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ABSTRACT: Bio-based and chemically recyclable vitrimer net- [Epoxide]/[COOH]/[Zn(OAc),] =1:1:0.1

W -

works were synthesized from star-shaped poly(lactic acid) (PLA) 180°C,3h

oligomers and isosorbide diglycidyl ether (DGEISs). Hydroxyl-termi-
nated 4- and 6-arm PLA oligomers were functionalized with carbox-
ylic acid end-groups to improve reactivity with DGEIs. Crosslinking
in the presence of Zn(OAc), at 180 °C yielded homogeneous ther-

moset films with high gel fractions (>90%). Rheological and DSC : _ o Crosslinked network
analyses demonstrated temperature- dependent curing kinetics and ng Alkaline h\;eslr:::lvzush with KOH,
o

nS-PLA(COOH) DGEls

rapid network formation. Mechanical testing revealed high stiffness

==
in the GPa range with relatively low elongation at break, consistent Nl o
. . § . 4 § S R—oej\l/oxn/‘)oj\/\lfo“ ?)\/O\ESJ\OM
with a highly crosslinked PLA-based thermoset architecture. LA ) J 0
Dynamic mechanical analysis and stress relaxation experiments con- = pentaerythritol, di-pentaerythritol

firmed vitrimeric behavior governed by thermally activated transes-

terification reactions, with Arrhenius-type dependence of relaxation processes (T, ~ 110-115 °C, E, ~ 130-140 kJ mol ™},
characteristic relaxation times on the order of tens of minutes at 180 °C). Beyond the primary vitrimeric response, the materials exhib-
ited functional reprocessability: fractured samples could be successfully re-molded by hot pressing at elevated temperature, partially
recovering mechanical integrity, in agreement with dynamic network rearrangement. In addition, shape memory and thermally
induced shape recovery experiments demonstrated efficient programming and recovery at 90 °C, with high recovery ratios (>90%)
maintained over multiple cycles. Surface wettability and stability studies highlighted differences between 4-arm and 6-arm architec-
tures, while hydrolytic degradation experiments showed faster mass loss for 6-arm networks, particularly under alkaline conditions,
consistent with higher solvent accessibility. Chemical recycling under alkaline hydrolysis enabled recovery of monomeric species,
and proof-of-concept composite experiments demonstrated simultaneous recovery of both polymer matrix components and reinforc-
ing carbon fibers. Overall, these results establish a fully bio-based vitrimer platform combining mechanical robustness, dynamic repro-
cessability, shape memory functionality, controlled degradability, and chemical recyclability.

KEYWORDS: sustainability, branched PLA, dynamic polymer networks, transesterification, circularity

Bl INTRODUCTION to their chemical nature, these materials are intrinsically not
recyclable. In addition, currently used thermosets are based on
fossil, often toxic, feedstocks, such as diisocyanates, formalde-
hyde, and bisphenol A. Although recent research has been
directed toward the synthesis of thermosets based on bio-
renewable sources,”™* such as vegetable oil, lignin, sugar, itaco-
nic acid, most of them are not recyclable due to the permanent
crosslinked structure like the traditional thermosets. To address
the above issue, a promising research approach has emerged in

The paradigm of circular economy, with the objective of reduc-
ing material consumption, material flows, and environmental
pollution, is particularly challenging for the polymer sector. In
fact, while collection, recycling, and reuse processes are well
underway for thermoplastic polymers, at least in some industrial
supply chains,' no eco-sustainable end-of-life solutions are cur-
rently available for thermosets. Thermosets are chemically
cross-linked polymers, infusible, insoluble and with thermal
and mechanical properties generally superior to thermoplastics.

Thanks to their exceptional dimensional stability, they are Received: May 15, 2026 -
widely used in many applications, accounting for about Revised:  June 15, 2026 gustaable
18% of all polymers produced (over 65 million tons per year). Accepted: June 16, 2026 e
Composite materials consisting of a thermosetting resin and a Published: July 8, 2026

reinforcing fiber (mainly glass fiber or carbon fiber) are widely

used in key industrial sectors, such as automotive, nautical,

energy (wind turbines), and furniture (plastic laminates). Due

© 2026 The Authors. Published https://doi.org/10.1021/acssuschemeng.6c05601
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the last decade: the synthesis of polymer networks crosslinked
with dynamic covalent bonds®” (defined in the literature “cova-
lent adaptable networks”, CANs, or “dynamic polymer net-
works”, or, in some cases, “vitrimers”'®). These materials are
designed to behave as the commonly available thermosets
under service conditions, but, owing to the presence of weaker
bonds in the crosslinks, they are potentially able to flow and
thus to be reprocessed as thermoplastics under trigging stimuli
(e. g high temperature, catalyst or radiation). Several chemis-
tries have been investigated for the development of CANS, such
as olefin or dioxaborolane metathesis, imine chemistry, disulfide
exchange, transamination of vinylogous urethanes, and silox-
ane/silyl ether reactions.''™'” While promising, these methods
often rely on costly or complex monomers and crosslinkers,
limiting their scalability. A more practical route seems to adapt
established chemistries like transesterification, using commer-
cially available monomers. As a matter of fact, transesterification
between carboxylic acids and hydroxyl groups in the presence of
a catalyst was used by Leibler and coworkers in their pioneering
work on vitrimers'®?° and remains one of the most common
strategies for the synthesis of CANs.”>'* A further challenge
for practical applications of vitrimers is the limited number of
effective reprocessing cycles due to the downgrading of the
material properties. This issue is especially critical for composite
materials, which contain reinforcing fibers, whose recovery can
be more valuable than that of the resin itself. An alternative
approach involves the synthesis of thermosetting resins that
can be subjected to chemical recycling at the end of their life,
i.e, to a depolymerization process that leads to the recovery
of the starting monomers.”>~>® We were interested in applying
these concepts to develop recyclable thermosets based on
poly(lactic acid) (PLA), the most commercially relevant bio-
based polymer (with a current production capacity close to 1
million tons/year worldwide),”3° and an ideal candidate as a
sustainable material, being simultaneously bio-renewable, biode-
gradable, and well suited for both mechanical and chemical
recycling.’ > PLA-based polyester urethane vitrimers were
previously synthesized from hydroxyl-terminated star-shaped
oligomers of rac-lactide by crosslinking with methylene diphe-
nyl diisocyanate.>* These materials were able to relax stress at
moderate temperatures in the presence of Sn(II) 2-ethylhex-
anoate, Sn(Oct),, showing healing capability via compression
molding at 140 °C. Although their vitrimeric behavior was ini-
tially attributed to Sn(Oct), catalyzed transesterifications, in a
subsequent study the same group proposed that urethanes,
not esters, were the dominant functional groups contributing
to stress relaxation.® In this paper, we report the synthesis,
the characterization and the chemical recycling of PLA-based
vitrimers using a non-toxic and bio-based crosslinking agent,
isosorbide diglycidyl ether (DGEIs), a sugar derived diepoxide
which is considered as a green replacement for bisphenol A
diglycidyl ether for the preparation of epoxy resins.**’

B EXPERIMENTAL SECTION
Experimental Details

All procedures involving air- and moisture-sensitive compounds were
carried out under a nitrogen atmosphere in a Braun Labmaster glove-
box or using Schlenk techniques. The glassware was dried in an oven
at 120 °C overnight and subjected to vacuum-nitrogen cycles.
Deuterated solvents were purchased from Aldrich. Methanol was dried
over sodium and distilled under nitrogen. The technical-grade L-lactide
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used was Lumilact L, purchased from Total-Corbion, with a water con-
tent <0.03% w/w, and it was dried over P,O; overnight. Similarly, the
polyalcohols used were treated in the same manner. Isosorbide diglyci-
dyl ether (DGEIs) was used as received from Specific Polymers. The
material is defined by its epoxy equivalent weight (EEW) and consists
of a distribution of monomeric and low-molecular-weight oligomeric
species typically arising from the glycidylation process of isosorbide
(see Scheme $1).%° The same commercial batch was used throughout
this study. Unless otherwise stated, all other chemicals were commer-
cially available and used as received.

