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Abstract

The development of low temperature curing systermas become a major objective in
thermoset technologies for both environmental aswhemic reasons. The use of protic and
chelating additives have recently been underlimedHe control of the cationic ring opening
polymerization of epoxies, a curing mode that is/\efficient at temperatures close from the
ambient but that can easily runaway. In this paperpropose to use this strategy to control
the kinetics of the cationic copolymerization ofdeepoxy monomer(diglycidyl ether of
bisphenol A, DGEBA) with a monoepoxy monomer(phemgyycidyl ether, PGE). The
purpose of the study is to tune the crosslink der{si) in order to control the mechanical
properties of the materials. The sol-gel transitizas first investigated in details at several
frequencies by using the Fourier transform meclzdrspectroscopy method (FTMS). We
found that the gel timetg) and the critical conversioruge) can be controlled to a great
extent by promoting transfers and complexing catispecies involved in the polymerization
mechanism. The FTMS method also gives some insightthe structure of the polymer
clusters at the sol-gel transition. The resultscaig that the various additives used to control
the transition have mostly no influence on the teliss structure. The properties of the fully-
cured networks were then investigaigd swelling and dynamic mechanical measurements.

Both methods indicate thaf is strongly influenced by the crosslinker conthGEBA) but



also by the additive used to control the curingekiocs. Interestingly, the measurement of the

tensile properties at large deformations demorestriitat the resulting system offers a series

of materials with a wide range of mechanical prapsr
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Introduction

In today's polymer market, thermoset polymers hdexome key-materials in many
applications where high mechanical strength andnhate resistance are requiréd.They are
used in a myriad of industrial processes rangirmnfrthe insulation of small electronic
componentsto the fabrication of large parts for cars andraits? The crosslinked structure
of thermoset polymers results in their superiomitityg compared to thermoplastiés®
However, the proper control of their synthesis aretwork topology comes with two
challenges. In particular, it is necessary to antine kinetics of the crosslinking reaction
because the formation of the network is accompalnyed transition from a liquid to a solid:
the gelation® The gel timege, iS often considered as a reference to estimatedhiod of
time during which the reactive mixture is still dig and thus can be manipulated. On the
other hand, it is also important to control theafiproperties of the fully cured network
because each application has specific requireméntshermoset technology, one key
parameter is the crosslink’s density, that is ptha density of elastically active chains in the
network® "%t governs the mechanical strength and the elgst€ the materidf* as well as
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its swelling properties by controlling the diffusi@f solute within its mest. Most of the
time the crosslink’s density is estimated by coesity My, the total sample weight that
contains one mole of elastically effective netwatkains, which in the case of an ideal
network coincides with the molecular weight betweewsslinks. It is directly related to the
tightness or looseness of the networks.

Several methods have been used to cortypland My, in particular for epoxy-based
thermoset. Indeed, the versatility of epoxide ctséryl® combined with the large number of
commercially available epoxy monomérsffer many options to control these parameters.
In the case of step polymerization, the prominentymperization mode in thermoset
technology, a common approach to control bgthand Mx consists in playing with the
functionality of the crosslinkers:*” In the foremost case of epoxy-amine reactive mésy
diepoxides can be reacted with a mixture of momo-di-amines where primary monoamines
and primary diamines respectively act as bifunetioand tetrafunctional curing agents,
leading to linear chain extension and crosslinkipgints. In these conditions, the
[monoamine]/[diamine] ratio permits to adjust the&es of the linear chains between
crosslinking points, i.eMy. '*?° Moreovertye is an increasing function of [monoamine] since
gelation is directly related to the formation ratkthe crosslinking points. Thus, in this
approachMy andtye are co-dependent.

