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Abstract: Precipitation of bivalent metal carboxylates isvall-known issue in detergency,
resulting in decreased efficiency and unwanted ractation of lime soap on laundry. We
demonstrate that the same phenomenon is occuminfprmulations of metal-catalyzed
epoxy-acid vitrimers. When for instance a Zn (#Jtsand glutaric acid are allowed to meet
each other in the same reaction feedstock, pratipit takes place, resulting in phase-
separation of zinc glutarate and glutarate-poorympel network, showing no vitrimer
properties. We present a strategy to overcomddsige based on step addition at a single end
of the dicarboxylic acid monomer, prior to contagth zinc. In this case, formation of
crystalline zinc soap is completely avoided, arel nietwork shows thermo-stimulated stress
relaxation. This strategy is particularly appealifay the synthesis of polyhydroxyester
networks showing highyland fast relaxation.

o Crystalline
o metal soap

. [
". ‘U

o."‘o ) o c‘.' s

Phase-separated network Catalyzed exchangeable network Table of content illustration.




INTRODUCTION

Vitrimers are polymer networks with thermally exofgaable links, which enable them to
flow when heated while remaining essentially inbtd even in a good non-reactive solvent
where they swell without dissolvifgThus, contrary to conventional polymer networks,
vitrimers exhibit a finite relaxation time and netaeprocessability and recyclability after
crosslinking. A catalyst is often present, to s the rate of exchange, leading to shorter
relaxation times$.

In polyhydroxyester vitrimers, the exchange reactis transesterification, and various
catalysts such as Zn, Sn, N and P compo&ifid&;”®"%r enzymes? have been proposed to
increase the exchange rate. Zn(ll)-based catadystsnost often considered. They show high
thermal stability and also catalyse the epoxy-acidition!* a useful reaction to produe
hydroxylester exchangeable links, thereby redudimg curing time and occurrence of
secondary reactions. To prepare metal-catalyzethpdtoxyester networks, an epoxy resin is
typically mixed with a fatty acid whose carboxylionctions have been neutralized with
Zn(ll) ions. This step creates Zn(ll)-carboxylatamplexes, which are essential both for the
epoxy-acid addition reaction and for catalysis ltd subsequent transesterification process
responsible of vitrimeric behavior.

Based on IR and X-ray absorption spectroscopy, Deymot et al'? suggested that, upon
reaction of Zn(ll)-carboxylate with an epoxy grodipe Zn(ll) ion becomes coordinated with
ester and alkoxide ligands (Figure la). Thus, tle¢éahplays a double role of reapproaching
the reactants (Figure 1b) and activating the C=@dlwy electron withdrawing effect thereby
reducing the transesterification energy barrier.

Such transition between the two coordination spghesetherefore necessary for both the
epoxy-acid addition and transesterification to laalyzed. Hence, formation of a metal
carboxylate constitutes the first step in the fdahan of epoxy-acid vitrimers and
maintaining its solubility in the reaction medium & necessary condition to perform the

homogeneous catalytic cycle.



a. Classical epoxy-acid vitrimer preparation b. zn(ll) coordination
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Figure 1. (a) main reaction in epoxy-acid vitrimers, with tfeemation of[3-hydroxylester

and -oxyester links upon epoxy-acid and epoxy-carbaeyladdition, respectively. Red
atoms highlight the possible coordination siteZofll); (b) coordination sphere of Zn(ll) in
the final vitrimer network suggested by Demongeatl#? (c) crystalline structure of a linear
monocarboxylate (zinc pentanodfednd dicarboxylate (zinc adipatésoaps (see Table S1

for crystallographic details).

In detergency, long chain carboxylates such ast@lestearate or laurate have tendency to
precipitate Ca(ll) and Mg(ll) ions in wat&t.This primarily occurs in hard water, where the
concentration of divalent ions is higher, resultimg the waste of active material and
undesirable aggregation of soap scum on laundrgs@lso-called metal soaps are also
observed in other contexts. They are used as wéslito coatings>'’ lubricating agents,
fillers'® and heat stabilizers in plasticsor in the synthesis of nanoparticfsThey are also
found in oil paintings as degradation prodif¢te As regards metal catalysis, it was
experienced that metal soaps precipitation redti@essesterification reaction yield in the
production of biodiesel from fatty acid®.

