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A B S T R A C T   

This work presents a post-polymerization approach to the preparation of vitrimers, exploiting the transamination 
of vinylogous urethane in linear phenoxy resins. Phenoxy vitrimers are obtained by a two-steps synthesis from a 
commercial phenoxy resin via partial conversion of hydroxyl groups to acetoacetates (AcAc), followed by 
network formation by reaction with m-xylylendiamine as crosslinker. Three different vitrimers with variable 
crosslinking density are obtained by tuning the density of AcAc moieties along the phenoxy resin scaffold (5%, 
10% and 15% conversion of hydroxyl groups). The conversion of linear polymers to dynamic crosslinked net-
works is confirmed by dynamic mechanical thermal analyzer and rheology measurements, followed by stress 
relaxation tests to investigate the kinetics of bond exchanges. Tensile tests as a function of reprocessing cycles 
reveal an increase of the maximum elongation and stress at break and prove the good recyclability of the vit-
rimers. Enhanced adhesive properties compared to pristine phenoxy resins are demonstrated, including the 
possibility to thermally re-join the assembly after its mechanical failure. Finally, the solvent-free preparation of 
vitrimers is explored at 5% crosslinking density via melt reactive blending, providing a valuable alternative to 
the less environmentally sustainable synthesis in solution.   

1. Introduction 

Epoxy resins are widely used in several large-scale applications, 
including electronics, structural composites and adhesives. Standard 
epoxy resins are thermosets, therefore unsuitable to be repaired and 
recycled. However, their non-recyclability poses environmental prob-
lems, whose solution asks for sustainable alternative materials, as 
required by the EC Circular Economy Action Plan [1]. In the last few 
years, this drawback has been addressed in an innovative way, by 
introducing epoxy vitrimers [2]. Vitrimers bridge the gap between 
thermoplastics and thermosets, having the mechanical properties of the 
latter at service temperature and malleability like glass at temperature 
above the topology transition temperature (Tv) [3]. This bimodal 
behavior is obtained by introducing covalent adaptable networks 
(CANs) in the polymer in the form of thermally activated reversible 
covalent bonds. 

The cross-link density in vitrimers is constant, due to bond cleavage 
occurring only after formation of new bonds [2]. Consequently, the 
viscosity in the melt is controlled by the exchange reactions, following 

an Arrhenius-like decrease with temperature akin to vitreous silica [2], 
providing glass-like weldability [4]. Pioneered by Leibler and co- 
workers, the earliest examples of epoxy vitrimers were based on dy-
namic transesterification reactions, catalyzed by zinc acetate [2,3]. 
Subsequently, other different exchange chemistries have been explored 
for the preparation of epoxy vitrimers such as disulfide metathesis [5], 
imine amine exchange [6,7], vinylogous urethane [8] and silyl ether 
exchange [9]. All these epoxy vitrimers are prepared by reacting the 
epoxy resins with a suitable hardener, either forming or containing the 
exchangeable bond. Absent in this scenario is the post-polymerization 
approach, where an epoxy-based linear thermoplastic is converted 
into a vitrimer. 

Phenoxy resins are commercially available amorphous thermoplastic 
polymers with molecular weight in the range 10,000–100,000 g/mol. 
They are miscible with epoxy resins, with whom they are often blended. 
Due to their excellent mechanical properties including flexibility, 
toughness, adhesive and cohesive strength, as well as chemical and heat 
resistance, phenoxy resins are widely employed in composites and ad-
hesives. Phenoxy resin vitrimers are unknown in the literature. The 
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pendant hydroxyl groups in phenoxy resins are amenable to a variety of 
functionalization. Among the several CAN chemistries available, we 
selected vinylogous transamination [10] to turn phenoxy resins into 
vitrimers (Scheme 1). The main advantage related to the use of vinyl-
ogous urethane group is the increased electrophilicity of vinylogous 
urethane bond, in contrast to conventional urethane bonds. Indeed, the 
conjugated C––C can act as Michael acceptor in the nucleophilic addi-
tion of an amine group without the need of catalysts [10]. This higher 
reactivity leads to the vitrimeric properties of the corresponding poly-
mers above the Tv. For this aim, commercial phenoxy resins were 
partially derivatized with acetoacetate (AcAc) groups and the resulting 
polymers were crosslinked with m-xylylendiamine (XYDIA). Mechanical 
and viscoelastic properties were thoroughly investigated, to exploit the 
vitrimeric properties in reprocessability and toward the development of 
reversible adhesives. Finally, the solvent-free preparation of phenoxy 
vitrimers via melt reactive blending was explored. 