Chain polymerization of epoxy monomers is also esiteely used in the literature. In
particular, the cationic ring opening polymerizati(ROP) exhibits fast kinetics and is not
oxygen sensitivé*? In recent years, these attractive features, cosbto the continuous
development of cationic initiators as curing agesft&poxy monomer&have been used to
design advanced materials including photoresporféivé 3D-printed?® or nanostructured
thermoset$’ Interestingly, this polymerization mode undergwassfers in presence of protic

additives (e.g. water, alcohols) that can be usedcdntrol the kinetics of the curing



reaction’®3%° Indeed, in aprotic conditions, the classical attd chain end (ACE)
propagation mode operates and yields weakly brahpbl/mer chains that percolates in the
early stages of the curing reactions resultindhiorsye as well as small conversion at the gel
point (oge) (Figure 1A). In the presence of protic additiveytonated monomers are attacked
by hydroxylated chain ends resulting in an actidatonomer (AM) propagation mode which
is accompanied by many transfers and branchinghén AM mode,tqye iS considerably
delayed in comparison with the ACE mode and getaisoobserved for higher values @f;
(Figure 1B). We recently demonstrated that chajatpecies such as linear and cyclic
polyethers can be added to trap the protons duhegtransfers associated with the AM
propagation mod&.?® * Once the protons are involved in a complexatiomilibgium, their
availability for the propagation of the ROP consal#y decreases, resulting in an increase of
tye. By combining protic additives and complexing phers, we proposed a general
approach to control the two fundamental parameiethe gelation process for the curing of
epoxy monomers in the cationic mode, tg and age.” ** Under certain conditions, this
system offers the possibility to decorrelate thetiem of tye andoge.

It is still to be established how transfers andraomlecular complexation influendéy after
completion of the curing reaction. The protic commpds used to initiate the AM mechanism
are eventually inserted in the cured network andMy is also dependent on their chemical
structure making it difficult to interpret the drsttive influence of the AM mechanism solely.
On the other hand, the non-reactive complexing @g@re. aprotic polyethers — cyclic and
linear) that are used to complex recirculating @netand that are not inserted in the final

network, are believed to have no influence on thal tructure of the thermoset.
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Figure 1: Mechanisms of the acid-initiated cationic ring-ojpg polymerization of epoxy

monomers and schematic representation of the nktarghitecture at the sol-gel transition
when the substituent R contains another epoxy imaddiepoxides). On the left side is
depicted the activated chain end mechanism (ACH) typically small conversion at the gel
point (age). On the right side is represented the activatedamer mechanism with largge..

N

Just like in step polymerizatioMx can be controlled by playing with the functionalitf the
monomers. This strategy has been extensively useg@rbducing thermosetga the free
radical polymerization of vinylic and multivinylimonomers (e.g. styrene/divinylbenzéfie,
acrylate/diacrylaté> methacrylate/dimethacryldf@. Surprisingly, very few results have been
reported regarding the cationic copolymerizatioooino and poly-epoxides. Matsumuto and
his group studied the copolymerization of 1,2 emyxjohexane (ECH) as a monoepoxide
and bis[3,4-epoxycyclohexylmethyl] adipate (BECHMa9 a diepoxide crosslink&r They
discussed the mechanism of the three dimensiontalorie formation on the basis of size
exclusion chromatography (SEC) investigations het properties of the resulting materials

were not studied. Recently, Sangermano and cobdtws reported the synthesis of a
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photodegradable epoxy network based on the copoiyatien of a diepoxide containing a
photolabile group and a monoepoxide, the glycidgiéhylphenyl ethet? They investigated

the influence of the monoepoxide content on thdgategradation properties of thin films but
the mechanical properties of the materials werechatacterized. From our view point, the
copolymerization of a diepoxide and a monoepox&leam interesting alternative for the

systematic control d1x and thus of the toughness and swelling propeofitise networks.

Loose network

Figure 2: Control of thecrosslink density of cationically cured epoxy netk&through the
copolymerization of mono- and di-glycidyl ethergié&@ DGEBA and PGE).

This paper is devoted to the study of the catiamasslinking copolymerization of phenyl

glycidyl ether (PGE) with diglycidyl ether of bisphol A (DGEBA) (Figure 2). We propose a
continuous investigation of the curing kinetics otlgh rheometric and spectrometric
monitoring of the copolymerization. In particulahe sol-gel transition is investigated in
details at various frequencies. Results are ingéegdrfrom the view point of the percolation
theory. The critical exponents of the sol-gel tiamis are evaluated and compared to
literature data. The influence of a series of grand/or chelating additives (Scheme 1}gn

agel @and the critical exponents is studied as wellafyn the thermomechanical and swelling
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properties of the materials are investigated. THieiences of the crosslinker content and of
the nature of the additives are reportétk values are estimated from mechanical and

swelling experiments and the results are comparéiet values expected for ideal networks.