The structure of metal soaps has been studied usfagpy, DSC and IR
spectroscopy®?+2>262728\When cations are coordinated by a saturated lickean
monocarboxylic acid, the resulting soaps are chystasolids. The crystal structure often
shows 2D networks of metal ions, connected by caflate bridging ligands (Figure 1c).

In the case of linear-chain dicarboxylic acids,bt#rminals can coordinate a metal ion,

thereby producing a three-dimensional polymericstalystructure, also called metal-organic



framework?®2%3132 These species generally exhibit higher meltinmtsocompared to the
corresponding dicarboxylic acid or monocarboxylat@ap. As practical example, succinic
acid melts at 184°C and zinc butanoate around 1884Czinc succinate is stable and
degrades starting frof#50°C without undergoing any transitith.

In terms of vitrimer formulations, these thermabgerties could have significant implications
on their achievement. We hypothesize that the gnerguired to melt the metal soap adds a
barrier to dissolving the catalyst inside the rmsctmedium, thereby hindering the
homogeneous catalytic activity in the final netwolkdeed, at the moment, the majority of
publications concerning metal-catalyzed epoxy-agidmers focus on the use of branched

12,33,34,35,36.37.3% hich should avoid the formation of

carboxylic acids alongside with Zn@f)
high-melting point metal soaps. However, relying lmanched carboxylic acids limits the
selection to a narrow range of available startirgemals, resulting in products with glass
transition temperature between -20°C and +30°Cs Témge make them poorly suitable for
use as either elastomers or thermosets. Higiiand denser networks are typically obtained
using anhydrides as curing agehtsonetheless, in anhydride-based vitrimers, then&tion

of hydroxyl groups — essential for the transestaiion reaction — is limited, and an
enrichment of the network might be desirable taréase stress-relaxation rateSystems
based on linear — or more generally rigid — dicasiic acids were shown to attain highgy;

but these typically rely on other catalytic apptues; such as orgadit®® or enzymatic
catalysis®, which may result in more temperature-sensitivetesys. The scarcity of studies
combining metal catalysis with rigid dicarboxylici@s**? supports our hypothesis of a
potential incompatibility between the two in acidesy vitrimers. In a perspective of
broadening the scope of metal catalysts, we inyatithe role of the carboxylic acid/metal
pair (metal soap) in the preparation of epoxy-agtdmers. Upon analyzing the conditions
that lead to catalyst crystallization, we develogedynthetic strategy for creating high-
acid-epoxy vitrimers where metal catalysis is dffety integrated into the network, thereby

enhancing relaxation properties.

EXPERIMENTAL SECTION

Chemicals. Epoxy resins:poly[(phenylglycidyl ether)-co-formaldehyde] (PPEEepoxy
equivalent weight EEW = 177g/mol) was graciouslgyued by Huntsman (Epalloy 8330
grade); 1,4-cyclohexanedimethanol diglycidyl etfi@iDE) was bought from Biosynth.



Diacids: the fatty acid derivative (FatA) was provided byo@a (Pripol 1009 grade, acid
equivalent weight AEW = 285 g/mol). Glutaric aciéklgA) was bought from Abcr,
undecanedioic acid (UDA) and cis-1,4-cyclohexaradiioxylic acid (CHDA) from TCI,
homophtalic acid (HomA) from Sigma-AldriciMetal salts and organotinzinc acetate
(Zn(OACc),), lithium acetate (LiOAc) and cesium carbonate,(I3%) were bought from Alfa
Aesar, zinc acetylacetonate (Zn(agp@nd tin acetate (Sn(OAg)from Sigma-Aldrich and
butyl stannoic acid (or monobutyl tin oxide hydmdej BuSnOOH) from TCI.

Nuclear magnetic resonance (NMR) spectroscopy. *H NMR and**C NMR spectra were
recorded at 24°C in DMSOsdising a Bruker AVANCE400 spectrometer. Chemicaftsh
were referenced using the residual solvent peaks.

Infrared spectroscopy analysis. IR measurements were carried out using a BrukerS@&RI

37 spectrometer equipped with a Specac goldenagisieuated total reflection (ATR) heating
cell. IR kinetics were monitored at 145°C.