Synthesis of Star-Shaped PLA Hydroxyl End-Capped
Prepolymers (ns-PLA(OH), n = 4 or 6)

Inside an MBraun glove box, anhydrous L-lactide, the alcohol initiator
(either pentaerythritol or dipentaerythritol), and the Sn(Oct), catalyst
were weighed and sequentially introduced into a 100 mL two-neck
round-bottom flask equipped with a magnetic stir bar. For the synthe-
sis of the 4s-PLA(OH) prepolymers, the following amounts of reagents
were typically used: L-lactide (15 g, 0.10 mol), pentaerythritol (1.2 g,
8.8 mmol), and Sn(Oct), (14 mg, 3.4 X 107> mol). For the synthesis
of the 6s-PLA(OH) prepolymers, L-lactide (1S g, 0.10 mol), dipentaer-
ythritol (1.4 g, 5.5 mmol), and Sn(Oct), (8.9 mg, 2.2 X 10> mol)
were used. The reaction mixture was then removed from the glove
box and placed in a preheated oil bath at 160 °C under stirring for
4 h. After completion of the reaction, the polymer was recovered by
pouring the reaction mixture into hexane. The resulting white solid
was collected by decantation and dried first under reduced pressure
to remove residual solvent and then under high vacuum at 100 °C.*

4s-PLA(OH): 'H-NMR (300 MHz, CDCl,, 298 K) &: 5.17 ppm
(m, 1nH), 4.35 (q, ] = 6.9 MHz, 1nH), 4.17 (br, 2nH), 1.57 (d, ] =
5.2, 3nH), 1.48 (d, J = 7.4, 3nH). *C-NMR (75 MHz, CDCl,, 298
K) 8: 17527, 169.74, 69.14, 66.85, 62.53, 20.64, 16.78. 6s-PLA(OH):
"H-NMR (600 MHz, CDCl,, 298 K) &: 5.16 (m, InH), 4.34 (q, ] =
7.4 MHz, 1nH), 4.15 (br, 2H), 3.37 (br, 2nH), 1.57 (d, J = 7.37,
3nH), 148 (d, J = 7.37, 3nH). *C-NMR (100 MHz, CDCl,, 298
K) 8: 174.69, 169.1S, 68.56, 66.27, 62.43, 43.34, 20.06, 15,37.

Synthesis of Star-Shaped PLA Carboxyl End-Capped
Prepolymers

Hydroxyl-terminated star-shaped PLA prepolymers were converted
into carboxylic acid-terminated polymers through reaction of the termi-
nal hydroxyl groups with succinic anhydride.*® In a typical procedure,
15 g of either 4s-PLA(OH) or 6s-PLA(OH) were dissolved in 20 mL
of 1,4-dioxane. Succinic anhydride was then added in an equimolar
amount relative to the hydroxyl functionalities (3.3 g, 0.033 mol for
4s-PLA(OH); 3.2 g, 0.032 mol for 6s-PLA(OH)). After complete dis-
solution of the reagents, triethylamine (TEA, 0.07S g, 0.10 mL, 7.4 X
10~* mol) and 4-dimethylaminopyridine (DMAP, 0.075 g, 6.1 X 107*
mol), each corresponding to 0.5 wt-% relative to the polymer, were
added as catalysts, and the reaction mixtures were stirred overnight at
approximately 25 °C. For both the 4s-PLA(COOH) and 6s-
PLA(COOH) syntheses, after completion of the reaction, the solvent
was removed under reduced pressure, and the crude products were
subsequently dried under high vacuum at 100 °C to remove residual
solvent (see Table S1).

4s-PLA(COOH): "H-NMR (400 MHz, CDCl,, 297 K): & 5.18 (m,
4nH), 4.17 (br, 2nH), 2.68 (s, 4H), 1.59 (d, 3nH, | = 6.6 Hz). *C-
NMR (100 MHz, CDCl,, 297 K): & 175.17, 171.58, 169.61, 69.01,
66.72, 6229, 28.61, 20.49, 16.64. 6s-PLA(COOH): 'H-NMR (400
MHz, CDCl,, 297 K): § 5.16 (m, 6nH), 4.34 (q, 1H, ] = 7.0 Hz),
4.15 (br, 2nH), 3.34 (br, 2nH), 2.70 (s, 4H), 1.57 (d, 3nH, ] = 6.8
Hz). “C-NMR (100 MHz, CDCl,, 297K): § 175.16, 171.58, 169.61,
69.01, 66.72, 62.87, 43.34, 28.62, 20.50, 16.64.

Crosslinking Reaction and Thermoset Preparation

The crosslinking reaction was initially explored by dissolving ns-
PLA(COOH) and DGEIs in dichloromethane and Zn(OAc), in

https://doi.org/10.1021/acssuschemeng.6c05601
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methanol, then combining and sonicating the solutions for 30 min.
The mixture was cast into a Teflon Petri dish and left to evaporate
overnight at room temperature. It was then heated under nitrogen with
a gradual temperature ramp from 25 to 180 °C. The sample was then
kept isothermally at 180 °C for 3 h (see Table S2).

We subsequently verified that the same synthetic strategy and com-
parable material properties can be achieved using greener solvents (i.e.
2-methyl-tetrahydrofuran, or methyl lactate), as well as solvent mini-
mized bulk conditions. In particular, samples for tensile test, reproces-
sing, stress-relaxation, SEM images, ATR-FTIR, scratch-healing,
DMTA and TGA-isotherm analysis were prepared following the latter
procedure, i.e. heating separately at 80 °C for 30 min ns-PLA(COOH)
and a solution of Zn(OAc), in ethanol (280 mg/mL). Once the pre-
polymer had melted, DGEIs and the Zn(OAc), solution were gradu-
ally added with continuous stirring. When a homogeneous mixture
was achieved, the formulation was poured into a silicone mold and
cured in an oven at 180 °C for 3 h. Further details are reported in
the SI.

Nuclear Magnetic Resonance

NMR spectra were recorded using either a Bruker Advance 300, 400 or
600 MHz Ascend 3 HD spectrometer. Chemical shifts (8) are
expressed as parts per million and coupling constants (J) in hertz. 'H
NMR spectra are referenced using the residual solvent peak at § 7.26
for CDCl,. '>C NMR spectra are referenced using the residual solvent
peak at 6 77.22 for CDCl,.

Differential Scanning Calorimetry

DSC analysis was performed on a TA Q2000 (TA Instruments) or on
TA Q20 (TA Instrument) according to the following program: equili-
brate at —20 °C; ramp 10.00 °C min " to 250 °C; ramp 10.00 °C min™*
to —20 °C. The instrument was calibrated for temperature and enthalpy
by a high-purity indium (156.60 °C, 28.45 J/g) standard.