1 Experimental

Fits and integrations of data were performed uttiegOriginPro® 8.0 software.
1.1 Materials

Diglycidyl ether of bisphenol A (DGEBA) produced the Dow Chemical Company, with an
average number of hydroxyl groups per molecule radod.03, was used. Phenyl glycidyle
ether (PGE), poly(ethylene glycolM, = 300 g mol* (HO-PEO-OH), monomethylated

poly(ethylene glycol)M,, = 350 g mal* (MeO-PEO-OH), phenoxy propane-1,2-diol (PPD)
were puchased from Sigma Aldrich. 4-chloroanilinitetrafluoroborate (4CABF;) was

prepared as previously describgd.

1.2 Sample preparation

Reactive compositions incorporating (10&)wt% PGE and wt% DGEBA were prepared
using 4CA-BF, as an initiator in the presence or not of an adgithydroxylated and/or
chelating additives). First, the solid epoxy monom@&EBA was dissolved in the liquid
monomer PGE to give a viscous liquid. A predeteadiamount of the additive (diol and/or
polyether, 0.061 equiv/epoxy) was then added tartbeomer and the resulting mixture was
vigorously stirred to give a homogeneous and cessrsample. In a separate vial, the initiator
(0.026 equiv/epoxy) was predissolved in acetone. Sdiution was then added to the previous
mixture by means of a syringe. The resulting sampés vigorously stirred to give a

homogeneous system and placed under vacuum forasenmutes to evaporate the solvent.



Aliguots of reactive compositions thereby obtainedre then immediately studied by
spectroscopic and rheological experiments. Filmms¥eelling and mechanical measurements
were obtained by curing the remaining part in adnolade of a brass frame sandwitched
between two silicon paper sheets. The samples ewsszl 10 hours at 40 °C and postcured 2
hours at 120 °C with the help of a Carver heatiresp. FT-IR analyses of the resulting films
indicate the total disappearance of the epoxy Imendbsorbance peak at 914 ¢rfi.e. no
residual monomers). Unmolded sheets were then anichthe form of circular, rectangular
and dogbone samples for swelling and mechanicdk.tesMeasurements were always
performed within a few days after the synthesithefmaterials. Moreover, the samples were
stored in zip bags in-between each measurememtglar to prevent any water uptake from

atmospheric humidity.

1.3 Monitoring of the curing process

FT-IR measurements were performed using a Brukesdre37 spectrometer. Curing at 40 °C
was performedn situ using a Specac Goldengate temperature-controll€R Aell. The
epoxy conversion was calculated by measuring tlraydef the epoxy bending absorbance
peak at 914 cit according to a method previously described initterature?® 3*

In parallel, another sample of the same mixture plased at 40 °C in the gap of an Anton
Paar Physica MCR 501 rheometer equipped with50 mm diameter disposable parallel
plates and operating in the multiwave mode usingrieotransfrom mechanical spectroscopy
(FTMS). A multiwave strain signal of 1% amplitude the 1 rad $ component was applied
in order to collecG', G" data every 30 s for eight different frequencie2,14, 8, 16, 32, 64,
and 128 rads.

A more detailed description of the experimentaligetand additional information regarding

the multiwave mode are available in the ESI.



1.4 Swelling experiments

Circular samples (diameter = 6 mm, thickness =rirl) were immersed for 2 weeks in
pyridine. The variation of the sample diameter wesurately measured by taking a numerical
picture of the sample before and after completdlsgesquilibrium (see ESI, supplementary
Figure S5). The linear swelling ratio, given by D/Dy whereD andDg are the diameter of
the circular sample before and after swelling wasduto determine the polymer volume

fraction, v, in the equilibrium swollen network, as given ky= 1/A3,

1.5 Glass transition temperature Tg) from DSC

Differential scanning calorimetry (DSC) experimewre performed using a TA DSC Q1000
analyzer. Samples of about 5 to 10 mg were placedandard aluminum T-zero pans with
hermetic lids. Scans were conducted under an {Ne)ytatmosphere at a rate of 10 °C fin
Glass transition temperatureky’s, were determined during the second heating reumtipin

the temperature range of 0 °C to 200 °C.

