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Abstract: Precipitation of bivalent metal carboxylates is a well-known issue in detergency, 

resulting in decreased efficiency and unwanted accumulation of lime soap on laundry. We 

demonstrate that the same phenomenon is occurring in formulations of metal-catalyzed 

epoxy-acid vitrimers. When for instance a Zn (II) salt and glutaric acid are allowed to meet 

each other in the same reaction feedstock, precipitation takes place, resulting in phase-

separation of zinc glutarate and glutarate-poor polymer network, showing no vitrimer 

properties. We present a strategy to overcome this issue based on step addition at a single end 

of the dicarboxylic acid monomer, prior to contact with zinc. In this case, formation of 

crystalline zinc soap is completely avoided, and the network shows thermo-stimulated stress 

relaxation. This strategy is particularly appealing for the synthesis of polyhydroxyester 

networks showing high-Tg and fast relaxation. 

 

       Table of content illustration. 
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INTRODUCTION 

Vitrimers are polymer networks with thermally exchangeable links, which enable them to 

flow when heated while remaining essentially insoluble, even in a good non-reactive solvent 

where they swell without dissolving.1 Thus, contrary to conventional polymer networks, 

vitrimers exhibit a finite relaxation time and retain reprocessability and recyclability after 

crosslinking. A catalyst is often present, to increase the rate of exchange, leading to shorter 

relaxation times.2  

In polyhydroxyester vitrimers, the exchange reaction is transesterification, and various 

catalysts such as Zn, Sn, N and P compounds,3,4,5,6,7,8,7,9 or enzymes,10 have been proposed to 

increase the exchange rate. Zn(II)-based catalysts are most often considered. They show high 

thermal stability and also catalyse the epoxy-acid addition,11 a useful reaction to produce β-

hydroxylester exchangeable links, thereby reducing the curing time and occurrence of 

secondary reactions. To prepare metal-catalyzed polyhydroxyester networks, an epoxy resin is 

typically mixed with a fatty acid whose carboxylic functions have been neutralized with 

Zn(II) ions. This step creates Zn(II)-carboxylate complexes, which are essential both for the 

epoxy-acid addition reaction and for catalysis of the subsequent transesterification process 

responsible of vitrimeric behavior. 

Based on IR and X-ray absorption spectroscopy, Demongeot et al.,12 suggested that, upon 

reaction of Zn(II)-carboxylate with an epoxy group, the Zn(II) ion becomes coordinated with 

ester and alkoxide ligands (Figure 1a). Thus, the metal plays a double role of reapproaching 

the reactants (Figure 1b) and activating the C=O bond by electron withdrawing effect thereby 

reducing the transesterification energy barrier.  

Such transition between the two coordination spheres is therefore necessary for both the 

epoxy-acid addition and transesterification to be catalyzed. Hence, formation of a metal 

carboxylate constitutes the first step in the formulation of epoxy-acid vitrimers and 

maintaining its solubility in the reaction medium is a necessary condition to perform the 

homogeneous catalytic cycle. 
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Figure 1: (a) main reaction in epoxy-acid vitrimers, with the formation of β-hydroxylester 

and β-oxyester links upon epoxy-acid and epoxy-carboxylate addition, respectively. Red 

atoms highlight the possible coordination sites of Zn(II); (b) coordination sphere of Zn(II) in 

the final vitrimer network suggested by Demongeot et al.12 (c) crystalline structure of a linear 

monocarboxylate (zinc pentanoate)13 and dicarboxylate (zinc adipate)14 soaps (see Table S1 

for crystallographic details).  

 

In detergency, long chain carboxylates such as oleate, stearate or laurate have tendency to 

precipitate Ca(II) and Mg(II) ions in water.15 This primarily occurs in hard water, where the 

concentration of divalent ions is higher, resulting in the waste of active material and 

undesirable aggregation of soap scum on laundry. These so-called metal soaps are also 

observed in other contexts. They are used as additives to coatings,16,17 lubricating agents, 

fillers18 and heat stabilizers in plastics,19 or in the synthesis of nanoparticles.20  They are also 

found in oil paintings as degradation products.21,22 As regards metal catalysis, it was 

experienced that metal soaps precipitation reduces transesterification reaction yield in the 

production of biodiesel from fatty acids.23 

The structure of metal soaps has been studied using X-ray, DSC and IR 

spectroscopy.16,24,25,26,27,28 When cations are coordinated by a saturated linear-chain 

monocarboxylic acid, the resulting soaps are crystalline solids. The crystal structure often 

shows 2D networks of metal ions, connected by carboxylate bridging ligands (Figure 1c). 