2. Experimental 

2.1. Materials and methods 

2.1.1. Synthesis 
Unless otherwise specified, chemicals and solvents were purchased 

from Sigma-Aldrich and used as received. Linear phenoxy resin was 
purchased from Gabriel Chemistry (US), grade PKHB, avg. molecular 
weight 32 kDa, 277 g/equiv. OH. In the following, the pristine phenoxy 
polymer is referred to as PKHB. PKHB grafted with acetoacetate are 
referred to as PKHB n% AcAc, while vitrimers obtained are referred to as 
PKHB n% VU. 

2.1.1.1. General procedure for the synthesis of PKHB 5,10,15% AcAc. 10 
g of PKHB (35.17 mmol) were dissolved in 50 mL of methyl ethyl ketone 
(MEK) at 25 ◦C. After heating to 82 ◦C, 1.16 mL (5%), 2.31 mL (10%), 
4.05 mL (15%) respectively of tert-butoxy acetoacetate (corresponding 
to 7.03, 14.06 and 24.61 mmol) were added under magnetic stirring. 
After 5 h in refluxing MEK, 400 mL of methanol were added to the so-
lution. The resulting white precipitate was filtered and dried in vacuum 
oven at 10− 2 Torr and 60 ◦C for 24 h and then characterized via 1H NMR 
(Fig. S1) and FTIR-ATR (Fig. 1). 

2.1.1.2. General procedure for the synthesis of PKHB 5,10,15% VU. 8 g of 
PKHB 5,10,15% AcAc corresponding to ≈27 mmol of each polymer, 
were dissolved in 40 mL of MEK, then m-xylylendiamine (XYDIA) 
diluted in 1 mL of MEK was added to the solution in a 0.6 molar ratio 
with respect to the molar amount of AcAc groups present on PKHB (0.11 

mL for 5%, 0.22 mL for 10% and 0.32 mL for 15%, details reported in 
Table S1). After stirring for 16 h in refluxing MEK, a yellow precipitate 
was formed. The resulting suspension was treated with 300 mL of 
methanol, and the resulting precipitate was filtered and dried in vacuum 
oven at 10− 2 Torr and 60 ◦C for 24 h. 

2.1.1.3. Preparation of PKHB 5% VU in melt reactive blending. Solvent-
less synthesis was implemented into a co-rotating twin-screw mini- 
extruder DSM Xplore 15 cm3 under nitrogen flow, at 240 ◦C, 100 rpm, 
10 min. 10.0 g of PKHB-AcAc 5% (1.73 mmol eq. AcAc) were pre-wet 
with 0.137 mL of xylene diamine (1.04 mmol corresponding to a 
molar ratio AcAc/XYDIA = 0.6), loaded in the chamber at 50 rpm, then 
increased to 100 rpm for the mixing stage (10 min) and the final 
extrusion. Vitrimer prepared by melt reactive blending is referred to as 
PKHB-VU 5%_MELT. 

2.1.1.4. Gel fraction determination. Gel fractions were calculated based 
on dry residual weight after dissolution in methyl ethyl ketone (MEK) for 
24 h. Specimen’s pieces were placed in a 10 mL closed vial and heated in 
MEK at 60 ◦C for 24 h. After Büchner filtration, the samples were dried in 
vacuum oven at 10− 2 Torr and 100 ◦C for 24 h. The gel fraction was 
determined according to the equation below: 

Scheme 1. Synthetic scheme for the preparation of PKHB n% AcAc and PKHB n% VU compounds (n% = 5, 10, 15).  

