polar surface and lower wa-
ter contact angle. On the other hand, the increasing concentra-
tion of benzophenone side units results in a higher number of
aromatic moieties that would contribute to give the final mate-
rial a more hydrophobic nature. Remarkably, even at the highest
concentration of fluorine in PLA-co-2.0, all the tested materials
showed wettability properties close to the ones of pristine PLA,

Macromol. Chem. Phys. 2022, 223, 2100436 2100436 (7 of 10) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Table 4. Thermal transitions and thermal degradation data for all synthesized samples.

Sample Tg [°C] Tcc [°C] Tm [°C] T5% [°C] T50% [°C] T90% [°C]

PLA 54.3 101.1 156.4 243 285 310

PLA-co-0.1 54.5 100.4 155.9 244 289 315

PLA-co-0.2 54.7 103.9 155.8 247 290 316

PLA-co-0.5 55.2 100.7 153.7 159.5 243 286 308

PLA-co-1.0 54.7 105.7 151.8 157.5 249 289 310

PLA-co-2.0 45.6 100.1 133.6 144.0 154 278 295

Figure 5. TGA curves for all synthesized samples.

despite the presence of C–F bonds that could have a beneficial
effect when looking for in vivo applications (Table 4).

2.5. Thermal Analysis

Differential scanning calorimetry (DSC) and thermogravimetric
analysis (TGA) analyses were also performed in order to deter-
mine the influence of the benzophenone-derived side groups on
the thermal properties of the synthesized copolymers. All ther-
mal analyses were performed on the materials before the UV
curing. Table 4 reports the thermal data for all samples, with
Tg, Tcc and Tm referring to glass transition, cold crystallization
and melting temperatures recorded during the DSC second heat-
ing scan, while T5%, T50% and T90% are the degradation tempera-
tures associated to the 5%, 50% and 90% weight losses. DSC ther-
mograms are reported in the Supporting Information file, while
TGA degradation curves are reported in Figure 5.

The thermal behavior of the samples appears to be strongly in-
fluenced by the increasing concentration of DOX-derived repeat-
ing units. Glass transition temperatures (Tg) are kept in the same
range for all samples with the exception of PLA-co-2.0, which dis-
plays a lower Tg with respect to other copolymers. This difference
may arise from two distinct aspects: one is due to the racemic
nature of PhenDOX; that implies a higher quantity of stereo-
chemically random units present in the final macromolecules
with a consequent increase in the overall disorder of the polymer,
leading to broader transitions. On the other side, also the lower
molecular weight of PLA-co-2.0 with respect to the other samples
must be taken into account, prevailing over the increased stiff-

ness given by the aromatic side groups that have the tendency to
increase glass transition temperature. Probably, being the molec-
ular weight of PLA-co-2.0 which is quite close to the entangle-
ment molecular weight (Me) of PLA, that is ≈8700 g mol−1,[45]

a high quantity of macromolecules in the samples is below the
Me value thus increasing chain mobility and therefore lowering
Tg. In the other samples, Mn values are higher and therefore less
macromolecules contribute to the high chain mobility. All sam-
ples show similar cold crystallization temperatures, while melt-
ing behavior changes significantly. To this regard, copolymers
with the higher concentration of DOX-derived units (i.e., PLA-
co-0.5, PLA-co-1.0, and PLA-co-2.0) are characterized by a dou-
ble melting peak, denouncing the presence of two distinct crys-
talline phases. Such a behavior was already described for similar
copolymers and it was attributed to the increased disorder pro-
moted by both the bulkiness and the racemic nature of DOX-
derived units.[25] In addition, PLA-co-2.0 melting transition oc-
curs at lower temperatures when compared to other samples.
This behavior was attributed not only to the high concentration of
benzophenone side groups, but also to the low molecular weight
of the polymer, which can have detrimental effects on the ther-
mal transitions of the polymer as already discussed regarding the
glass transition temperature.

As TGA analyses pointed out all samples show similar ther-
mal degradation behavior, with a single step degradation path-
way and similar T5%, T50% and T90% as reported in Figure 5. The
only sample outside this trend is PLA-co-Phen2.0, showing lower
degradation temperatures and a two steps degradation profile
likely due to its low molecular weight and higher concentration of
DOX-derived units that can promote radical chain scission mech-
anisms.

2.6. Rheological Analysis

Finally, rheological analyses were performed, in order to evalu-
ate the effects of the varying concentration of benzophenone side
groups on the melt viscosity properties of the materials. Complex
viscosity curves for PLA, PLA-co-0.2, PLA-co-1.0, and PLA-co-2.0
are reported in Figure 6: samples were chosen to better highlight
the differences in behavior depending on the concentration of
DOX-derived units.