1.6 Elastic modulus from DMA

Rectangular specimens of length = 25 mm, width mrB, thickness = 1.2 mm dimensions
were used to perform dynamic mechanical analysMAPexperiments in the tensile mode
from —100 °C to + 150 °C with a heating rate ofG3rhin*. The dynamic modul’, E" and
the damping factor, taéh = E"/E' were measured as a function of temperature atqadrey
of 1 Hz and an amplitude of 10 um. Two samples, B&EPGEs and DGEBAsPGEPEO

were too sticky to perform DMA measurements.

1.7 Large-strain mechanical properties

Measurements were performed using dogbone shapeplesaof working length: 25 mm,



width: 2 mm, thickness: 1.2 mm dimensions. The ekxhgation curves were recorded using
an INSTRON 5564 tensile testing machine at a constasshead speed of 5 mm minAt
room temperature, extensions were monitored wieghhtblp of an extensometer giving the
true strain of the specimen. Measurements as didumnaf temperature were performed in an
oven. In that case, the strain was determined flmencrosshead displacement by taking the
gauge length as the length of the parallel portairtee dogbone.

Every strain-stress curve is representative ofre@sef at least 3 similar measurements. The
modulus (determined from least square fitting & kinear part of the curve), the elongation
and stress at break,( a,) and the yield strain and yield stresg ¢;) were all measured using
the OriginPro® 8.0 software. The systematic eremorted is the standard deviation observed
within the series of at least 3 similar measuresierhgain, DGEBAsPGEs and

DGEBA2sPGEsPEO were too sticky to perform proper tensile tests

2. Results and discussion

2.1 Chemistry

Various types of polyoxylated molecules were ussedadditives for the cationic curing of
mixtures of DGEBA and PGE initiated by 4GBF, . They differ by the type of skeleton and
number of alcohol groups. The reagents are depict&dheme 1.

The studied systems will be noted DGEB&E Y, wherex is the weight content of
DGEBA, and Y the additive; DGEBRGEy~« represents the neat system, i.e. free of any
additive (Y = none). The study of the curing kinstwas performed at 40 °C for varioxus
values in the presence of different additives Ye Tihfluence of the crosslinker contert,
was investigated for the neat system DGEBBEx (X = 15, 25 and 35 wt%) and for
DGEBAPGEwx PEO (Y = PEO and = 25, 35 and 45 wt%). For the other additives,

polymerization was performed at a single crosshimamtentx = 35 wt%.
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Monomers

w/\ooﬁmw Uy

DGEBA PGE
X 1-

Initiator of the curing reaction

CI@NHJ‘ BF,

4CA*-BF,
0.026 eq. / epoxy

Additives

H!O\/‘}oH \o{’\/o]’H HOJ\’IO\AOH ©\O/Y\OH
HO-PEQ-OH MeO-PEO-OH HO-PPO-OH PPD OH
0.061 eq. / epoxy

Scheme 1 The monomers, the initiator and the additivesdusethis study. PGE = Phenyl
Glycidyl Ether, DGEBA = Diglycidyl Ether of BisphehA, 4CA™-BF,~ = 4-chloroanilinium
tetrafluoroborate, HO-PEO-OH = Poly(ethylene glyc(800 g mol®), MeO-PEO-OH =
monomethylated Poly(ethylene glycol) (350 g MpIHO-PPO-OH = Poly(propylene glycol)
(400 g mol%), PPD = 3-Phenoxy Propane-1,2-Diol

2.2 Study of the sol-gel transition

In order to detect the occurrence of gelation theste, G' and loss,G", moduli are
determined at several frequencies by Fourier tcansfmechanical spectroscopy (FTMS).
FTMS enables the measurement of the complex mo@i{iy) and G"(w), at several
frequencies simultaneously as the system strueuwoéses with time (the method is further
described in the ESI). The gel point is revealedh® shape oG’ and G" variations as a
function of @ According to the Winter and Chambon criteffo(more information in the
ESI), gelation is reached whe®" and G' are both proportional taJ' with n being the
relaxation exponent