Size Exclusion Chromatography (SEC). PPGEF and BranchA were dissolved in THF ata 1
mg-mL™* concentration and toluene was added as intermadiatd. All solutions were filtered
through 0.2 um PTFE filters before injection. SEC was performed a Viscotek
GPCmax/VE2001 with THF as elution solvent and clatmgrams were recorded with a
TDA 305 triple detection array. The solvent flovteravas set to 1.0 mL-nihand injection
volumes were of 10QL. The toluene peak of all samples was set to dmeesretention time.
To compare the chromatograms, the data was normdty their respective maxima.
Differential scanning calorimetry (DSC). DSC measurements were performed at a heating
and cooling rate of 10°C/min under helium usingfAadSC 250 analyzer. An initial heating
ramp was carried out between 0°C and 200°C, antethperature was subsequently returned
to 0°C. A second heating ramp was then performaa °C to 200°C.

Microscopy. Polarized optical microscopy observations were madea Leica DMRXE
microscope equipped with a Fluotar 5 x 0.12 obyecta Sony XCD-100CR digital camera
and a Linkam LTS350 heating stage. Mixtures weracqd between a glass slide and
coverslip for temperature investigations betweemad® 200 °C.

Swelling Tests. Swelling tests were carried out in a round bottéaskf, using(0.25 g of
sample in THF, at 85°C under reflux for 24h. Theob®n samples were subsequently
weighed and dried under vacuum at 75°C, for 5h. died samples were weighed and the
swelling ratioQ was obtained according to the equati@Qn= 100 {ms — my) / my, wheremg

andmy are the mass of the swollen and dried samplgsecésely.



Powder X-Ray diffraction (XRD). Powder X-ray diffraction data were measured at room
temperature with a Bruker D8 Advance diffractomé®u Ka radiation, A = 1.54 A) in the
Debye-Scherrer geometry (transmission mode) usind.irkeye detector. Crystallite
dimensions were obtained using the Scherrer equégee Sl).

Synchrotron-sourced X-Ray Scattering. X-ray scattering measurements were conducted at
beamline SWING at SOLEIL (Saint-Aubin, France) atkeV (SAXS) or 16 keV (WAXS)
energy using 1-3 mm thick self standing films wiéhsample to detector distance of 6 m
(SAXS) or 0.5 m (WAXS). The 2D SAXS patterns weneegrated (Foxtrot 3.5.10 software)
and normalized with an 4@ standard to create 1D intensity (Enversus wavevectar (A™)
patterns. 1D traces were fitted with SasView8.0.

Rheological measurements. Rheological measurements were performed using aonAPaar
702 rheometer in the torsional or parallel platergetry, depending on the nature of the
sample investigated. For torsional geometry, thmedision of the specimen was 45x10x4
mm® and the normal force was set at -1 N before egperiment, to keep the sample under
constant tension. For PPGEF/FatA/Zn(ll), the re@cimixture was sandwitched betwez
25mm parallel plates and cured inside the rheom&eess-relaxation were subsequently
recorded. Stress-relaxation experiments were camg between 160°C and 180°C, by
applying a shear strain of 1% for samples in torsiwhile 0.3% in parallel plate. Before
every experiment, an equilibration time of 10 mirthee desired temperature is programmed.
The normalized relaxation modul@t) is fitted with a stretched-exponential functiordam
average relaxation tim@) at each temperature is extracted, according tedbations:

G(t) =G, +Ge (r)= % r(%}

where G, is the residual stress obtained from the fittingdelpGy is the pre-exponential
factor, * the relaxation timef the relaxation exponent ahdhe gamma functioi.he values
of G, (r) andf are reported in Table S4. An activation endegys then extracted from the
plot of In(7) against IT. Amplitude sweep measurements at room temperatere carried
out on vitrimer networks between 0.01 and 1% sh&tasin at 1 rad/s, followed by
temperature sweep measurements at 1 rad/s bet®@%h and 180°C, using a 0.05%
imposed shear strain.

Metal soaps preparation. As general procedure, for GluA, UDA, CHDA, HomA-kds
metal soaps: 1 g of carboxylic acid was mixed wiiifierent amounts of a metal salts (from
0.05 to 1 M" eq. per COOH) into a vial at 180°C for 30 min aniting the powder we the



aid of a spatula. Typically, the mixture presentedrigure 2 was obtained with 1 g of GIuA
and 0.34 g of Zn(OAc). For FatA-based metal so@dseq. of Zn(OA¢)2H,O were added

to FatA (300 g) in a round bottom flask at 100°@der magnetic stirring. The temperature
was gently raised to 180°C and the reaction waslwtted under vacuum to remove the
produced acetic acid. The obtained metal soaps aesb/sed by powder X-ray diffraction
(powder XRD), DSC and IR.