Gel Permeation Chromatography

GPC was performed using an Agilent 1260 Infinity Series GPC
equipped with a ResiPore 3 pm, 300 X 7.5 mm column, operating at
a flow rate of 1.0 mL/min. Detection was achieved using both a UV
(250 nm) and a refractive index (RI, PLGPC 220) detector. All mea-
surements were conducted with THF or CHCI, as the eluent at a flow
rate of 1.0 mL/min and a column temperature of 35 °C. Monodisperse
poly(styrene) polymers were used as calibration standards.

Matrix-Assisted Laser Desorption/lonization

MALDI mass spectra were acquired using a Bruker solariX XR Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer
(Bruker Daltonik GmbH, Bremen, Germany) equipped with a 7 T
refrigerated actively shielded superconducting magnet.

Rheological Analysis

Rheological testing was performed using a rotational rheometer (Mars,
Thermofisher) with a 25-mm parallel-plate geometry. Isothermal time-
sweep mode tests were carried out at constant strain amplitude (10%)
and frequency (1 Hz) within 1 h at three selected temperatures of
interest, namely 140, 165, 180 °C, based on information collected in
previous experiments.

Dynamic Mechanical Analysis

Dynamic-mechanical thermal analysis (DMTA) was conducted using
an Anton Paar MCR 702e Multi Drive Rheometer (Graz, Austria)
in tensile configuration, testing specimen with 30 mm of length,
S mm of width, and 1 mm thickness, with a frequency of 1Hz and
a strain of 0.01%. The storage modulus (E) and the loss factor
(tand) were measured as a function of temperature. To estimate the
apparent cross-linking density (v_), also referred to as strand density,
the storage modulus values in the rubbery plateau region (E};) were
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extracted from the graph at approximately 30 °C above the glass tran-
sition temperature. Eq 1 was employed to calculate v_. This equation
is based on the statistical theory of rubber elasticity, serving as an
approximation to model the system, and was thus utilized primarily
for qualitatively comparing the crosslinking levels among the networks
obtained.

Ve= - (l)

where v_ is the number of moles of network chains per unit volume of
the cured network, R is the gas constant, and T is the absolute tem-
perature (Tg + 30 °C).

Stress Relaxation

Stress relaxation tests were carried out using a modular compact rhe-
ometer (MCR 702e MultiDrive, Anton Paar, Ganz, Austria) equipped
with a parallel plate geometry (sample thickness 1.8 mm, diameter 8
mm). Samples were subjected to a constant strain of 0.5% (selected
in the linear viscoelastic region) and the consequent stress level was
monitored as a function of time. The storage modulus G(t) was nor-
malized by the initial modulus G, and the characteristic relaxation time
T was determined as the time necessary to relax 1/e of the initial G,
value. The activation energy E, was calculated for each material by
using an Arrhenius-type eq 2.

E,
Int=—-InA ()
RT

Where R is the gas constant, T is the absolute temperature, and A is
the pre-exponential factor. From the Arrhenius relation, the temper-
ature of topology freezing (T,) was obtained as the temperature at
which the material reaches a viscosity of 10> Pa s. Using
Maxwell’s relation and E' determined from DMTA (assuming E'
being relatively invariant in the rubbery state), T* was determined
to be around 10° s in our systems. The Arrhenius relationship was
then extrapolated to the corresponding value of %, to determine
T, for each sample.

Maxwell kinetic model for the stress relaxation 3, and stretched expo-
nential model according to Kohlrausch-Williams-Watts function 4.

2~ Aew (3)

GO _ 4" (4)

Where 7 is the relaxation time, o is the stretched exponential, G(t) is the
decay of the relaxation modulus at time ¢, E,, is the relaxation modulus at
the initial time.

The vitrification temperature can be defined as the temperature at
which the material has a viscosity 10° Pa s. Therefore, it is possible
to calculate T, by following the Maxwell equation 5 and extrapolating
the Arrhenius plot.

n=—xt" (%)

Where E'is the storage modulus calculated in the rubbery plateau in
the DMTA analysis and T* is the relaxation time at T.

Shape Memory Behavior

The shape memory measurements were carried out on flat rectangular
specimens in tensile configuration, while other mechanical deforma-
tions were performed but just for qualitative assessment. The ability

https://doi.org/10.1021/acssuschemeng.6c05601
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of the samples to recover their original shape, defined as strain recovery
(R,) is calculated as follows:

poe _AN)E(N)

= A=) ©

where €. (N) and €, (N — 1) are the residual strains after the recovery
step for two consecutive thermo-mechanical cycles.*’

Tensile Testing

The mechanical properties of the synthesized networks were assessed
under uniaxial tension. Dog-bone-shaped specimens were prepared,
featuring a rectangular gauge section with an effective length of approx-
imately 25 mm, a width of 4 mm, and a thickness of roughly 1 mm.
Tensile stress-strain measurements were conducted at room tempera-
ture using an INSTRON universal testing machine (Ulm, Germany)
with a constant crosshead velocity of 1 mm/min following the ISO
527-2-5A standard. The samples were stretched to failure to determine
key parameters, including Young's modulus (E), ultimate tensile
strength (6,) and elongation at break (g,). The reprocessing was per-
formed by placing the broken samples under a hot press (Heated plates
hydraulic press P200T Collin Maitenbeth, Germany) for 60 min at
10 bar and 180 °C.

Scanning Electron Microscopy (SEM)

The morphology of the samples was investigated through SEM imag-
ing, carried out with a Phenom XL instrument (Thermo Fisher
Scientific, USA) at a voltage of 10 kV in low vacuum configuration
to avoid metallizing the surface of the sample.

Water Contact Angle (WCA)

WCA testing was carried out at room temperature using an FTA 1000
instrument (First Ten Angstroms, UK). A 4 pL drop of deionized
water was dispensed onto the sample surface via an automatic liquid
drop dosing system. Images of the droplet on the surface were acquired
at various time intervals, ranging from the moment of contact (ie.,
0's) to 1000 s.

Fourier-Transform Infrared in Attenuated Total Reflection
Mode (FTIR-ATR)

FTIR-ATR spectroscopy was performed using a Thermofisher spectro-
photometer equipped with an attenuated total reflectance (ATR) appa-
ratus. The spectra were recorded in the range 40004500 cm ™" using
the following parameters: 4 cm ™' resolution, 32 accumulations. The
epoxy group conversion was measured following the peak centered at
around 910 cm™". Data were recorded and processed using the soft-
ware Omnic from Thermo Fisher Scientific.

Thermogravimetric Analysis

Thermogravimetric analysis (TGA) in thermal ramp was carried out
using a TA Instruments QS00 instrument produced by TA
Instruments (Waters/TA Instruments). Polymer samples were placed
in platinum crucibles and analyzed from 20 to 700 °C under a nitrogen
atmosphere with a flow rate of 40.0 mL/min. TGA in isotherm was
performed with a Mettler Toledo TGA/SDTA 85le. Samples
(20 mg) were inserted in alumina crucibles and heated at 180 °C for
3 h under an air flux of 50 mL/min.

Scratch Healing Assay

The scratch healing capability was assessed by either optical micros-
copy or SEM image at different time steps. A crack was created on
the surface of 1 mm or 0.1 mm samples, respectively, then the samples
were quickly heated, and the recovery of the samples was monitored
over time.