Fig. 1. Spectral window of FTIR of PKHB (solid black line), PKHB n% AcAc 
(dashed lines) and PKHB n% VU (solid colored lines), evidencing the diagnostic 
absorption bands relative to the carbonyl stretching. 

G. Soavi et al.                                                                                                                                                                                                                                   



Reactive and Functional Polymers 191 (2023) 105681

3

Gel fraction (%) = mfinal
minitial

⋅100.

2.1.2. Characterization 

2.1.2.1. Nuclear magnetic resonance (NMR). NMR spectra were recor-
ded on a Bruker Avance 400 (400 MHz) in chloroform (CDCl3) at 25 ◦C. 
1H NMR chemical shifts are given in reference to the residual solvent 
peak of CDCl3 at 7.26 ppm. 

2.1.2.2. Infrared spectroscopy (IR). Attenuated Total Reflectance Four-
ier Transformed Infrared spectra (FTIR-ATR) were acquired on a Perkin 
Elmer FT-IR Spectrum Two, equipped with a diamond crystal. The fre-
quency range from 4000 cm− 1 to 400 cm− 1 for 32 scans and with 4 cm− 1 

resolution was used. Absorbance spectra were baseline-subtracted and 
normalized to the intensity at 1606 cm− 1, corresponding to aromatic 
C––C stretching, taken as a control peak. 

2.1.2.3. Dynamic mechanical thermal analyses (DMTA). DMTA analyses 
were carried out on bars with a cross-section of around 6 × 1 mm2, 30 
mm length, cut from compression-molded plates, tested in tensile mode 
on a Q800 equipment (TA Instruments). Temperature scan was from 
room temperature to 170 ◦C, at 2 ◦C/min heating rate and 1 Hz fre-
quency in strain-controlled mode, deformation amplitude at 0.05% and 
0.01 N preload. Minimum stress allowed (additional end-of test crite-
rion) was set at 0.1 MPa, except for pristine PKHB, in which 1 MPa was 
used to prevent possible dripping. All samples were conditioned at 23 ◦C 
and 50% of relative humidity for at least 48 h before analyses. 

2.1.2.4. Rheology. Rheological properties were investigated using an 
ARES rheometer (TA Instruments) operated with a 25 mm parallel plate 
geometry and 1 mm thickness samples. Dynamic frequency sweep tests 
were carried out to determine G’, G" and complex viscosity (η*) between 
0.1 and 100 rad/s at 1% strain (linear viscoelasticity) at a constant 
temperature of 200 ◦C. Isothermal relaxation tests were also carried out 
at 5% strain, till below 30% of the initial stress was reached. Stress G(t) 
is reported normalized on G0, i.e. the stress recorded at t = 1 s to get rid 
of instrumental transient at the start for relaxation test [11]. 

2.1.2.5. Mechanical properties. Tensile tests were done on 60 × 10 mm2 

compression molded films, thickness in the range of 150 to 200 μm, on 
an Instron 5966 machine equipped with a 50 N loading cell and flat faces 
pneumatic clamps, gauge length of 30 mm. Strain rate was 1 mm/min up 
to 0.3% strain and then 2 mm/min to break. The samples were condi-
tioned at 23 ◦C and 50% of relative humidity for at least 48 h before 
analyses. Tests carried out on films prepared from as-obtainment vitri-
mers are referred to as cycle 1. After testing, broken specimens were 
recovered and reprocessed by compression molding into new films in the 
same conditions and tested again, with results referred to as cycle 2. 
Further reprocessing with the same procedure provided tensile results 
referred to as cycle 3. For each composition/cycle a minimum of 4 
specimens were tested. Averaged results are reported with their exper-
imental deviations. 