Preparation and curing of model epoxy-acid reactive mixtures. Typical procedure for
linear carboxylic acids: the epoxy resin CHDE (5agd the carboxylic acid (molar ratio:
COOH/epoxy = 1) were mixed at 100°C under manuiatirgy in a PTFE beaker, until
homogenization of the mixture~(5 min mixing). The catalyst was added (molar ratio
catalyst/epoxy = 0.1), and mixing was kept for &eotl0 minutes at the same temperature.
The resulting mixtures were used for IR and rheiclgnonitoring.

Procedure for the branched carboxylic acid FatRased on reference 12. The zinc catalyst
precursor (zinc acetate) was added to FatA withodanratio of Zn(l1)/COOH = 0.1. The
mixture was gradually heated to 180 °C to perfdinm ligand exchange and then cooled at
room temperature. The epoxy resin is mixed withgireeursor (molar ratio acyl/epoxy = 1) at
100°C for 15 mn before IR and rheological monitgrexperiments.

Synthesis of the branched carboxylic acid, BranchA from PPGEF. In a Teflon beaker, the
epoxy resin PPGEF (15 g, 1 epoxy eq.) was reactddam excess of GIuA (4 COOH eq.)
and imidazole (IM) as catalyst (0.05 eq.), at 1Q0TGe excess of carboxylic functions is
necessary to ensure the formation of the produen®&rA, without incurring in gelation
(otherwise observed with only 2 COOH eq.). After, &fe whole mixture was dissolved in
THF. The product was precipitated in water andasal as a non-tacky waxy solid after
vacuum drying 12h at 25°C, then 2h at 90°C.

Preparation of novolac epoxy-acid networks. The reactive mixtures are prepared as above,
poured into a PTFE mold preheated at 100°C, dedassE00°C and cured for 16h at 145°C.
Rectangular bars for solid rheology were cut fraimed samples using a diamond saw. The
nomenclature used is:

PPGEF/GIuA: PPGEF (1 epoxy eq.), GIuA (1 COOH eq.), no cataly

PPGEF/GIuA/Zn(I1): PPGEF (1 epoxy eq.), GIuA (1 COOH eq.), Zn(acé@)l eq.)
PPGEF/FatA/Zn(11): PPGEF (1 epoxy eq.), FatA (1 COOH eq.), Zn(QA0)1 eq.)
PPGEF/BranchA/Zn(I1): PPGEF (1 epoxy eq.), BranchA (1 COOH eq.), Znfpcé0.1 eq.)
PPGEF/BranchA/BuSnOOH: PPGEF (1 epoxy eq.), BranchA (1 COOH eq.), BUSHOO
(0.05 eq.)



RESULTSAND DISCUSSION

Evidence of Metal /carboxylic interaction. To elucidate the formation of dicarboxylate
metal soaps, a series of samples containing gtueeid (GIluA) and various Zn(OAg)
concentrations were prepared and analysed by D8RBough metal soaps have high melting
points (>300°C), not easily detectable by DSC,dizarboxylic acid / metal salt interaction is
indirectly revealed by the disappearance of th&ainmelting peaks. The thermograms of
different compositions with increasing metal/COGdtios are shown in Figure S1. The area
of the melting endotherm of GIuA gradually dimireshas a function of the Zn(OAc)
concentration, until no melting transition is obsst, when the Zn(Il)/COOH ratio reaches
0.5. A similar trend was observed when employirféetent dicarboxylic acids, such as cis-
1,4-cyclohexane dicarboxylic, homophthalic and wadedioic acid, and/or different metal
salts, such as LiOAc, @50;, Sn(OAc) and Zn(acag)(Scheme S1). For monovalent cation
as Li" and C$, the melting peak of GIuA disappears at metal/CO@tib of 1, consistent
with the formation of the monovalent metal glutarabap.

Precipitation of a new crystalline substance is énmv well detected through polarizing
optical microscopy (POM). Figure 2a shows the tredraycle of three different GluA-based
samples using Zn/COOH molar ratios of 0, 0.1 an@h& ratio 0.1 is a typical choice for
vitrimer preparation). When no Zn(ll) is presearge crystalline domains efL00 pum in size
are observed, which melted and recrystallized mbigr upon crossing the melting point of
GIuA (about 98°C). In the case of the compositiathvit0 mol% of zinc (R = 0.1), small
birefringent spots of <10 um in size appeared duthe first heating and remained visible up
to 200°C and during all further cycles, regardites temperature and physical state of the
surrounding medium. This feature becomes more avifte the sample with 100 mol% of
zinc (R = 1), where no crystals melting is observEterefore, the disappearance of melting
peaks observed through DSC is associated with tmighing soaps formation.