In the case of linear-chain dicarboxylic acids, both terminals can coordinate a metal ion, 

thereby producing a three-dimensional polymeric crystal structure, also called metal-organic 
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framework.29,30,31,32  These species generally exhibit higher melting points compared to the 

corresponding dicarboxylic acid or monocarboxylate soap. As practical example, succinic 

acid melts at 184°C and zinc butanoate around 160°C but zinc succinate is stable and 

degrades starting from ∼450°C without undergoing any transition.32  

In terms of vitrimer formulations, these thermal properties could have significant implications 

on their achievement. We hypothesize that the energy required to melt the metal soap adds a 

barrier to dissolving the catalyst inside the reaction medium, thereby hindering the 

homogeneous catalytic activity in the final network. Indeed, at the moment, the majority of 

publications concerning metal-catalyzed epoxy-acid vitrimers focus on the use of branched 

carboxylic acids alongside with Zn(II)1,2,12,33,34,35,36,37,38 which should avoid the formation of 

high-melting point metal soaps. However, relying on branched carboxylic acids limits the 

selection to a narrow range of available starting materials, resulting in products with glass 

transition temperature between -20°C and +30°C. This range make them poorly suitable for 

use as either elastomers or thermosets. Higher Tg and denser networks are typically obtained 

using anhydrides as curing agents.1 Nonetheless, in anhydride-based vitrimers, the formation 

of hydroxyl groups – essential for the transesterification reaction – is limited, and an 

enrichment of the network might be desirable to increase stress-relaxation rate.39 Systems 

based on linear − or more generally rigid − dicarboxylic acids were shown to attain higher Tg, 

but these typically rely on other catalytic approaches, such as organic3,6,40 or enzymatic 

catalysis10, which may result in more temperature-sensitive systems. The scarcity of studies 

combining metal catalysis with rigid dicarboxylic acids41,42 supports our hypothesis of a 

potential incompatibility between the two in acid-epoxy vitrimers. In a perspective of 

broadening the scope of metal catalysts, we investigate the role of the carboxylic acid/metal 

pair (metal soap) in the preparation of epoxy-acid vitrimers. Upon analyzing the conditions 

that lead to catalyst crystallization, we developed a synthetic strategy for creating high-Tg 

acid-epoxy vitrimers where metal catalysis is effectively integrated into the network, thereby 

enhancing relaxation properties. 

 

EXPERIMENTAL SECTION 

Chemicals. Epoxy resins: poly[(phenylglycidyl ether)-co-formaldehyde] (PPGEF, epoxy 

equivalent weight EEW = 177g/mol) was graciously provided by Huntsman (Epalloy 8330 

grade); 1,4-cyclohexanedimethanol diglycidyl ether (CHDE) was bought from Biosynth. 
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Diacids: the fatty acid derivative (FatA) was provided by Croda (Pripol 1009 grade, acid 

equivalent weight AEW = 285 g/mol). Glutaric acid (GluA) was bought from Abcr, 

undecanedioic acid (UDA) and cis-1,4-cyclohexanedicarboxylic acid (CHDA) from TCI, 

homophtalic acid (HomA) from Sigma-Aldrich. Metal salts and organotin: zinc acetate 

(Zn(OAc)2), lithium acetate (LiOAc) and cesium carbonate (Cs2CO3) were bought from Alfa 

Aesar, zinc acetylacetonate (Zn(acac)2) and tin acetate (Sn(OAc)2) from Sigma-Aldrich and 

butyl stannoic acid (or monobutyl tin oxide hydroxide, BuSnOOH) from TCI. 

Nuclear magnetic resonance (NMR) spectroscopy. 1H NMR and 13C NMR spectra were 

recorded at 24°C in DMSO-d6 using a Bruker AVANCE400 spectrometer. Chemical shifts 

were referenced using the residual solvent peaks.  