2.1.2.6. Adhesion tests. Single lap shear adhesion tests were carried out 
on the same machine, on samples prepared according to ISO 4587, using 
1.5 mm thick aluminum plates pre-cleaned with ethanol. Films of 200 
μm were placed between Al plates, preheated for 3 min and hot pressed 
under 1 ton for 5 min at 240 ◦C for vitrimers and 170 ◦C for pristine 
PKHB, using a lab made support to hold metal plates in proper position 
during compression. Tests carried out on the obtained joints are referred 
to as cycle 1. After joint failure, the two parts were recovered and 
recompressed in the same conditions and tested again, with results 
referred to as cycle 2. 3 specimens were tested for each composition/ 
cycle. Averaged results are reported with their experimental deviations. 

3. Results and discussion 

3.1. Preparation of vitrimers 

PKHB-based vitrimers were prepared in solution in two steps. Partial 
functionalization of PKHB with acetoacetate (AcAc) groups was carried 
out using t-butoxy acetoacetate in refluxing MEK (Scheme 1). The de-
gree of functionalization was determined via 1H NMR (Fig. S1), by 
integrating the diagnostic triplet of the methyne α to AcAc at 5.54 ppm 
against the triplet of the methyne bearing the unreacted PHKB hydroxyl 
groups at 4.37 ppm. Functionalized PKHB-AcAc were then reacted with 
XYDIA (20% excess) in refluxing MEK, to produce vinylogous urethane 
exchangeable crosslinking between linear chains. 

Conversion to vinylogous urethane was monitored by FTIR. Infrared 
spectra (Fig. 1) for PKHB n% AcAc evidences the appearance of two 
signals at ca. 1744 and 1714 cm− 1, corresponding to the C––O stretching 
modes in the ester and ketone, respectively, with intensities propor-
tional to the % of grafted AcAc groups. After reaction with XYDIA 
(Scheme 1), conversion to vinylogous urethane is supported by the 
appearance of a new broad band at ca. 1660 cm− 1, assigned to the 
conjugated C––O ester stretching in vinylogous urethane [12], and the 
disappearance of the 1744 and 1714 cm− 1 AcAc bands. The second 
characteristic band of VU, namely the C––C stretching, is overlapping to 
the PKHB and XYDIA aromatic C––C stretching at 1606 cm− 1 (Fig. 1). 

To verify the crosslinked character and improved solvent resistance 
of PKHB-VU n%, the samples were kept in MEK at 60 ◦C for 24 h. The 
remaining insoluble fractions after solvent removal and vacuum oven 
drying were 78, 97 and 100% for 5, 10 and 15% VU, respectively. By 
comparison, pristine PKHB resulted completely soluble in MEK at room 
temperature. Such high residues in the 10 and 15% samples reflect high 
crosslinking degrees in PKHB-based vitrimers, in line with previously 
reported polyvinylogous urethanes [10]. Thermoxidative stability of the 
vitrimers was assessed by TGA (Fig. S2) which demonstrated no signif-
icant network decomposition until 330 ◦C. 

Reprocessability of PKHB n% VU was tested by compression mold-
ing, allowing simple preparation of films and slabs under mild condi-
tions, thus evidencing the dynamic nature of the crosslinking bonds. Gel 
fractions were re-evaluated after compression molding into sheets, to 
evaluate the evolution of crosslinking upon reprocessing. The residue 
after extraction of the soluble fraction increased to 90% for PKHB 5% 
VU, whereas residual fractions for 10 and 15% PKHB-VU remained 
constant, as the crosslinking obtained from the synthesis was quantita-
tive, within experimental errors of the gel fraction method. Viscoelas-
ticity of PKHB vitrimers was investigated by DMTA on heating (Fig. 2). 
Pristine PKHB exhibits a room temperature storage modulus E’ at about 
1.75 GPa, quickly decaying above 70 ◦C due to the α relaxation of linear 
chains, with a maximum temperature (Tα) of ca. 93 ◦C (Fig. 2 top). 
Vitrimers resulted in slightly higher storage modulus (ranging between 
2.1 and 2.9 GPa) and variable Tα, (Fig. 2 bottom) with a broad transition 
suggesting coexistence of relatively long linear fractions together with 
regions with high crosslinking densities. However, the most relevant 
result from the DMTA analysis is the higher thermomechanical resis-
tance of vitrimers compared to the pristine PKHB, at temperatures well 
above α relaxation. Indeed, at 5% VU, the storage modulus is slowly 
decreasing with increasing temperature, reflecting a partial cross-
linking, whereas at higher % VU clear rubbery plateaus are observed at 
1.9 and 3.0 MPa for 10% and 15% VU, respectively, in agreement with 
calculated gel fractions. 