The crystalline structure of these samples wasllyingecognized using powder X-ray
diffraction (XRD). The normalized spectrum in Figuzb shows the above mixture of glutaric
acid with 10 mol% of Zn(OAc) (R = 0.1). Evidentlyhe characteristic peaks of GIuA
decrease with the introduction of zinc, while neignals become detectable. The newly
appeared peaks correspond to crystalline zinc mgitef with a crystal size of about 0.1 pum,

as given by the Scherrer formula (Figure S2 andeTaR).



a. Polarized light micrographs b. X-ray diffractograms

T G Glutaric Acid
' St el R=0
ST g 1 LAA-—JL_A_AL
i = Glutaric Acid + Zn(OAc),
| z [R=01
b5
£
(]
N
g
5 Zinc Glutarate
z R=1
“lﬁl AM .ll -
5 10 15 20 25 30
30°C 110°C 85°C 26(°)

Figure 2: (a) POM images showing the melting behaviour hfA5top), GIUA + 10 mol% of
Zn(OAc) (R = 0.1, middle) and GIuA + 100 mol% of Zn(OA¢R = 1, bottom) ; (b) Stack
of X-ray diffraction spectra showing the spontareéarmation of metal soaps when mixing
GIuA and Zn(OAc). Pure glutaric acid (green), mixture of glutarmdawith 10 mol% of
Zn(OAc), (blue) and zinc glutarate (orange, calculated frefrB0 data).

Effect of Metal Soaps on Model Reactive Mixtures. As second step of this study,
model formulations containing a carboxylic acidZa(ll) catalyst and a diepoxide were
prepared (Table S3). Figure 3 shows cure monitadietg for two different diacids: glutaric
acid (GluA, T, = 98°C) and Pripol 1009 (FatA, a non-crystallizallicarboxylic acid).
Curing was performed at 145°C, with Zn at Zn(I1)/0OB = 0.1 ratio and without zinc. For
these experiments, a non-aromatic epoxy monomelolugxanedimethanol diglycidyl ether
(CHDE), was selected to leave clear the 1500-1886 absorption range. The regions of
interest of infra-red spectra are shown in Figube 3c and S4. At the beginning of the
experiments, two carbonyl vibrations are alreadgcted ab ~ 1701 cnt andv =~ 1730 cn-
These respectively correspond to carboxylic acidgually H-bonded and H-bonded with an
ethereous solvent (here, the epoxy resin playsalleeof the solvent). This feature has already
been encountered in previous wdf8 and more detail can be found in the SI (Figure S3)
Epoxide vibrations are visible at910 cn* and 831 cnl. Whenever Zn(ll) is present, other
peaks are also detected in the 1650—1508 @nge (Figure S4), attributable to vibrations of

carboxylate anions. Overtime integration of thexége signal is plotted in Figure 3d and 3e.
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Figure 3: Chemical structure of the dicarboxylic acids (ayestigated in model reactive

mixtures, using CHDE as epoxy precursor. IR momtprof the reaction at 145°C: the

carbonyl and epoxy peaks evolution is shown inafir) (c); the normalized integration of the
epoxy signal is reported in (d) and (e), and comgavith reference systems without catalyst;
the rheological monitoring of viscosity is reporiedf) and (g).