13000

Disintegrability at pH = 5 and pH =9

Chemical degradation of the samples was carried out under two differ-
ent environmental conditions, namely pH = 5 and pH = 9, respec-
tively achieved using acetate buffer and borate buffer solutions.
100 mg of film samples (L = 30 mm; W = S mm; T = 200 pm) were
poured into 20 ml of each buffer solution at 25 °C. The time-evolution
of mass retention was then calculated via gravimetric measurements at
predetermined time intervals, according to a well-defined protocol
reported elsewhere.”' ™"

Depolymerization of Thermoset Samples

In a typical experiment, 200 mg of a thermoset film sample was mixed
in a 20 mL vial with 2 equivalents of KOH, calculated with respect to
the estimated number of ester bonds in the sample. Distilled water
(8 mL) was added as solvent. The vial containing the mixture was
placed in a preheated oil bath at S5 °C and maintained under these
conditions for 2 h. After this period, the original solid film was fully sol-
ubilized, and "H NMR analysis confirmed complete depolymerization,
yielding lactic acid, succinic acid, and the hydrolysis product derived
from isosorbide diglycidyl ether. '"H NMR (400 MHz, CDCL,, 298
K): & 438 (q 1H, J = 7.32 Hz, CH), 271 (s, 4H, CH,), 149
(d, 3H, ] = 6.85 Hz, CH,).

B RESULTS AND DISCUSSION

Synthesis of Star-Shaped PLA Carboxyl End-Capped
Prepolymers

Hydroxyl end-capped 4-arm and 6-arm star-shaped poly(L-lac-
tic acid) oligomers (ns-PLA(OH), n = 4 or 6) were synthesized
by ring-opening polymerization of L-lactide using Sn(Oct), as
the catalyst, and pentaerythritol or dipentaerythritol as the co-
initiator (see Scheme 1).3*

The obtained polymers were analyzed by NMR and GPC.
Although GPC data calibrated against polystyrene standards
may be unreliable for branched architectures, the number-
average molecular weights (M,) estimated by 'H NMR, based
on the integration of signals associated with the pentaerythritol
or dipentaerythritol core and those of the lactide repeating units
(see Figures S1 and S2), show good internal consistency.
Therefore, these values can be considered reasonably accurate,
at least for comparative purposes. For the 4-arm systems (4s-
PLA(OH)), M, values in the 1.8-2.2 kDa range correspond
to an average arm length of approximately 3 lactide units.
MALDI-TOF analysis (see Figure SS) supports this interpreta-
tion, revealing a single dominant distribution with 72 Da spac-
ing (lactic acid units) and a unimodal profile, consistent with
a relatively well-defined star architecture, albeit with moderate
intramolecular dispersity in arm length. For the 6-arm systems
(6s-PLA(OH)), M, values extend toward higher values
(~2.8-3.1 kDa), corresponding to slightly longer average arm
lengths. In this case, MALDI-TOF spectra display a broader
main distribution with a dominant star-shaped polymer popula-
tion centered at approximately 3.2 kDa, corresponding to an
average of ~3.5 lactide units per arm (see Figure S6).
Representative results are summarized in Table 1, while full
data are reported in the Supporting Information.

The chemical structure of the 4-arm and 6-arm star-shaped
PLA oligomers with hydroxyl end-groups was modified intro-
ducing acid functionalities on the chain terminals in order to
improve their reactivity with the cross-linking agent. The termi-
nal hydroxyl functionalities of the ns-PLA(OH) samples were
acidified by reaction with succinic anhydride at 25 °C in 1,4

https://doi.org/10.1021/acssuschemeng.6c05601
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Scheme 1. Synthesis of 4s-PLA(OH) and 6s-PLA(OH) Oligomers

fo) HO OH

HO OH

[o] Pentaerythritol
Sn(Oct),

L-Lactide

H
Dipentaerythritol

o]

.
— b

*

4-s-PLA(OH)

T,
BTGH —— sl
S L

6-s-PLA-(OH)

Table 1. Synthesis and Characterization of 4-Arm and 6-Arm Star-Shaped Low MW PLA Samples

M, (theo) (kDa) M, (xpr) (KDa) M, Gpc)" (kDa) p’ M, varon)’ [LA]:[OH] [LA]:[alcohol]”
4s-PLA(OH) 18 19 22 13 18 3 13
6s-PLA(OH) 28 29 3.1 13 32 4 22

“Experimental M, and M,,/M, (D) values were determined by GPC analysis in THF vs. polystyrene standards (see Figures S7 and S8). "Estimated
from MALDI-FT-ICR mass spectra. “Molar ratio between lactide units and chain ends determined from "H-NMR. “Molar ratio between lactide units
and either pentaerythritol or dipentaerythritol incorporated into the polymer chain estimated from "H NMR.

dioxane solution in the presence of triethylamine (TEA) and
4-dimethylaminopyridine (DMAP) (see Scheme 2).**

The successful production of carboxyl acid-terminated star-
PLA’s (ns-PLA(COOH)) was confirmed by "H-NMR analysis,
showing the appearance of the resonances of the methylene
groups of the succinic acid moiety and the disappearance of
the resonance due to the terminal CH-OH (see Figures S11
and S12). The degree of functionalization was determined by
titration of the samples with a 0.1 M KOH solution in metha-
nol. For the 4s sample, the theoretical carboxylic acid concen-
tration was calculated to be 1.8 mmol g, which closely
matches the experimentally determined value of 1.8 mmol g'.
For the 6s sample, the theoretical concentration is 1.7 mmol
¢!, whereas a slightly higher experimental value of 2.0 mmol
¢! was obtained (see Table S1).

Study of the Crosslinking Reaction with Isosorbide
Diglycidyl Ether

The crosslinking reaction with isosorbide diglycidyl ether
(DGEIs) was initially investigated using 4s-PLA(COOH) and
Zn(OAc), catalyst under different curing conditions (see
Scheme 3 and Table S3).

Samples of 4s-PLA(COOH) were mixed with the proper
amount of DGEIs in dichloromethane, and Zn(OAc), was
added as a solution in dry methanol. The solutions were poured
into Teflon Petri dishes, casted at room temperature overnight,
and then placed in an oven under a nitrogen atmosphere. A sys-
tematic screening of curing conditions (amount of catalyst, ratio
between the epoxy functionalities of DGEIs and the carboxyl
end-groups of the polymer, temperature and reaction time)
was performed to evaluate the effect on network formation
and final properties. The gel fractions of the resulting materials
were measured in boiling chloroform. The main results,
reported in Table S3, clearly show that lower catalyst loadings
(2-5 mol%) lead to incomplete curing, as evidenced by
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significantly reduced gel fractions (58-87%), indicating an
insufficient extent of network formation under otherwise identi-
cal conditions. Increasing the catalyst content to 10 mol%
results in a substantial improvement in crosslinking efficiency,
yielding gel fractions above 90% and significantly higher swell-
ing resistance, consistent with the formation of a well-
developed network. Additional variations in reaction time and
temperature further confirm that full network formation
requires sufficiently high catalytic activity, with 180 °C and
3 h providing optimal and reproducible curing conditions.
Therefore, 10 mol% Zn(OAc), was selected as the optimal
compromise ensuring complete curing, high gel fraction, and
mechanically robust networks, and this condition was used con-
sistently throughout the study for all subsequent characteriza-
tions, including mechanical, thermal, and viscoelastic analyses.