Infrared spectroscopy analysis. IR measurements were carried out using a Bruker TENSOR 

37 spectrometer equipped with a Specac golden gate attenuated total reflection (ATR) heating 

cell. IR kinetics were monitored at 145°C.  

Size Exclusion Chromatography (SEC). PPGEF and BranchA were dissolved in THF at a 1 

mg·mL−1 concentration and toluene was added as internal standard. All solutions were filtered 

through 0.2 μm PTFE filters before injection. SEC was performed on a Viscotek 

GPCmax/VE2001 with THF as elution solvent and chromatograms were recorded with a 

TDA 305 triple detection array. The solvent flow rate was set to 1.0 mL·min−1 and injection 

volumes were of 100 μL. The toluene peak of all samples was set to the same retention time. 

To compare the chromatograms, the data was normalized by their respective maxima. 

Differential scanning calorimetry (DSC). DSC measurements were performed at a heating 

and cooling rate of 10°C/min under helium using a TA DSC 250 analyzer. An initial heating 

ramp was carried out between 0°C and 200°C, and the temperature was subsequently returned 

to 0°C. A second heating ramp was then performed from 0°C to 200°C.   

Microscopy. Polarized optical microscopy observations were made on a Leica DMRXE 

microscope equipped with a Fluotar 5 × 0.12 objective, a Sony XCD-100CR digital camera 

and a Linkam LTS350 heating stage. Mixtures were placed between a glass slide and 

coverslip for temperature investigations between 30 and 200 °C. 

Swelling Tests. Swelling tests were carried out in a round bottom flask, using ∼0.25 g of 

sample in THF, at 85°C under reflux for 24h. The swollen samples were subsequently 

weighed and dried under vacuum at 75°C, for 5h. The dried samples were weighed and the 

swelling ratio Q was obtained according to the equation: Q = 100 ⋅ (ms – md) / md, where ms 

and md are the mass of the swollen and dried samples, respectively.  



 6 

Powder X-Ray diffraction (XRD). Powder X-ray diffraction data were measured at room 

temperature with a Bruker D8 Advance diffractometer (Cu Kα radiation, λ = 1.54 Å) in the 

Debye−Scherrer geometry (transmission mode) using a Linxeye detector. Crystallite 

dimensions were obtained using the Scherrer equation (see SI).  

Synchrotron-sourced X-Ray Scattering. X-ray scattering measurements were conducted at 

beamline SWING at SOLEIL (Saint-Aubin, France) at 12 keV (SAXS) or 16 keV (WAXS) 

energy using 1-3 mm thick self standing films with a sample to detector distance of 6 m 

(SAXS) or 0.5 m (WAXS). The 2D SAXS patterns were integrated (Foxtrot 3.5.10 software) 

and normalized with an H2O standard to create 1D intensity (cm-1) versus wavevector q (Å−1) 

patterns. 1D traces were fitted with SasView 6.0.43 

Rheological measurements. Rheological measurements were performed using an Anton Paar 

702 rheometer in the torsional or parallel plate geometry, depending on the nature of the 

sample investigated. For torsional geometry, the dimension of the specimen was 45×10×4 

mm3 and the normal force was set at -1 N before every experiment, to keep the sample under 

constant tension. For PPGEF/FatA/Zn(II), the reactive mixture was sandwitched between Ø = 

25mm parallel plates and cured inside the rheometer. Stress-relaxation were subsequently 

recorded. Stress-relaxation experiments were carried out between 160°C and 180°C, by 

applying a shear strain of 1% for samples in torsion, while 0.3% in parallel plate. Before 

every experiment, an equilibration time of 10 min at the desired temperature is programmed. 

The normalized relaxation modulus G(t) is fitted with a stretched-exponential function and an 

average relaxation time τ at each temperature is extracted, according to the equations: 

( )βτ *
0)( teGGtG −

∞ +=  






Γ=
ββ

ττ 1*  

where G∞ is the residual stress obtained from the fitting model, G0 is the pre-exponential 

factor, τ*  the relaxation time, β the relaxation exponent and Γ the gamma function. The values 

of G∞, τ  and β are reported in Table S4. An activation energy Ea is then extracted from the 

plot of lnτ against 1/T.  Amplitude sweep measurements at room temperature were carried 

out on vitrimer networks between 0.01 and 1% shear strain at 1 rad/s, followed by 

temperature sweep measurements at  1 rad/s between 30°C and 180°C, using a 0.05% 

imposed shear strain.  