To further investigate the viscoelastic properties at high tempera-
ture, rheological analysis was carried out at variable frequency and 
different temperatures in the linear viscoelastic regime. In Fig. 3, storage 
modulus (G’), loss modulus (G") and complex viscosity (η*) plots ob-
tained at 200 ◦C are plotted vs. the oscillation frequency. Remarkable G’ 
values, in the range 104 to 105 Pa, were obtained for the vitrimers: in 5% 
VU a weak dependence on frequency is observed, whereas for 10 and 
15% VU frequency-independent plateau values are obtained, increasing 
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with the concentration of crosslinking. This behavior, being completely 
different to that of linear PKHB and PKHB-AcAc (Fig. S3), corresponds to 
conversion of linear polymers to highly crosslinked networks, charac-
terized by a solid-like rheological behavior. This is further supported by 
the analysis of G" values, being significantly lower than G’ for all vitri-
mers, and the η* plots evidencing for extremely high viscosity up to ca. 
106 Pa•s at low frequency, with a strong shear thinning effect as the 
frequency increases. 

Such a viscoelastic behavior is clearly due to the covalent cross-
linking of vitrimers while the exchange of bonds is not significant under 
these testing conditions, characterized by low deformation and limited 
relaxation time for the given temperature. To investigate the dynamics 
of bond exchanges in the covalent adaptable network, stress relaxation 
tests were also carried out. In these conditions, the rearrangement of the 
network is possible and a characteristic relaxation time as well as the 
activation energy can be estimated. The simplest model applicable to the 
stress relaxation of vitrimers assumes a simple exponential decay ac-
cording to Maxwell model, with a characteristic decay time τ corre-
sponding to the time at which the normalized stress reaches 1/e 
threshold. This model was applied to different vitrimers with high 
crosslinking density, including vinylogous urethanes [13]. However, at 
low crosslinking density, deviations from the Maxwell model were re-
ported [11] and explained by the contribution of additional relaxation 
modes other than the exchange reaction in CAN. These modes may 
include networks strands, dangling chains and trapped loops [14] as 
well as direct associative interaction between linear chains, including 
hydrogen bonding, π-π interaction and Van der Waals forces. While these 
additional relaxation modes may be better described in terms of a 
continuous relaxation spectrum [15], a simpler approach was also pro-
posed by the use of modified decay functions [11], aiming at the esti-
mation of an average relaxation time. Alternatively, relaxation times in 
vitrimers were calculated from the initial slope of the stress relaxation 
curve [16] or from the G’-G" crossover frequency [15]. Regardless the 
method to calculate the relaxation time, the temperature dependence of 
relaxation times may provide information on the exchange of dynamic 
bonds, as vitrimers follow an Arrhenius dependency. 

Stress relaxation plots for PKHB vitrimers (Fig. 4a-c) exhibit very 
different feature depending on the % of crosslinkers. For samples PKHB 
10 and 15% VU, stress relaxation qualitatively follows the usual trend 
for vitrimers, with slow stress decay vs time, whereas for sample PKHB 
5% VU the decay is much faster in the early stage of the test, confirming 
the limited crosslinking. Fitting of these relaxation plots with the 
Maxwell model (Fig. S4 left) did not provide good match for any of the 
PKHB vitrimers. However, a much better fit (Fig. S4 right) for the same 
was obtained with a “stretched” exponential decay function G(t)