The products obtained after the curing reaction, and, for
comparison, the pre-curing reaction mixtures, were subjected
to differential scanning calorimetry (DSC) analysis, confirming
the above indication. In fact, while large exothermic peaks were
observed for all the pre-curing mixtures, no exothermic peak
was observed, e.g, for the material cured at 180 °C for 3 h
(see Entry 3 of Table S3), confirming the formation of a
completely crosslinked network (see Figures 1 and S15). On
the contrary, exothermic peaks were observed, e.g., in the
DSC of samples produced using a lower amount of Zn(OAc),
(see Entries 1 and 2 of Table S3 and Figure S16), indicating
an incomplete curing reaction.

It is worth noting that no crystallization or melting transitions
were observed either for the star-shaped PLA prepolymers (see
Figure S17) or for the corresponding vitrimer networks. This
behavior is attributed primarily to the very short PLA arm length,
which prevents the formation of stable crystalline domains, while
crosslinking further suppresses chain organization.

In response to the Editor’s and Reviewers’ recommendations
regarding solvent sustainability,** we verified that the same

https://doi.org/10.1021/acssuschemeng.6c05601
ACS Sustain. Chem. Eng. 2026, 14, 12997-13012
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Scheme 2. Acidification of Hydroxyl End-Groups of the
ns-PLA(OH) Samples

§ ¢ o §
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o] Succinic anhydride,

H o] = O
o A H TEA, DMAP H OH
R_Oe‘\r O} n 1,4-dioxane R-O O\[(\O
o 25 °C, overnight o n o

synthetic strategy can be successfully implemented using
greener solvents, such as 2-methyltetrahydrofuran or methyl
lactate (see Figure S18 and the SI for details), as well as
solvent-minimized bulk curing conditions (see below, the
Experimental Section, and Figure S19), without compromising
the overall material performance.

The rheological behavior of the precursor mixtures for PLA-
based thermosetting resins was investigated using a parallel-
plate rheometer, providing direct insight into the temperature-
controlled curing mechanism. Temperature-sweep experiments,
as shown in Figure 2, revealed a sharp, exponential increase in
viscosity above approximately 170 °C, identifying this range as
the threshold for activation of the crosslinking reaction. Below
this temperature, the system remained readily processable,
whereas above it the rapid viscosity build-up reflected the onset
of network formation. Isothermal time-sweep measurements
further clarified how temperature governed both the kinetics
and extent of curing. As shown in Figure 3A,B, at 140 °C, the
absence of significant changes in the storage modulus, loss mod-
ulus, and complex viscosity confirmed that the system remained
in a precursor, liquid-like state, with negligible network develop-
ment. Raising the temperature to 165 °C (Figure 3C) initiated a
gradual formation of a percolated network, as indicated by the
progressive increase of complex viscosity (Figure 3A) and stor-
age and loss moduli (Figure 3C) with the crossover of G'and G”
at 100 s, signaling the transition toward solid-like behavior. At
180 °C, as can be seen in Figure 3A,D, crosslinking proceeded
rapidly and efliciently, leading to steep increases in storage
modulus (G') and viscosity and resulting in a highly crosslinked
network within a short time. These rheological observations
were fully consistent with the gel fraction data, which showed
a dramatic increase in insoluble content with temperature.
While curing at 140 °C yielded only negligible gel formation
and 165 °C led to partial network development, curing at
180 °C produced gel fractions exceeding 90% after 1 h
(Tables 2 and S3), comparable to those obtained after pro-
longed curing. Collectively, these results demonstrated that cur-
ing temperature was the key parameter controlling network
formation in this system and identified 180 °C as the optimal
condition to achieve fast, efficient, and reproducible formation
of robust PLA-based networks.

Similar experiments were carried out using a 6s-
PLA(COOH) prepolymer, resulting in a comparable trend
between the two systems (see the SI, Figures $20 and S21).

Physical Characterization of the PLA-DGEIs Thermosets

Based on the above studies, crosslinked film samples were pre-
pared by curing formulations based on ns-PLA(COOH) prepo-
lymers (n = 4 or 6) with an epoxide/(COOH)/Zn(OAc),
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molar ratio of 1:1:0.1 at 180 °C for 3 h (see the Experimental
Section for details). Table 2 summarizes the properties of two
representative film samples. To evaluate the efficiency of the
crosslinking reaction, ATR-FTIR spectra were collected before
and after curing. As shown in Figure 4, a complete conversion
of the epoxy groups of DGEISs is observed upon curing, as evi-
denced by the disappearance of the characteristic C-O stretch-
ing vibrations of the epoxy ring at 912 and 834 cm™". This result
confirms the full consumption of epoxy functionalities and is
consistent with previously reported PLA—epoxy vitrimer sys-
tems cured at 180 °C.*~* In the post-curing spectrum of the
4s sample, an increase in the intensity of the broad band cen-
tered at approximately 3500 cm ™' can be observed, attributed
to O—H stretching vibrations arising from the formation of
hydroxyl groups upon epoxy ring opening. Furthermore, new
absorption bands appear at 1160 and 1630 cm™', which can
be assigned to C—O-C (B-hydroxy ester) linkages and to car-
bonyl groups formed during the curing process, respectively.
These results are in good agreement with the high gel fractions,
higher than 95%, reported in Table 2 (see the Experimental
Section for details).

Despite the very high gel fractions, the materials exhibit
large swelling ratios in chloroform. This apparent discrepancy
can be rationalized by considering the specific architecture of
the PLA-DGEIs networks. While the high gel fraction con-
firms that most polymer chains are incorporated into a contin-
uous network, it does not directly reflect the crosslink density.
In the present systems, the crosslinking junctions are con-
nected by relatively long and flexible PLA segments (M, ~
1-3 kDa). Therefore, the network can accommodate signifi-
cant solvent uptake without dissolution. This effect is further
enhanced by the good affinity of chloroform for PLA, which
promotes extensive swelling of the polymer chains.
Accordingly, the observed behavior is consistent with loosely
crosslinked networks containing long, flexible segments
between junction points, where high gel fraction and high
swelling can coexist. In addition, due to the polyester-based
and vitrimeric nature of these materials, swelling experiments
were performed in boiling chloroform to ensure that equilib-
rium conditions were reached within a reasonable timescale.
At room temperature, solvent diffusion into the glassy PLA-
rich domains can be kinetically hindered, potentially leading
to an underestimation of solvent uptake. Under reflux condi-
tions, complete solvent penetration is achieved, allowing the
intrinsic network openness and chain flexibility to be more
accurately probed. Therefore, the swelling data should be inter-
preted qualitatively as an indication of network architecture
and segmental mobility, rather than used for quantitative esti-
mation of M. The dynamic nature of the ester-based network
may further contribute to solvent uptake by enabling local rear-
rangements without loss of overall network connectivity.

SEM analyses were performed on the fractured surfaces of
the cured films to investigate the morphological features and
the distribution of the catalytic species within the matrix.
Figure S22 shows representative micrographs of the investi-
gated samples, together with the corresponding EDX area spec-
tra reported on the left. The analyzed materials include a
reference sample, obtained by physical mixing of PLA with
DGEIs in the absence of Zn(OAc),, as well as the crosslinked
vitrimeric systems 4s and 6s. The EDX analysis of the 4s and
6s samples clearly confirms the presence of zinc, which appears
to be homogeneously distributed throughout the polymer

https://doi.org/10.1021/acssuschemeng.6c05601
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Scheme 3. Crosslinking Reaction of ns-PLA(COOH)
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Figure 1. DSC analysis (exo down) of the pre-curing reaction mixture (left) and the cured product (right), corresponding to entry 3 in Table S3.
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Figure 2. Temperature—sweep rheological analysis of a formulation

prepared using 4s-PLA(COOH) as the prepolymer, with an epoxide/
(COOH)/Zn(0OAc), molar ratio of 1:1:0.1

matrix, indicating an effective incorporation of the catalytic spe-
cies within the crosslinked networks.