Metal soaps preparation. As general procedure, for GluA, UDA, CHDA, HomA-based 

metal soaps: 1 g of carboxylic acid was mixed with different amounts of a metal salts (from 

0.05 to 1 Mn+ eq. per COOH) into a vial at 180°C for 30 min and mixing the powder we the 
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aid of a spatula. Typically, the mixture presented in Figure 2 was obtained with 1 g of GluA 

and 0.34 g of Zn(OAc). For FatA-based metal soaps, 0.1 eq. of Zn(OAc)2·2H2O were added 

to FatA (300 g) in a round bottom flask at 100°C, under magnetic stirring. The temperature 

was gently raised to 180°C and the reaction was conducted under vacuum to remove the 

produced acetic acid. The obtained metal soaps were analysed 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 (5 g) and the carboxylic acid (molar ratio: 

COOH/epoxy = 1) were mixed at 100°C under manual stirring 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 another 10 minutes at the same temperature. 

The resulting mixtures were used for IR and rheological monitoring.  

Procedure for the branched carboxylic acid FatA is based on reference 12. The zinc catalyst 

precursor (zinc acetate) was added to FatA with a molar ratio of Zn(II)/COOH = 0.1. The 

mixture was gradually heated to 180 °C  to perform the ligand exchange and then cooled at 

room temperature. The epoxy resin is mixed with the precursor (molar ratio acyl/epoxy = 1) at 

100°C for 15 mn before IR and rheological monitoring experiments. 

Synthesis of the branched carboxylic acid, BranchA from PPGEF. In a Teflon beaker, the 

epoxy resin PPGEF (15 g, 1 epoxy eq.) was reacted with an excess of GluA (4 COOH eq.) 

and imidazole (IM) as catalyst (0.05 eq.), at 100°C. The excess of carboxylic functions is 

necessary to ensure the formation of the product BranchA, without incurring in gelation 

(otherwise observed with only 2 COOH eq.). After 2h, the whole mixture was dissolved in 

THF. The product was precipitated in water and isolated 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, degassed at 100°C and cured for 16h at 145°C. 

Rectangular bars for solid rheology were cut from cured samples using a diamond saw. The 

nomenclature used is: 

PPGEF/GluA: PPGEF (1 epoxy eq.), GluA (1 COOH eq.), no catalyst.  

PPGEF/GluA/Zn(II): PPGEF (1 epoxy eq.), GluA (1 COOH eq.), Zn(acac)2 (0.1 eq.) 

PPGEF/FatA/Zn(II): PPGEF (1 epoxy eq.), FatA (1 COOH eq.), Zn(OAc)2 (0.1 eq.) 

PPGEF/BranchA/Zn(II): PPGEF (1 epoxy eq.), BranchA (1 COOH eq.), Zn(acac)2  (0.1 eq.) 

PPGEF/BranchA/BuSnOOH: PPGEF (1 epoxy eq.), BranchA (1 COOH eq.), BuSnOOH 

(0.05 eq.) 
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RESULTS AND DISCUSSION 

Evidence of Metal /carboxylic interaction. To elucidate the formation of dicarboxylate 

metal soaps, a series of samples containing glutaric acid (GluA) and various Zn(OAc)2 

concentrations were prepared and analysed by DSC. Although metal soaps have high melting 

points (>300°C), not easily detectable by DSC, the dicarboxylic acid / metal salt interaction is 

indirectly revealed by the disappearance of the initial melting peaks. The thermograms of 

different compositions with increasing metal/COOH ratios are shown in Figure S1. The area 

of the melting endotherm of GluA gradually diminishes as a function of the Zn(OAc)2 

concentration, until no melting transition is observed, when the Zn(II)/COOH ratio reaches 

0.5. A similar trend was observed when employing different dicarboxylic acids, such as cis-

1,4-cyclohexane dicarboxylic, homophthalic and undecanedioic acid, and/or different metal 

salts, such as LiOAc, Cs2CO3, Sn(OAc)2 and Zn(acac)2 (Scheme S1). For monovalent cation 

as Li+ and Cs+, the melting peak of GluA disappears at metal/COOH ratio of 1, consistent 

with the formation of the monovalent metal glutarate soap. 