G0
=

Ae− (
t
τ)

α

, with typical α values between 0.4 and 0.6 for PKHB 10 and 15% 
VU, in agreement with previously reported stress relaxation of vinyl-
ogous urethane crosslinked polyethylene [11]. The observed deviation 
from the Maxwell relaxation is explained by the additional relaxation 
modes (e.g. networks strands, dangling chains, trapped loops as well as 
associative interaction between linear chains) beside vinylogous ure-
thane bond exchange. The contribution of the additional relaxation 
modes is more evident at low crosslinking density (5% VU), resulting in 
low α values (Fig. S4 right), whereas the deviation from the ideal 
relaxation model becomes less important at higher % VU. Representing 
the multi-mode relaxation with a single averaged relaxation time ap-
pears a reasonable approximation to discuss the evolution of relaxation 
time with temperature and to calculate the energy of activation for the 
relaxation process. Results reported in Fig. 4d confirm the Arrhenius 
type temperature dependence of the relaxation time, with best ln(τ) vs. 
1/T linear fit obtained for PKHB 15% VU, whereas limited scatter 
observed at lower crosslinking density may reflect the complexity of 
relaxation discussed above. Expectedly, activation energies for the 
relaxation process are also dependent on the VU %. At 5% VU the 
calculated energy of activation is as low as 69 kJ/mol, reflecting a 

Fig. 2. DMTA plots for pristine PKHB and PKHB n% VU (n = 5, 10, 15). 
Temperature for the maximum of tan δ plots are marked for each plot. 

Fig. 3. Rheological plots for PKHB n% VU (n = 5, 10, 15).  
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significant contribution of non-crosslinked chains to the materials 
relaxation. The activation energy increases with cross-linking density, 
namely 115 and 126 kJ/mol at 10% and 15% VU, respectively. These 
values are higher than the ones reported for polyvinylogous urethane 
[10] and VU crosslinked polyethylene [11] owing to the higher 
conformational stiffness of the aromatic structure of the phenoxy resin. 
Nevertheless, similar values are reported in the literature for other vit-
rimeric systems [17–19] and these values do not hamper the flow of the 
vitrimers during reprocessing at moderate temperatures [20]. 

The topology-freezing transition temperature (Tv) was defined by 
Leibler et al. [13] as the temperature at which “the mechanical relaxa-
tion time controlled by the exchange reaction rate becomes longer than 
the experimental timescale and, on this timescale, the network topology 
is frozen”. Assuming a liquid-solid transition at η = 1•1012 Pa•s and 
relaxation according to Maxwell’s equation η = (E^’/2(1 + ν))⋅τ, where 
E’ is the elastic modulus at the rubbery plateau and ν is the Poisson’s 
ratio, Tv values are easily estimated. This simple model was largely 
applied in vitrimers literature and results correlated with the possibility 
to reprocess the vitrimers at temperatures above Tv. As the bond ex-
change within a vitrimer network requires sufficient chain mobility, 
topology freezing transition is expected to occur above the glass tran-
sition temperature (Tg), as originally proposed by Leibler et al. However, 
Tv values below Tg were also reported in literature [10,21], yielding 
materials in which stress relaxation is controlled by the segmental mo-
tion of linear chains. It is worth mentioning that the above discussed 
assumptions for the calculation of Tv might not be accurate for vitrimers 
exhibiting a rheological complex behavior. In particular, when the 

vitrimer relaxation is based on both bond exchanges and additional 
relaxation modes (e.g., networks strands, dangling chains, trapped loops 
etc.) Maxwell’s equation may not be a good approximation and its 
application may lead to misleading Tv values. In this work, since at low 
crosslinking degree the co-existence of different relaxation modes is 
apparent based on the above stress-relaxation plots (Fig. 4a), calculation 
of Tv for PKHB 5% VU is not possible by the Maxwell model. Instead, in 
highly crosslinked PKHB-VU vitrimers, the contribution to any addi-
tional relaxation mode appears negligible compared to the relaxation by 
vinylogous bond exchanges and the Maxwell equation can be applied, 
resulting a Tv of 120 ◦C for PKHB 15% VU, which is slightly higher than 
the glass transition temperature for linear PKHB. 