The thermomechanical properties of the thermoset samples
were investigated by dynamic mechanical thermal analysis
(DMTA) on rectangular bar specimens (30 mm X 5 mm X
1 mm) prepared according to the bulk-curing procedure
described in the Experimental Section. The collected value of
T, E'in the glassy state and rubbery state are reported in
Table 3.

As illustrated in Figure S, the rubbery modulus (E})
increased from the 4s sample to the 6s one, indicating the for-
mation of more rigid networks. Numerous theories link rubbery
modulus to the crosslinking density (v_) of the thermosetting
network, suggesting that greater moduli are associated with
higher crosslinking density. Table 3 presents the v_ values for
the two networks, demonstrating an enhanced v_ for 6s sam-
ples, as expected for its increased functionalities. This result is
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in good agreement with the higher swelling ratio achieved by
4s with respect to 6s. The peak of the Tand, which can be attrib-
uted to the T, of the polymer network, remains almost
unchanged between the two samples, or even slightly higher
in the case of 4s samples. This can be attributed to the high flex-
ibility of the PLA arms, which mitigates the expected increase in
network rigidity associated with higher crosslinking density.
The relatively low T, values of the vitrimer networks, compared
to high-molecular-weight linear PLA, are consistent with the use
of short star-shaped PLA oligomers (M, ~ 1-3 kDa), as star/
multi-arm PLA architectures are known to exhibit lower T,
values than their linear counterparts.**** The presence of succi-
nate- and B-hydroxy ester-containing linkages generated during
epoxy—acid curing with DGEIs further contributes to segmental
mobility. Notably, the more densely crosslinked 6s network dis-
plays a slightly lower T, than the 4s analogue, indicating that
network architecture and chain mobility play a more important
role than crosslink density alone in determining the glass tran-
sition behavior.

Stress relaxation analyses were then performed in shear mode
on disk-shaped specimens (8 mm diameter, 1 mm thickness,
prepared as described in the Experimental Section) for each
material in the linear viscoelastic regime, and the characteristic
relaxation time T* at each temperature was taken as the time
required for the stress relaxation modulus to decay to 1/e of
its initial value (G,), as reported in Table S4. The relaxation
plots reported in Figure 6 exhibit distinct relaxation profiles
depending on the sample tested. The relaxation profile for the
4s formulation follows the typical behavior of vitrimeric sys-
tems, characterized by an initial slow stress reduction over time.
The 6s formulation shows a significantly faster decay of the
modulus (Cf. 6s T* = 20 min vs 4s T* = 37 min at 180°C),
especially at the beginning of the test, possibly due to a higher
initial density of exchangeable groups. These relaxation times

https://doi.org/10.1021/acssuschemeng.6c05601
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Figure 3. Evolution of complex viscosity as a function of time at three different temperatures (140, 165, and 180 °C) (A). Storage modulus (G') and
loss modulus (G”) as a function of time at 140 °C (B), 165 °C (C), and 180 °C (D) for a 4s-PLA(COOH)/DGEIs/Zn(OAc), mixture.

Table 2. Representative 4s-PLA(COOH) and 6s-PLA(COOH)/DGEI Crosslinked Samples

sample’ ns-PLA(COOH) acid (mmol/g)
4s 1.8
6s 2.0

gel fraction” swellingb thickness (pm)
95% 1129 % NY
96% 1005 % NY

“Film samples having ~50 pm thickness were prepared using 0.5 g of prepolymer with [epoxide]:[COOH]:[Zn(OAc),] = 1:1:0.1, at 180 °C for 3 h.

"Determined by extraction in boiling CHCl,.

are consistent with the ones previously reported for related
transesterification-based vitrimers.>°

Typically, the Maxwell model is employed to fit stress relax-
ation data (refer to the method section); however, it did not
yield a satisfactory fit for these samples (see Figure 6a,c), ren-
dering it inapplicable for our analysis. Instead, we applied a
stretched exponential fitting, which effectively captured the
curves and provided a more accurate description of the stress-
relaxation mechanism (as shown in Tables S4 and S5). The «
values obtained illustrate the width of the distribution of relax-
ation times, with lower o values indicating more heterogeneous
segment dynamics.

Notably, the stretching coefficient o demonstrated a strong
temperature dependence in the 6s sample. At elevated
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temperatures, o values increased, suggesting that bond
exchanges occur more freely, while lower temperatures resulted
in a more complex relaxation process. Generally, an o value less
than 1 may indicate a heterogeneous distribution of cross-links
with varying strengths in these transient networks, or may
reflect the presence of network defects such as dangling chains,
trapped loops, and network strands.®” In contrast, the o values
for the 4s formulation remained relatively constant across all
temperatures, indicating a simpler exchange reaction mecha-
nism. This behavior is consistent with the higher intramolecular
dispersity in arm length for 6s evidenced by MALDI-FT-ICR
analysis, which is expected to generate a distribution of local
environments and relaxation times within the network (see
Figure S6).

https://doi.org/10.1021/acssuschemeng.6c05601
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Figure 4. FTIR spectra of the 4s (a) and 6s (b) formulations before and after curing.

Table 3. DMTA-Derived Thermomechanical Parameters of the 4s and 6s Vitrimer Networks

samples 1, (°C) E;glassy _plateau (GPa) Elrubbery _plateau (MPa) v, [mol/ dm’]
4s 47 1.0 0.05 0.006
6s 43 3.88 0.29 0.034
0° reactions, literature on epoxy—acid vitrimers generally identifies
10% 4 the B-hydroxy ester moieties formed during epoxy/carboxylic
10° acid curing as the most reactive sites toward transesterifica-
tion.’ In this context, the faster stress-relaxation behavior
10° 5 observed for the 6s network compared to the 4s analogue is
< 10" consistent with a predominant contribution of these
T o] g B-hydroxy ester groups to the exchange process. Indeed, while
= [ the two systems contain comparable amounts of PLA-derived
4107 5 ester groups, they differ in network architecture and in the rel-
102 4 ative abundance and local distribution of B-hydroxy ester link-
ages generated during curing.
107 5 Since both T, values fall within the 110-113 °C range, tem-
104 4 peratures below T, can be exploited to activate shape memory
10° behavior. To assess the shape memory capability of the vitri-

T(°C)

Figure 5. Storage modulus (E') and damping factor (Tan 8) of 4s and
6s samples as a function of temperature.

The activation energy (E,) for both vitrimeric systems was
determined using the Arrhenius plot (see Table 4 and
Figure S23). The activation energy for the 6s sample was found
to be 139 kJ/mol, which is higher than that of the 4s sample
(133 kJ/mol). This is in good agreement with the higher cross-
linking density of 6s evaluated by DMTA analysis. The E,
values achieved by these materials are in the same order of mag-
nitude of other transesterification-based vitrimeric systems
based on PLA previously reported in the literature (120—
150 kJ/mol).**

The topological freezing temperature (vitrification tempera-
ture, T,) was estimated by extrapolating the Arrhenius plot
for the relaxation time according to the Maxwell model, as
detailed in the Experimental Section. Both samples exhibit sim-
ilar T,, as expected for samples having similar T, (Table 4).
Although the present study does not allow direct experimental
discrimination of the ester groups involved in the exchange
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meric systems, a series of experiments were performed on
parallelepiped-shaped specimens. The programming step was
carried out at 90 °C, after which the samples were mechanically
deformed into different configurations, including stretching
under an applied load, U-shaped bending, twisting, and folding.
The temporary shape (TS) was then fixed by cooling the sam-
ples to room temperature. Upon reheating, the materials exhib-
ited efficient shape recovery. The recovery ratio was evaluated
after each cycle, and values up to 93% were retained even after
five consecutive cycles (see Figure 7 and the video in the SI).