On a general level, all samples showed low viscosities, due to
the low molecular weights. However, a strong dependance of the
melt viscosity properties on the concentration of DOX-derived
units in the copolymer was highlighted. In particular, PLA
and PLA-co-0.2 showed similar behaviors, with an overall low

Macromol. Chem. Phys. 2022, 223, 2100436 2100436 (8 of 10) © 2022 The Authors. Macromolecular Chemistry and Physics published by Wiley-VCH GmbH
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Figure 6. Complex viscosity curves for PLA, PLA-co-0.2, PLA-co-1.0, and
PLA-co-2.0.

complex viscosity, increasing toward lower angular frequencies.
Despite a lower molecular weight with respect to PLA, PLA-
co-0.2 showed a slightly higher viscosity, likely because of the
stiffening effect exerted by the aromatic substituents. This effect
was more pronounced in the case of PLA-co-1.0 and PLA-co-2.0,
where the higher concentration of benzophenone side groups re-
sulted in an overall higher viscosity and strong shear thickening
behavior that at low frequencies becomes quite high. Alongside
the presence of bulky and rigid benzophenone substituents, also
the decrease of molecular weight played a role, resulting in a
lower 𝜂* for PLA-co-2.0 in comparison to PLA-co-1.0.

3. Conclusions

In conclusion, the synthesis of a novel monomer for the prepa-
ration of fluorine-containing, UV-curable PLA based materi-
als is presented. A 4-fluoro-4′-hydroxybenzophenone containing
DOX monomer was synthesized effectively and employed for
the preparation of copolymers, together with l-lactide. Differ-
ent PhenDOX loadings were tested, ranging from 0.1 mol% to
2.0 mol% with respect to l-lactide. The copolymerization reac-
tion was carried out through a solvent-free, metal catalyzed pro-
tocol that has allowed a full insertion of the functionalized DOX
monomer along the polyester chain. All copolymers were pu-
rified through precipitation and their behavior under UV-light
irradiation was studied in comparison with that of a standard
PLA, synthesized in the same conditions. The evolution of the
molecular weight was followed by SEC analysis, which high-
lighted the increase of Mn and Mw with UV-exposure time, on
a greater extent as the loading of PhenDOX was higher.PLA-co-
2.0 showed the greatest increase of molecular weight among all
samples, while copolymers with lower loading of benzophenone-
derived units proved to be effective in preventing the photodegra-
dation phenomena. From1H NMR and FT-IR analyses of PLA-
co-2.0, before and after the UV-exposure, the actual occurrence
of a crosslinking process was assessed. A mechanism for the
crosslinking reaction was proposed, taking into account the light-
induced activation mode for benzophenone. The gel content after
the UV-exposure was measured for all the synthesized copoly-

mers together with water contact angle measurements. Within
this context, the possibility to tune the fluorination degree with-
out affecting significantly the wettability properties, coupled with
UV-curing capabilities makes these materials valuable for the
preparation of scaffolds with in vivo applicability. To this re-
gard, PLA has been widely studied for these applications. The
work here presented provides a synthetic strategy to modified
monomers that could be exploited for the preparation of func-
tionalized PLA-based materials with different properties depend-
ing on the specific targeted final application. On a general level,
the insertion of benzophenone derivatives is useful to confer UV-
resistance to the material, which is an often-sought property usu-
ally achievable with specific additives.[46] Moreover, the occur-
rence of crosslinking after the UV exposure gives the final copoly-
mers an additional 3D stability that could eventually be beneficial
for the preparation of scaffold for biomedical applications.[47] In
addition, the use of benzophenones with different substituents
could be relevant for the modification of the surface properties
of the materials and therefore improve the compatibility with
biological media. As a consequence, the presented strategy can
serve as a starting point for future investigations with targeted
functionalizations depending on the desired final applications.
Thermal analyses were performed highlighting a dependence on
the amount of loaded DOX monomer. To this regard, the high
concentration of DOX-derived units has strong effects on the
melting transitions of the polymers, while glass transition and
cold crystallization weren’t significantly affected. Similarly, ther-
mal degradation behavior was evaluated and all samples showed
superimposable degradation curves. The copolymer carrying the
highest concentration of DOX-derived units showed different be-
haviors both in the case of DSC and TGA, likely because of its low
molecular weight as well as high amount of benzophenone side-
groups. Finally, rheological analyses were performed. Complex
viscosity curves showed a dependance of the melt viscosity prop-
erties on the amount of aromatic side groups in the copolymers.
In particular, samples with the highest concentration of DOX-
derived units showed a strong shear thickening behavior, likely
resulting from the rigid nature of the substituents.
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