The tensile properties and recyclability of the synthesized vitrimers 
were evaluated. Both pristine PKHB and derived vitrimers exhibited 
brittle fracture (Fig. S5), regardless of the processing cycles, as expected 
by the relatively high glass transition temperature. Stress-strain plots 
(Fig. 5a for cycle 1 and Fig. S6 for cycles 2 and 3) show significant 
differences between vitrimers and PKHB. Elastic modulus, elongation at 
break and resistance at break values for the different formulations and 
processing cycles are reported in Table S2 and resumed in Fig. 5b, c and 
d, respectively. 

Elastic modulus of PKHB was measured in the range of 1.6 GPa, with 
variations upon reprocessing cycles within the experimental error. On 
cycle 1, significantly higher stiffness was observed for the vitrimers, up 
to 3.2 GPa for PKHB-VU 10%. However, this stiffening effect is not 
retained on subsequent processing cycles, in which the different vitri-
mers appear to level off in stiffness at the value for PKHB, within the 

Fig. 4. Normalized stress relaxation plots at different isotherms for PKHB 5% VU (a), PKHB 10% VU (b), and PKHB 15% VU (c). Panel (d) reports Arrhenius plots for 
the relaxation times (τ) and fitting to calculate activation energies for the relaxation process. 
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experimental uncertainty. For PKHB, both elongation at break and 
stiffness decrease upon reprocessing cycles, according to the progressive 
thermo-mechanical degradation of the polymer. On the other hand, 
vitrimers exhibit a different trend, with typically higher elongation and 
resistance after reprocessing. Indeed, in CANs the polymer degradation 
by chain scission is still possible but the effect is not significant as the 
crosslinking between linear PKHB chains does not lead to a decrease in 
the average molecular weight, which is typically associated with 
embrittlement. 

Adhesive properties of vitrimers were also explored and compared to 
pristine PKHB in lap shear test using aluminum plates. PKHB exhibits 
moderate adhesive properties, quantified as 3.7 ± 0.6% strain and 2.5 
± 0.4 MPa stress at failure, which occurs by cohesive-adhesive mixed 
mode fracture, with traces of adhesive on both surfaces of the substrate. 
PKHB-VU vitrimers displayed enhanced properties compared to PKHB 
(Fig. 6a); in particular, in PKHB 5% VU ultimate strain and stress in-
crease to 6.5 ± 0.8% and 4.8 ± 0.5 MPa respectively. Further increase in 
crosslink density did not provide further enhancement but rather a 
decrease in joints performance, with failure by a clear adhesive mech-
anism (Fig. 6b). This may be related to the differences in conformational 
mobility of the vitrimers during the joining process and suggest slow 
relaxation of the highly crosslinked vitrimers, requiring higher time/ 
temperature to optimize adhesion onto the substrate. Instead, the co- 
existence of different relaxation modes observed at weakly crosslinked 
PKHB 5%VU appears to couple good substrate adhesion with 

mechanical resistance, which demonstrates potential for the develop-
ment of vitrimeric adhesives. Indeed, this class of adhesive allows 
multiple debonding and re-bonding, based on the retained mechanical 
properties upon reprocessing demonstrated above. The possibility to re- 
join the two parts after the lap shear test was explored by simple 
restacking and pressing in the same conditions as for the initial bonding. 
While re-joining was not successful with pristine PKHB, all vitrimers 
joints were qualitatively satisfactory and were tested again in lap shear. 
Results demonstrated enhancement both in lap shear strength and in 
strain at break, that are, for all vitrimers, higher compared to the first 
cycle. For instance, PKHB 5%VU on test #2 showed 9.9 ± 1.2% strain 
(+52% compared to PKHB) and 5.6 ± 0.5 MPa (+16% compared to 
PKHB), thus demonstrating the adhesive reversibility (Fig. 6c,d and 
Table S3). 