Precipitation of a new crystalline substance is however well detected through polarizing 

optical microscopy (POM). Figure 2a shows the thermal cycle of three different GluA-based 

samples using Zn/COOH molar ratios of 0, 0.1 and 1 (the ratio 0.1 is a typical choice for 

vitrimer preparation). When no Zn(II) is present, large crystalline domains of ≈100 µm in size 

are observed, which melted and recrystallized reversibly upon crossing the melting point of 

GluA (about 98°C). In the case of the composition with 10 mol% of zinc (R = 0.1), small 

birefringent spots of <10 µm in size appeared during the first heating and remained visible up 

to 200°C and during all further cycles, regardless the temperature and physical state of the 

surrounding medium. This feature becomes more evident for the sample with 100 mol% of 

zinc (R = 1), where no crystals melting is observed. Therefore, the disappearance of melting 

peaks observed through DSC is associated with high-melting soaps formation. 

The crystalline structure of these samples was finally recognized using powder X-ray 

diffraction (XRD). The normalized spectrum in Figure 2b shows the above mixture of glutaric 

acid with 10 mol% of Zn(OAc) (R = 0.1). Evidently, the characteristic peaks of GluA 

decrease with the introduction of zinc, while new signals become detectable. The newly 

appeared peaks correspond to crystalline zinc glutarate30 with a crystal size of about 0.1 µm, 

as given by the Scherrer formula (Figure S2 and Table S2). 
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Figure 2: (a) POM images showing the melting behaviour of GluA (top), GluA + 10 mol% of 

Zn(OAc)2 (R = 0.1, middle) and GluA + 100 mol% of Zn(OAc)2 (R = 1, bottom) ; (b) Stack 

of X-ray diffraction spectra showing the spontaneous formation of metal soaps when mixing 

GluA and Zn(OAc)2. Pure glutaric acid (green), mixture of glutaric acid with 10 mol% of 

Zn(OAc)2 (blue) and zinc glutarate (orange, calculated from ref 30 data). 

 

Effect of Metal Soaps on Model Reactive Mixtures. As second step of this study, 

model formulations containing a carboxylic acid, a Zn(II) catalyst and a diepoxide were 

prepared (Table S3). Figure 3 shows cure monitoring data for two different diacids: glutaric 

acid (GluA, Tm = 98°C) and Pripol 1009 (FatA, a non-crystallizable dicarboxylic acid). 

Curing was performed at 145°C, with Zn at Zn(II)/COOH = 0.1 ratio and without zinc. For 

these experiments, a non-aromatic epoxy monomer, cyclohexanedimethanol diglycidyl ether 

(CHDE), was selected to leave clear the 1500–1850 cm-1 absorption range. The regions of 

interest of infra-red spectra are shown in Figure 3b, 3c and S4. At the beginning of the 

experiments, two carbonyl vibrations are already detected at ν ̄   ≈ 1701 cm-1 and ν ̄   ≈ 1730 cm-1. 

These respectively correspond to carboxylic acids, mutually H-bonded and H-bonded with an 

ethereous solvent (here, the epoxy resin plays the role of the solvent). This feature has already 

been encountered in previous works40,44 and more detail can be found in the SI (Figure S3).  

Epoxide vibrations are visible at ≈ 910 cm-1 and 831 cm-1. Whenever Zn(II) is present, other 

peaks are also detected in the 1650–1500 cm-1 range (Figure S4), attributable to vibrations of 

carboxylate anions. Overtime integration of the epoxide signal is plotted in Figure 3d and 3e. 



 10 

 

Figure 3: Chemical structure of the dicarboxylic acids (a) investigated in model reactive 

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

carbonyl and epoxy peaks evolution is shown in (b) and (c); the normalized integration of the 

epoxy signal is reported in (d) and (e), and compared with reference systems without catalyst; 

the rheological monitoring of viscosity is reported in (f) and (g). 