For the CHDE/GIuA/Zn(Il) system (Figure 3b), despét clear reduction of epoxide and acid
signals and appearance of ester peak at 1740 ttra carboxylate peak at 1530 tmiid not
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decrease over time and slightly increased instéad indicates that the carboxylate salt
formed at early stage of the reaction is not coresiduring curing, supporting the picture of
irreversible precipitation of the zinc soaps wheocpssing with this rigid diacid monomer. In
the case of the CHDE/FatA/Zn(ll) system (Figure,3be carboxylate salt present at the
beginning of the reaction shows two peaks at 16801548 crit. These two peaks disappear
after 30 minutes, and a new peak emerges at 1592 comresponding to zinc complexes
where part of the bridging carboxylates are reglamgoxides or alkoxide®:*° In contrast to
above zinc glutarate precipitates, which are itdiftameworks, these species are molecular
entities involving a small number of zinc atomsttban be more efficiently dispersed in the
reaction media. The distinct behaviour observed®A-Zn(ll) and FatA-Zn(ll) was found
to impact the overall epoxy-acid addition kinetiess shown in Figures 3d and 3e. The
reaction rate constantggq were determined from first-order fits are reporiedTable S3.
Specifically, when the dicarboxylic acid is GluAigEre 3d), the decay of the epoxide signal
is not accelerated by the presence of Zn, consistéth the fact this metal is entirely
converted to insoluble zinc glutarate. In contrassthe case of FatA (Figure 3e), epoxy decay
is initially slower than with GIuUA — and this is@unted for by the dilution effect brought by
long fatty chains — but the addition of Zn consaldy accelerates the reaction, in line with
homogeneous dissolution of Zn ions and formationefiicient catalytic species in their
solvation shell, as inferred by IR spectroscopy.

This precipitation issue was not observed in eadyks on vitrimers, were vegetable oil fatty
diacids like FatA were systematically usétiThe ligand exchange of FatA with zinc acetate
leads to a crumbly solid with a melting temperanirel50°C (Figure S5). This lower melting
point — compared to linear dicarboxylic acid - isatly related to the branched structure of
the ligand, which hinders the formation of ordewgstalline lamellae with high thermal
stability, a unique feature that enabled the prpar of well-behaved vitrimers in reference
1 and many related works.

Parallel to IR analysis, rheological cure monitgrinas also carried out. (Figure 3f, g). All
compositions eventually reach the gel point buhwignificantly different gel times (Figure
S6). If considering solely the epoxy-acid additioom bifunctional monomers, gelation is not
supposed to occur unless the involvement of anotkaction like transesterification,
etherification, epoxide ring-opening homopolymetia (and/or oxidative couplings, this
last frequently reported for FathA. CHDE/GIUA and CHDE/GIUA/Zn(ll) systems exhibit
similar complex viscosity increasg’, as well as gelation timdg, and moduliG’ andG”

values. In this case, gelation occurs at relatively epoxy conversion, suggesting a chain-
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growth rather than step-growth polymerization med$a™ thus identifying epoxide

homopolymerization as the leading reaction resgd@sior networks formation. For

CHDE/FatA and CHDE/FatA/zZn(ll) samples, gelation cacs well after complete

consumption of the epoxy functions. Here, the oldifference between CHDE/FatA and
CHDE/FatA/Zn(ll) is clearly due to the involvemenitZn(ll) catalyzed transesterification in
the second system.

Strategy to Avoid Soap Crystallization. Enlarging the choice or reagents beyond the
family of branched carboxylic acids is desirable m@dulate the properties of the final
material, such as achieving high& while keeping vitrimer-like behaviour. Here, we
propose a strategy to avoid precipitation of met@ps during vitrimer formulation. The
concept, illustrated in Figure 4 and detailed ite3oe S2, involves first the synthesis of a
COOH-terminated branched prepolymer, BranchA, wistsecture is sufficiently disordered
to prevent the crystallization of the metal soaus.epoxy resin, PPGEF, is first reacted with
a large excess of the dicarboxylic acid GIuA intsacway gelation is avoided and oligomers
with COOH terminals are formed (Figure 4a). Subsedy, the unreacted GIluA is washed
out and the obtained branched carboxylic acid BrAnenixed with a stoichiometric amount
of PPGEF, together with the Zn(aca©atalyst to obtain a network. The details of the
preparation are reported in Sl afttl and**C NMR spectra of starting and final products are
visible in Figures S7 to S12. SEC of PPGEF and &rarmare shown in Figure S13.

a. PPGEF  ,cess "
P~ » 0“‘ » ’ e PPGEF
FY XS " ® ® ® ® *Te o e L &
@ ® e o
» Y ) 5 f )} . ’. Py Catalyzed
® ° ’: - e " w ———»  exchangeable
¢ @ . o network
o o® ¢ ¢ @
e © Zn(ll
® . Pl (1)
GluAin excess BranchA
b. PPGEF
0q0 ? e Crystalline
L ® zinc soaps
e B +
%0 o Phase-separated
L Zn(ll) network

GIuA
Figure 4: Strategy (a) to avoid precipitation of metal sodpring vitrimer preparation, with
isolation of a non-crystallizable branched prepayrmsed as network precursor in a second
step. Classic workup (b) where zinc and acids getsemed in crystalline metal soap

precipitates.