To avoid the use of organic solvents in vitrimers preparation, which 
is not appealing for industrial processes, the solvent-free preparation of 
phenoxy vitrimers was explored. Compared to vitrimers based on con-
ventional thermoplastic polymers in which melt reactive blending 
preparation was previously reported, such as polyethylene [11], PMMA 
and PS [23], melt processing of phenoxy resin is significantly more 
challenging, owing to its relatively high glass transition temperature 
coupled with adhesive properties onto the metal surfaces in melt mixers. 
With the aim of exploring feasibility of melt processing of phenoxy VU 
vitrimers, and based on the physical properties discussed above, PKHB 
5% VU was selected for preparation via melt reactive blending. 

Fig. 5. Stress-strain plots on first tensile test cycle (a) and comparative histograms for different formulation and processing cycles, regarding elastic modulus (b), 
elongation at break (c) and stress at break (d). 
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Occurrence of crosslinking during melt mixing in the presence of XYDIA 
is evidenced by a strong increase in melt viscosity during mixing 
(Fig. S7), almost up to the limit of the micro compounding system used. 
The gel fraction of the extruded materials was 89%, which is higher than 
the corresponding formulation prepared in solvent, confirming the ef-
ficiency of melt reactive blending to promote chemical reaction, thank 
to both high temperature and shear deformation in the melt. PKHB 5% 
VU_MELT was also compression molded to obtain suitable specimens for 
DMTA (Fig. 7a) and rheological analysis (Fig. 7b), which were found 
fully consistent with the reference formulation via the solvent process. 
Thus, the melt reactive blending can be considered a viable route to 
obtain phenoxy vitrimers. 

4. Conclusions 

Linear phenoxy resins were functionalized with acetoacetate groups 
to introduce reactive moieties for subsequent reaction with a diamine to 
produce vinylogous urethane exchangeable bonds. This allowed pre-
paring covalent adaptable networks based on a linear equivalent of 
conventional epoxy, providing epoxy vitrimers, which have been vali-
dated for melt processability and recycling. The novel approach 
demonstrated in this work allows tailoring the crosslinking density, by 
varying the density of AcAc moieties along the phenoxy resin, yielding 
tailorable rheological properties. 

Indeed, full crosslinking of the polymer was obtained at relatively 
high density of functional groups (e.g. 15% conversion of hydroxyl 
groups along the phenoxy chains), whereas incomplete crosslinking was 
observed at low density (e.g. 5% conversion of hydroxyl groups), 
yielding a rheological behavior intermediate between typical vitrimers 
and thermoplastic polymers. This is evidenced by the elastic and viscous 
moduli as a function of deformation frequency at high temperature, as 
well as the stress relaxation results, suggesting the combination of sec-
ondary relaxation modes related to networks strands and dangling 
chains as well as associative interaction between linear segments, in 
addition to vinylogous urethane bonds exchange. 

The adhesive properties were studied in lap shear mode, showing 
best performance for PKHB 5% VU, including the possibility to ther-
mally re-join the assembly after its mechanical failure. This is obtained 
thanks to the rapid relaxation times of this vitrimer, allowing strong 
adhesion to aluminum (typical of phenoxy resin), together with stiffness 
reinforcement typical of the crosslinked networks. 

The preparation of PKHB 5% VU via melt reactive blending in a lab- 
scale micro extruder was also proved to yield consistent thermo-
mechanical and rheological properties, thus demonstrating the pro-
duction of phenoxy-based vinylogous urethane vitrimers in a solventless 
process, which opens for an industrially viable upscale of this class of 
materials, as a potential alternative to conventional epoxy thermosets. 

Fig. 6. Force vs strain plots for lap shear test using PKHB or vitrimers as adhesive (a) and pictures of the two plates after joint failure, for each of the adhesives (b). 
Panels (c) and (d) resume lap shear strength and strain at break for the different adhesives, on first and second joining cycle. 
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