 

For the CHDE/GluA/Zn(II) system (Figure 3b), despite a clear reduction of epoxide and acid 

signals and appearance of ester peak at 1740 cm-1, the carboxylate peak at 1530 cm-1 did not 
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decrease over time and slightly increased instead. This indicates that the carboxylate salt 

formed at early stage of the reaction is not consumed during curing, supporting the picture of 

irreversible precipitation of the zinc soaps when processing with this rigid diacid monomer. In 

the case of the CHDE/FatA/Zn(II) system (Figure 3c), the carboxylate salt present at the 

beginning of the reaction shows two peaks at 1630 and 1548 cm-1. These two peaks disappear 

after 30 minutes, and a new peak emerges at 1592 cm-1, corresponding to zinc complexes 

where part of the bridging carboxylates are replaced by oxides or alkoxides.45,46 In contrast to 

above zinc glutarate precipitates, which are infinite frameworks, these species are molecular 

entities involving a small number of zinc atoms that can be more efficiently dispersed in the 

reaction media. The distinct behaviour observed for GluA-Zn(II) and FatA-Zn(II) was found 

to impact the overall epoxy-acid addition kinetics, as shown in Figures 3d and 3e. The 

reaction rate constants kadd were determined from first-order fits are reported in Table S3. 

Specifically, when the dicarboxylic acid is GluA (Figure 3d), the decay of the epoxide signal 

is not accelerated by the presence of Zn, consistent with the fact this metal is entirely 

converted to insoluble zinc glutarate. In contrast, in the case of FatA (Figure 3e), epoxy decay 

is initially slower than with GluA – and this is accounted for by the dilution effect brought by 

long fatty chains – but the addition of Zn considerably accelerates the reaction, in line with 

homogeneous dissolution of Zn ions and formation of efficient catalytic species in their 

solvation shell, as inferred by IR spectroscopy. 

This precipitation issue was not observed in early works on vitrimers, were vegetable oil fatty 

diacids like FatA were systematically used.1-3 The ligand exchange of FatA with zinc acetate 

leads to a crumbly solid with a melting temperature of ∼ 50°C (Figure S5). This lower melting 

point – compared to linear dicarboxylic acid - is clearly related to the branched structure of 

the ligand, which hinders the formation of ordered crystalline lamellae with high thermal 

stability, a unique feature that enabled the preparation of well-behaved vitrimers in reference 

1 and many related works.  

Parallel to IR analysis, rheological cure monitoring was also carried out. (Figure 3f, g). All 

compositions eventually reach the gel point but with significantly different gel times (Figure 

S6). If considering solely the epoxy-acid addition from bifunctional monomers, gelation is not 

supposed to occur unless the involvement of another reaction like transesterification, 

etherification, epoxide ring-opening homopolymerization (and/or oxidative couplings, this 

last frequently reported for FatA47). CHDE/GluA and CHDE/GluA/Zn(II) systems exhibit 

similar complex viscosity increase η* , as well as gelation times tgel and moduli G’ and G’’  

values. In this case, gelation occurs at relatively low epoxy conversion, suggesting a chain-
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growth rather than step-growth polymerization mechanism48 thus identifying epoxide 

homopolymerization as the leading reaction responsible for networks formation. For 

CHDE/FatA and CHDE/FatA/Zn(II) samples, gelation occurs well after complete 

consumption of the epoxy functions. Here, the observed difference between CHDE/FatA and 

CHDE/FatA/Zn(II) is clearly due to the involvement of Zn(II) 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 to modulate the properties of the final 

material, such as achieving higher Tg while keeping vitrimer-like behaviour.  Here, we 

propose a strategy to avoid precipitation of metal soaps during vitrimer formulation. The 

concept, illustrated in Figure 4 and detailed in Scheme S2, involves first the synthesis of a 

COOH-terminated branched prepolymer, BranchA, whose structure is sufficiently disordered 

to prevent the crystallization of the metal soaps. An epoxy resin, PPGEF, is first reacted with 

a large excess of the dicarboxylic acid GluA in such a way gelation is avoided and oligomers 

with COOH terminals are formed (Figure 4a). Subsequently, the unreacted GluA is washed 

out and the obtained branched carboxylic acid BranchA, mixed with a stoichiometric amount 

of PPGEF, together with the Zn(acac)2 catalyst to obtain a network. The details of the 

preparation are reported in SI and 1H and 13C NMR spectra of starting and final products are 

visible in Figures S7 to S12. SEC of PPGEF and BranchA are shown in Figure S13. 