12



Different networks, described in Table S4, wereaoldd from PPGEF and different
diacid/catalyst combinations using the classic wprkvith a curing step at 145°C. Vitrimer
properties were studied through stress relaxatipemments in torsional rheology. The
results are summarized in Table S5. For PPGEF/Ea(f), experiments shown in Figure
S14 reveal efficient stress relaxation and an atitm energye, = 154 kJ/mol, consistent with
previous reports. In contrast, for PPGEF/GIuA/Zn(the network hardly relaxes the stress
(Figure 5b) with negligible temperature effect. §behaviour is highlighted by the difficulty
in mechanical reprocessing of the sample (Figure)l. 50n the other hand,
PPGEF/BranchA/Zn(ll) presents an overall same camipoa as PPGEF/GIUA/Zn(ll), but
stress relaxation experiments show strikinglyed#ght behaviour. In this case, the relaxation
is complete and aB, = 78 kJ/mol is measured (Figure S15) and the nadiean be properly
reprocessed: compression molding yields an homagenslab (Figure 5c¢) with similar
modulus and stress relaxation properties as thginati sample (Figure S16). After
rheological experiments, samples were ground awestigated in XRD. The diffractograms
are presented in insets of Figure 5b: the 002 pefakzinc glutarate is detected in
PPGEF/GIuA/Zn(ll), while PPGEF/BranchA/zZn(ll) is anphous. This serves as final proof
that catalytic activity towards transesterificatisndirectly linked to metal homogenization
and diffusion into the polymer matrix, and thatgyp&ation of Zn(ll) or other metal soaps

severely compromises achievement of vitrimer prioger

a. Network components b. Stress relaxation + XRD c. Reprocessing
PPGEF + GluA + Zn(acac),
1.o_m
1 160°C|
0.8 170°c| 7]
o 1 ——180°C| 1
Zn(acac), 9 0.6 o 5 [zinc soaps =
GluA & 3%
o o 04§ .
HOJJ\/\)LOH 12 ]
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e B i mua
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Figure5: (a) Vitrimer networks with identical gross compms but cross-linked through the
two different strategies of Figure 4. (b) Stredsxation and XRD of networks obtained from
GluA (top) and BranchA (bottom). (c) Reprocessifigured networks through grinding and

recompression at 180°C.
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Catalyst Phase-Separation and Network Morphology. A similar negative effect of metal-
carboxylate interactioron catalytic performance was already reported itygster based
vitrimers, comprised of an amorphous polymer baokbwith multiple COOH side groups,
partially ionized with Zn(ll) counteriors. In that case, crystallization was not observed,
probably due to the lack of chain regularity, bggmegation of zinc ions took place upon
annealing, through formation of an ionomer. Assule the presence of big size clusters, with
a large scattering signal around= 0.05 A! correlated with a slowed stress relaxation in
annealed samplés.

To detect such mesoscopic phase-separation, Xeatyesang (SAXS-WAXS) experiments
have been carried out covering the whpke 10° to 2 A* wavevector range. The results are
plotted in Figure 6. Both formulations indeed shavghoulder in the SAXS range. Fitting
with the same shape-independent mddelfor both PPGEF/GIuA/Zn(ll) and
PPGEF/BranchA/Zn(ll) cases allowed to measure iioas lengths of =~ 160 A andg =

20 A respectively. Considering that this length is atineste of the distance between zinc
aggregates makes it possible to evaluate the agmwagnumber,Nagg from its molar
concentration. For PPGEF/GIuA/Zn(ll) the calculati(detailed in SI) givesNaqq > 800,
confirming that Zn(ll) is non evenly distributedtims sample. In the WAXS region, the same
sample shows a series of Bragg peaks, whose briogdgives an estimated crystal size
around 250 A, in the same range as the above nement. Thus aggregation of zinc atoms
in this sample can be accounted for by precipitatiather formation of an ionomer. For
PPGEF/BranchA/Zn(ll) the estimated aggregation nemhgyg is less than 5 and Bragg peaks
are hardly detected in the WAXS region, supportiognation of discrete aggregates
containing a small number of metal aténf§and therefore a more homogeneous distribution
of the metal inside the network.
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Figure 6: SAXS-WAXS patterns of PPGEF/GIUA/Zn(ll) (shifted emlecade upwards for
clarity) and PPGEF/BranchA/zn(ll) (bottom). Thekscindicates the correlation-length,

given by shape independent fitting.