Dog-bone specimens for mechanical analysis were prepared
following a solvent-minimized and environmentally conscious
protocol: the 4s-PLA(COOH) and 6s-PLA(COOH) were first
heated at 80 °C for 30 min, after which DGEIs and
Zn(OAc),, previously dissolved in the minimum amount of eth-
anol required for complete solubilization of the salt, were added
under continuous stirring. No additional organic solvents were
used throughout the process. Once a homogeneous mixture
was obtained, the formulations were cast into a silicone mold
and thermally cured at 180 °C for 3 h (see Figure 8 and the
Experimental Section).

The mechanical properties of the obtained materials
(Virgin-V) and the recycled sample (R) were subsequently eval-
uated by tensile testing (see Figure 8 and Table 5). The virgin

https://doi.org/10.1021/acssuschemeng.6c05601
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Figure 6. Stress—relaxation curves of 4s formulations fitted with (a) Maxwell model and (b) stretched exponential and 6s formulations fitted with

(c) Maxwell model and (d) stretched exponential.

Table 4. Parameters Derived from the Arrhenius Plot

T, (°C) E, (i /mol) R
4s 113 133 0.999
6s 110 139 0.991

materials exhibit excellent mechanical properties (E &~ 2 GPa,
O, X 40 MPa, €, & 2%), comparable or superior to those of
linear PLA-epoxy vitrimer systems recently reported in the liter-
ature.*” The observed mechanical profile, characterized by high
stiffness combined with limited elongation at break, is consis-
tent with the behavior expected for crosslinked PLA-based ther-
mosets and suggests potential applicability in rigid to semi-rigid
systems, such as dimensionally stable components, protective
coatings, and matrices for recyclable fiber-reinforced composites
(see below). After the first recycling step the mechanical prop-
erties of the samples were slightly reduced, which is quite com-
mon in vitrimer materials and can be attributed to two primary
phenomena: (i) random chain scission, due to the hydrolysis of
the PLA chains since the reprocessing was not conducted in an
inert atmosphere®**' or (ii) polydispersity of chains length
increase during the bonds exchange leading to a less uniform
network formation with a consequent inefficient mechanical
stress distribution.*** Although some reduction in mechanical
performance was observed after reprocessing, the recycled spec-
imens remained self-supporting and mechanically robust, con-
firming the ability of the network to undergo thermally
activated bond-exchange reactions and be reprocessed into
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new shapes. Further improvements in property retention may
be achieved through optimization of the reprocessing condi-
tions, including shorter residence times at elevated temperature,
processing under inert atmosphere, and catalyst optimization to
minimize undesired PLA degradation during thermal treatment.

Finally, the self-healing performance of the 4s material was
evaluated by cutting a specimen and monitoring its healing
behavior at 180 °C. The recovery process was followed at
different time intervals using both optical microscopy and scan-
ning electron microscopy (SEM) to assess the evolution of sur-
face morphology and interfacial re-bonding (see Figures S24
and S25).

Surface Wettability and Hydrolytic Degradation of the
PLA-DGEI Thermosets

The dynamic behavior of water contact angle (WCA) is shown
in Figure 9 left, along with the corresponding digital images at
20, 250, and 1000 s shown in Figure 9 right. Water contact
angles as a function of time provide insight into thermoset sur-
face wettability and temporal stability under ambient condi-
tions. From the WCA vs. time plot (Figure 9, left), it is
evident that 4s exhibits higher initial WCA values (~65°), main-
taining higher values and exhibiting slower decay rates with
respect to the 6s system. This behavior indicates a less wettable
surface which could be attributed to a lower density of surface
polar groups resulting from lower superficial hydroxyl function-
ality content.

https://doi.org/10.1021/acssuschemeng.6c05601
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Accordingly, for the 4s sample, the droplets retain a near-
hemispherical geometry over the entire time course, confirming
more hydrophobic and temporally stable surfaces than 6s,
which show more pronounced spreading and flattening of the
droplet over time, indicating greater wettability.

The hydrolytic degradation of 4s and 6s thermosets was
investigated under accelerated conditions at pH 5 and pH 9 at
room temperature (~25 °C). Over a 20-day period
(Figure 10), the 6s-based vitrimer showed markedly higher deg-
radation rates, particularly under alkaline conditions, where it
lost nearly 50% of its mass, while the 4s counterpart retained
approximately 90% of its initial mass. A similar, though less pro-
nounced, trend was observed at pH 5, with the 6s system again
degrading more rapidly.

This behavior can be rationalized by considering the differ-
ent surface properties of the two networks. As discussed
above, wettability measurements indicated that the 6s systems
exhibit a higher affinity for water compared to their 4s coun-
terparts. The enhanced surface wettability facilitates water
uptake and diffusion into the material, thereby promoting
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hydrolytic cleavage of the ester bonds. In contrast, the lower
wettability of the 4s networks limits water penetration, con-
tributing to their greater resistance to degradation under iden-
tical conditions.

Macroscopic inspection after 20 days at pH 9 revealed a sub-
stantial loss of structural integrity in the 6s samples, which
appeared delaminated and partially dissolved, whereas the 4s
materials largely preserved their original shape. SEM analysis
(see Figure S26) corroborated these observations and provided
further insight into the degradation mechanisms. Prior to degra-
dation, both systems exhibited smooth and homogeneous sur-
faces, indicative of effective curing. After hydrolytic treatment,
surface erosion became evident in both materials; however,
the 6s network underwent more severe damage, characterized
by extensive porosity, matrix discontinuity, and deep internal
fragmentation. In contrast, the 4s samples showed more limited
erosion and retained a more coherent microstructure.

Overall, these results demonstrate that 6-arm PLA-based
vitrimers are more susceptible to hydrolytic degradation, espe-
cially under alkaline conditions, where degradation extends
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Table 5. Parameters Derived from the Stress—Strain Curve

E (GPa) 6,1, (MP2) &, (%)
4s V 1.94 + 0.30 421 +7 21+£0S5
4s R1 1.82 + 0.27 92+1 0.6 + 0.1
4s R2 1.23 + 0.20 70+ 1 0.6 + 0.2
6s V 2.30 + 0.40 41 + 10 23+ 0.6
6s R1 049 + 0.11 6.8 +2 22 + 0.6
6s R2 0.09 + 0.02 37+1 1.3 +05

beyond surface erosion into the bulk of the material. This
behavior is consistent with their higher wettability and
enhanced water accessibility. Conversely, the 4-arm systems
exhibit reduced wettability and improved resistance to hydroly-
sis, maintaining greater structural cohesion and dimensional sta-
bility under the same conditions. These findings highlight a
clear structure—property relationship, whereby the network
architecture (i.e., arm functionality) governs surface wettability,
which in turn controls water uptake and ultimately hydrolytic
degradation kinetics. This provides a useful design parameter
for tuning the balance between durability and degradability in
PLA-based vitrimer systems. As these materials were specifically
designed to combine vitrimeric behavior with hydrolytic
degradability and chemical recyclability, a balance between
service-life stability and end-of-life degradation must be
achieved. The degradation experiments reported herein provide
an initial assessment of network durability, whereas long-term
aging under practical service conditions will be the subject of
future studies.