 

Figure 4: Strategy (a) to avoid precipitation of metal soaps during vitrimer preparation, with 

isolation of a non-crystallizable branched prepolymer used as network precursor in a second 

step. Classic workup (b) where zinc and acids get consumed in crystalline metal soap 

precipitates.  
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Different networks, described in Table S4, were obtained from PPGEF and different 

diacid/catalyst combinations using the classic workup with a curing step at 145°C. Vitrimer 

properties were studied through stress relaxation experiments in torsional rheology. The 

results are summarized in Table S5. For PPGEF/FatA/Zn(II), experiments shown in Figure 

S14 reveal efficient stress relaxation and an activation energy Ea = 154 kJ/mol, consistent with 

previous reports. In contrast, for PPGEF/GluA/Zn(II), the network hardly relaxes the stress 

(Figure 5b) with negligible temperature effect. This behaviour is highlighted by the difficulty 

in mechanical reprocessing of the sample (Figure 5c). On the other hand, 

PPGEF/BranchA/Zn(II) presents an overall same composition as PPGEF/GluA/Zn(II), but 

stress relaxation experiments  show strikingly different behaviour. In this case, the relaxation 

is complete and an Ea = 78 kJ/mol is measured (Figure S15) and the material can be properly 

reprocessed: compression molding yields an homogeneous slab (Figure 5c) with similar 

modulus and stress relaxation properties as the original sample (Figure S16). After 

rheological experiments, samples were ground and investigated in XRD. The diffractograms 

are presented in insets of Figure 5b: the 002 peak of zinc glutarate is detected in 

PPGEF/GluA/Zn(II), while PPGEF/BranchA/Zn(II) is amorphous. This serves as final proof 

that catalytic activity towards transesterification is directly linked to metal homogenization 

and diffusion into the polymer matrix, and that precipitation of Zn(II) or other metal soaps 

severely compromises achievement of vitrimer properties.  

 

Figure 5: (a) Vitrimer networks with identical gross composition but cross-linked through the 

two different strategies of Figure 4. (b) Stress-relaxation and XRD of networks obtained from 

GluA (top) and BranchA (bottom). (c) Reprocessing of cured 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 interaction on catalytic performance was already reported in polyester based 

vitrimers, comprised of an amorphous polymer backbone with multiple COOH side groups, 

partially ionized with Zn(II) counterions.49 In that case, crystallization was not observed, 

probably due to the lack of chain regularity, but aggregation of zinc ions took place upon 

annealing, through formation of an ionomer. As a result, the presence of big size clusters, with 

a large scattering signal around q = 0.05 Å-1 correlated with a slowed stress relaxation in 

annealed samples.49   

To detect such mesoscopic phase-separation, X-ray scattering (SAXS-WAXS) experiments 

have been carried out covering the whole q = 10-3 to 2 Å-1 wavevector range. The results are 

plotted in Figure 6. Both formulations indeed show a shoulder in the SAXS range. Fitting 

with the same shape-independent model50 for both PPGEF/GluA/Zn(II) and 

PPGEF/BranchA/Zn(II) cases allowed to measure correlations lengths of ξ ≈ 160 Å and ξ ≈ 

20 Å respectively. Considering that this length is an estimate of the distance between zinc 

aggregates makes it possible to evaluate the aggregation number, Nagg from its molar 

concentration. For PPGEF/GluA/Zn(II) the calculation (detailed in SI) gives Nagg > 800, 

confirming that Zn(II) is non evenly distributed in this sample. In the WAXS region, the same 

sample shows a series of Bragg peaks, whose broadening gives an estimated crystal size 

around 250 Å, in the same range as the above measurement. Thus aggregation of zinc atoms 

in this sample can be accounted for by precipitation rather formation of an ionomer. For 

PPGEF/BranchA/Zn(II) the estimated aggregation number Nagg is less than 5 and Bragg peaks 

are hardly detected in the WAXS region, supporting formation of discrete aggregates 

containing a small number of metal atoms45,46 and therefore a more homogeneous distribution 

of the metal inside the network.  
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Figure 6: SAXS-WAXS patterns of PPGEF/GluA/Zn(II) (shifted one decade upwards for 

clarity) and PPGEF/BranchA/Zn(II) (bottom). The ticks indicates the correlation-length, ξ 

given by shape independent fitting. 