The homogenization of the metal catalyst is al$lected by the thermomechanical spectra of
the different network. Dynamic mechanical analy§81A) of PPGEF/BranchA/Zn(ll) and
PPGEF/GIuA/Zn(ll), together with its uncatalyzedunterpart PPGEF/GIUA are presented in
Figure 7 and values are summarized in Table S6.BFA&anchA/Zn(ll) and PPGEF/GIUA
have the same storage modul® and glass transitionlg, indicating that direct
copolymerization or preparation through the Branghécursor give rise to the same network
connectivity. In contrast, the significantly high®r and Ty values of PPGEF/GIUA/Zn(ll) as
well as the broadening and splitting of the &r{eak indicate presence of rigid crystalline
inclusions and phase separation of GluA-rich andA3door regions with onset of side
reactions such as epoxide homopolymerization indtter. This last point is also confirmed
by measurements of an overall lower swelling ratioa good solvent, indicating denser

crosslinking (Table S6).

10
10 I L] I L] I L] I L] I L] 1 I Ll I L] I L] I Ll I
66°C
PPGEF/GIUA/Zn(ll) PPGEF/BranchA/zn(Il)
10°
= PPGEF/GIUA
e . 8 N
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Figure 7. Temperature dependence of storage modulus (leff) lass factor (right) of

PPGEF-based networks (measurements by DMA at 1 Hz).
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Possible Organometallic Alternatives. Recently, Grésil and co-workers used butyl
stannanoic acid (BuSnOOH) in epoxy-acid vitrimernfalations® We observed that
BuSnOOH remains soluble up to 5 mol% into GIuA (Fe S5), and that the epoxy-acid
addition is catalysed in CHDE-based formulationgyfe S17). For comparison with the
strategy presented above, the PPGEF/GIUA/BuSnOQWlonle (5 mol% catalyst) has been
investigated. Rheological experiments revealed straomplete stress-relaxation, up to 95%,
and an activation energy of about 130 kJ/mol (Feg8d.8) albeit with an about 10 times
slower relaxation rate. In this case, the propévrigg of the metal catalyst is likely related to
the specific structure of this organotin molecw&grein the metal shows an electron vacancy
but no net positive charge® Sn is in the same period as C and Si and can fowalent
compounds that are formally similar to purely origamolecules but contrary to C and Si,
organic Sn can accommodate multiple oxygen atomghe next neighborhood, thus
facilitating the interchange of alkyl fragments ween coordinated ester groufsOur
experiments indicate that tin is not exchangeablethis molecule and thus does not

precipitate in crystalline soaps.

CONCLUSION

In brief, we illustrated an obstacle in the roacgpodducing high § metal-catalyzed vitrimers
from acid and epoxy monomers. The favorite procedunere all reagents are mixed in the
molten state is not applicable when using shorinchigid diacids as it causes precipitation of
crystalline, highly thermally stable metal soapss tphenomenon occurs across a variety of
diacid and metals. Taking a novolac epoxy resiatagic acid and zinc as a model system, we
showed that crystallization of zinc soaps makestb&al no longer available for catalysis. To
circumvent this issue, we devised a non-crystdilzdranched polyacid made from the same
monomers. We compared the network made in onerpot the monomers with the network
made from the branched intermediate. With the s@mess composition, we obtained
strikingly different results: On one hand, no dredale vitrimer properties and presence of
crystalline inclusions; on the other fast relaxat{60% of stress relaxed in about 100 s) and
evenly distributed zinc complexes.

Once this precipitation problem is under controheécomes possible to broaden the range of
usable monomers but also to study the role of titalyst concentration in the network,
discriminating the catalytic activity of the singkgom on the exchange reaction from its

tendency to precipitate or to form ionomer-typeraggtes. Notwithstanding the development
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of alternative catalytic solutions, we anticipatett the strategies hereby discussed will
contribute to strengthen the design principles pratessing methods for metal-catalyzed
vitrimers, particularly for applications where ttleermal stability of the catalyst is a major

concern.

Supporting Information: Analysis of crystal structures, Dynamic scanning
calorimetry, infrared spectroscopy, X-ray diffracti analysis, pictures showing metal soap
precipitation and melting, rheological monitoringoaring experiments, IRH and**C NMR
and SEC of synthesized products, stress relaxaiwh torsional rheology of networks,

aggregation number estimation.
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