Chemical Recycling of the PLA-Based Vitrimer Samples

We had recently reported the efficient alcoholysis of commer-
cial PLLA samples, which produced alkyl lactates with high
yield and selectivity by simply treating them in boiling methanol
or ethanol in the presence of suitable (imidazo[1,5-a]pyrid-
3-yl)phenolate Zn(II) catalysts.>*> We applied similar
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procedures to the PLA-based vitrimers: a crosslinked film sam-
ple was treated in boiling methanol in the presence of a Zn cat-
alyst (see Scheme S2). The soluble fraction (x10%) was
extracted with CHCI,, and after removal of all volatiles under
reduced pressure, the residual products were analyzed by 'H
NMR, confirming the formation of methyl lactate and dimethyl
succinate (Figure S27). A parallel experiment in boiling ethanol
yielded ~30% degradation, producing ethyl lactate and diethyl
succinate (Figure S28; see the Supporting Information for pro-
cedure details). Given the modest efficiency of the Zn-catalyzed
alcoholysis, we explored alkaline hydrolysis as an alternative
recycling route. A vitrimer sample was treated with two equiva-
lents of KOH (relative to the estimated number of ester link-
ages) in water at 5SS °C. After 2 h, the sample was completely
dissolved. The solution was then neutralized with HCI,
extracted with chloroform, and analyzed by "H NMR, confirm-
ing the formation of lactic acid, succinic acid, and the hydrolysis
product derived from isosorbide diglycidyl ether (Figures 11
and S29).

As highlighted in the introduction, a key goal for sustainable
thermosets is the chemical recycling of composites, enabling
recovery of both the resin and the reinforcing fiber, a process
that is typically challenging.””**** To demonstrate this con-
cept, a composite containing S5 wt% carbon fibers and
45 wt% of a 4s-PLA(COOH) / DGEIs / Zn(Il) acetate resin
mixture was prepared as described in the SI After curing, the
composite was subjected to alkaline hydrolysis under the same
conditions used for the neat thermoset (Figure S30). The car-
bon fibers were successfully recovered, with their structural
integrity preserved as can be observed in the SEM images in
Figure S31, while analysis of the solution confirmed the recov-
ery of lactic acid, succinic acid, and the hydrolysis product orig-
inating from isosorbide diglycidyl ether. These results provide a
proof of principle for the chemical recycling of PLA-based vitri-
mer composites with simultaneous recovery of both resin-
derived molecular species and reinforcing fibers. In this context,
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the present study focuses on demonstrating the complete depo-
lymerization of the network into its constitutive chemical build-
ing blocks, as confirmed by 'H-NMR analysis of the crude
hydrolysate. While isolation of individual monomers and re-
polymerization into oligomers or vitrimer networks was not
pursued at this stage, the observed clean breakdown into the
expected molecular species provides a solid basis for future
investigations aimed at full material reconstitution and
process-level circularity.

Preliminary Sustainability Assessment

This work presents a significant advancement in sustainable
thermosetting polymers by seamlessly integrating renewable
feedstocks, greener processing, and end-oflife circularity.
Unlike conventional petroleum-based thermosets, these novel
vitrimers are synthesized almost entirely from renewable biolog-
ical sources, utilizing poly(lactic acid) (PLA) as the primary
structural component and a bio-based isosorbide diglycidyl
ether as a safe, green alternative to toxic bisphenol A (BPA)
cross-linkers (see Table S6 for the renewable carbon content
calculation). The manufacturing process further minimizes
environmental impact by employing greener solvents alongside
solvent-minimized bulk curing methods. Most importantly, the
material directly addresses the global challenge of plastic waste
through its inherent circularity. Thanks to dynamic chemical
bonds, the vitrimer can be easily repaired, reshaped, and repro-
cessed using a hot press, which significantly extends its service
life. At the end of its lifecycle, it overcomes the traditional recy-
cling limitations of thermosets through a mild alkaline hydroly-
sis process that completely depolymerizes the material into its
original building blocks. Remarkably, this chemical recycling
method is also effective for carbon fiber-reinforced composites,
successfully recovering both the reusable monomers and the
structurally intact carbon fibers, offering a comprehensive and
truly sustainable alternative to conventional, non-recyclable
materials.

B CONCLUSIONS

In this study, we have presented the design and characterization
of fully biobased vitrimer networks derived from 4- and 6-arm
star-shaped PLA oligomers, functionalized with carboxylic acid
end-groups, and crosslinked with isosorbide diglycidyl ether.
The optimized curing protocol produced homogeneous and
robust thermoset networks with high gel fractions (>90%),
demonstrating the effective formation of a stable, well-
connected polymer architecture. Mechanical characterization
confirmed that these networks combine notable stiffness and
ductility, with Young’s moduli in the range of 1.9-2.3 GPa
and elongations at break of 2.1-2.3%, while dynamic mechani-
cal analysis and stress relaxation studies revealed clear vitrimeric
behavior, characterized by thermally activated bond exchange
and Arrhenius-type relaxation kinetics. Consistent with these
dynamic properties, the networks could be successfully repro-
cessed into new shapes through thermal treatment, although
some reduction in mechanical performance was observed after
the first recycling cycle, likely due to partial degradation of the
PLA segments during processing. Surface wettability investiga-
tions highlighted that the 4-arm networks form more hydropho-
bic and temporally stable surfaces, whereas the 6-arm networks
exhibit higher surface polarity and greater susceptibility to
hydrolytic degradation, particularly under alkaline conditions.
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These findings indicate that structural design at the molecular
level can finely tune both surface properties and degradation
behavior, offering a handle for tailoring materials to specific
applications. The recyclability of these PLA-DGEIs vitrimers
was successfully demonstrated through alkaline hydrolysis
under mild conditions, enabling efficient depolymerization of
the network into its constitutive molecular species, including
lactic acid, succinic acid, and isosorbide-derived fragments, as
confirmed by 'H NMR analysis of the crude reaction mixture.
Remarkably, proof-of-concept experiments on carbon fiber-
reinforced composites further showed that both the polymer
matrix components and the reinforcing fibers can be recovered
under the same conditions, highlighting the potential of these
systems for the development of circular composite materials.
Taken together, these results demonstrate the promise of
PLA-DGEIs vitrimers as sustainable alternative thermosets.
Beyond vitrimeric reprocessability, the possibility to chemically
depolymerize the network and recover both resin-derived prod-
ucts and reinforcing fibers highlights the potential of these
materials as matrices for future circular composite applications.
By integrating biobased feedstocks with tunable dynamic behav-
ior, controlled degradability, and easy chemical recyclability,
these materials establish a versatile platform for the develop-
ment of circular polymer technologies. Future work will be
devoted to the fabrication of composite materials, comprehen-
sive evaluation of their mechanical and thermal performance,
further optimization of reprocessing conditions, and the
establishment of efficient recycling protocols for both fibers
and resin matrices, ultimately enabling the realization of high-
performance, eco-friendly composites where sustainability,
functionality, and recyclability are fully integrated.
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