 

The homogenization of the metal catalyst is also reflected by the thermomechanical spectra of 

the different network. Dynamic mechanical analysis (DMA) of PPGEF/BranchA/Zn(II) and 

PPGEF/GluA/Zn(II), together with its uncatalyzed counterpart PPGEF/GluA are presented in 

Figure 7 and values are summarized in Table S6. PPGEF/BranchA/Zn(II) and PPGEF/GluA 

have the same storage modulus G’ and glass transition Tg, indicating that direct 

copolymerization or preparation through the BranchA precursor give rise to the same network 

connectivity. In contrast, the significantly higher G' and Tg values of PPGEF/GluA/Zn(II) as 

well as the broadening and splitting of the tan(δ) peak indicate presence of rigid crystalline 

inclusions and phase separation of GluA-rich and GluA-poor regions with onset of side 

reactions such as epoxide homopolymerization in the latter. This last point is also confirmed 

by measurements of an overall lower swelling ratio in a good solvent, indicating denser 

crosslinking (Table S6). 

 

Figure 7: Temperature dependence of storage modulus (left) and loss 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 vitrimer formulations.6 We observed that 

BuSnOOH remains soluble up to 5 mol% into GluA (Figure S5), and that the epoxy-acid 

addition is catalysed in CHDE-based formulations (Figure S17). For comparison with the 

strategy presented above, the PPGEF/GluA/BuSnOOH network (5 mol% catalyst) has been 

investigated. Rheological experiments revealed almost complete stress-relaxation, up to 95%, 

and an activation energy of about 130 kJ/mol (Figure S18) albeit with an about 10 times 

slower relaxation rate. In this case, the proper activity of the metal catalyst is likely related to 

the specific structure of this organotin molecule, wherein the metal shows an electron vacancy 

but no net positive charge.51,52 Sn is in the same period as C and Si and can form covalent 

compounds that are formally similar to purely organic molecules but contrary to C and Si, 

organic Sn can accommodate multiple oxygen atoms in the next neighborhood, thus 

facilitating the interchange of alkyl fragments between coordinated ester groups.53 Our 

experiments indicate that tin is not exchangeable in this molecule and thus does not 

precipitate in crystalline soaps. 

 

CONCLUSION 

In brief, we illustrated an obstacle in the road of producing high Tg metal-catalyzed vitrimers 

from acid and epoxy monomers. The favorite procedure where all reagents are mixed in the 

molten state is not applicable when using short chain rigid diacids as it causes precipitation of 

crystalline, highly thermally stable metal soaps; this phenomenon occurs across a variety of 

diacid and metals. Taking a novolac epoxy resin, glutaric acid and zinc as a model system, we 

showed that crystallization of zinc soaps makes the metal no longer available for catalysis. To 

circumvent this issue, we devised a non-crystallizable branched polyacid made from the same 

monomers. We compared the network made in one pot from the monomers with the network 

made from the branched intermediate. With the same gross composition, we obtained 

strikingly different results: On one hand, no discernible vitrimer properties and presence of 

crystalline inclusions; on the other fast relaxation (50% of stress relaxed in about 100 s) and 

evenly distributed zinc complexes. 

Once this precipitation problem is under control, it becomes possible to broaden the range of 

usable monomers but also to study the role of the catalyst concentration in the network, 

discriminating the catalytic activity of the single atom on the exchange reaction from its 

tendency to precipitate or to form ionomer-type aggregates. Notwithstanding the development 
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of alternative catalytic solutions, we anticipate that the strategies hereby discussed will 

contribute to strengthen the design principles and processing methods for metal-catalyzed 

vitrimers, particularly for applications where the thermal stability of the catalyst is a major 

concern.  

 

Supporting Information: Analysis of crystal structures, Dynamic scanning 

calorimetry, infrared spectroscopy, X-ray diffraction analysis, pictures showing metal soap 

precipitation and melting, rheological monitoring of curing experiments, IR, 1H and 13C NMR 

and SEC of synthesized products, stress relaxation and torsional rheology of networks, 

aggregation number estimation. 
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