Figure 3 shows the dependencesGoaindG", on the angular frequency) in the course of
polymerization of DGEBAsPGEs initiated by 4CA-BF, used at a concentration of 0.026
equiv. per epoxy function. The data are shiftech@lthe horizontal axes by a fac#din order
to avoid overlapping. In the early stage of thectiea, G' is lower thanG" for the frequency

range used in this study. As the reaction proceBtiss approached and eventually crossed
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by G'. This behavior is typical of the sol-gel transitid-ollowing the above criteriotye is
estimated as the time at which the frequency depaselofG" andG' are linear and parallel
to each other in logarithmic axesis taken as the slope &f(«) andG"(«) variations at =

tge. The physical meaning ofwill be discussed later.

t=t+30s

G', G" (Pa)

t,2510s,n=0.70 tEgD_GOS

T T T T T T T T T T
-8 -4 -2 0 2 4 6
log () + A (rads™

Figure 3. Angular frequencyd) dependence of storage moduleis(open symbols) and loss
modulus,G" (filled symbols) for the curing of DGEBAPGEs at 40 °C initiated by 4CA
BF, (0.026 equiv. per epoxy function). The plots apresented for various times near the
sol-gel transition. The parameteis the reaction time. The curves have been shifted
factorA to avoid overlapping.

Following the Winter and Chambon criterion, anotary to determine the gel time is to plot
the loss tangent, ta8, against time, t. With ta = G"/G' andG"~G'~ ' for t = tge then tand

is expected to be independent @at the gel point. Figure 4 illustrates the variataf tand
during cure as a function of time for the polymatian of DGEBAsPGE;s. The different
lines corresponding to the different frequencidsrsect fort = tye. By comparing this plot
with the epoxy conversion profile as obtained by dRectrometric measurements, it is
possible to estimate the conversion at the geltpaga. This is illustrated in the inset of
Figure 4 for the case of DGEB&GEs : in the plot representing the epoxy conversmmas

a function of timet, the ordinate corresponding tte tye givesa = age. We findtge = 510 s,
n=0.70 £ 0.01 (error estimated according to adireast square analysis) amg,= 47%.
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Figure 4: Time dependence of tanat various angular frequencies (open circles)inbthby

using the Fourier transform mechanical spectrosecopthod (FTMSw =1, 2, 4, 8, 16, 32,
64, 128 rad ¥) and time dependence of the epoxy conversionddinie) obtained by the
decay of the IR absorbance at 914 tmuring the curing of DGEBAPGE;s at 40 °C

initiated by 4CA-BF, (0.026 equiv. per epoxy function). The inset ilates a
magnification of the plots in the region closehe sol-gel transition.

The combination of rheometry data with the measergmof conversion enables the
representation of the dynamic viscosity (takenhasreal part of the complex viscosftyf*
and the storage modulus as a functiongofthe relative distance to the gel point. For
commodity we not& = &g = (agel — @) /a in the pre-gel region angl= e = (0 — Qge)) / Agel

in the post-gel region.

Figures 5a shows the time dependence of rheologroglerties during the curing reaction as
a function of ¢ for the polymerization of DGEBAPGE;s at 40 °C and at the angular
frequencyw = 1 rad . In the pre-gel region, curing is accompanied bgivergence of
viscosity asé&so approaches 0. In the post-gel region, the increfsge results in a rapid
buildup of the storage moduluS,. Figure 5b represents the same data in log-lolg sdaen
considering a region restricted to the vicinitytloé gel point (0.03 <5, < 2 for and 0.03 <

&el < 0.2 forG"). Clearly, bothy andG' exhibit a power law dependence gm' ~ £* and

13



G' ~ &, as indicated by their linear dependency. Theicatitexponentsz and k can be

determined from a linear least square analysis DE&EBA:sP GE5 the example illustrated in

Figure 5, we founk = 1.35 = 0.02 and = 2.65 £ 0.08. For each tested composition, the

values oftye, andage as well as those of k andz, are reported in Table 1.

&
sol

Figure 5: (a) Real part of the complex viscosity, as a function ot in the pregel region
(filled symbols,e = &) and storage modulu&;’, as a function ot in the postgel region
(open symbolsg = gge)) for the curing of DGEBAsPGE;s at 40 °C initiated by 4CABF,
(0.026 equiv. per epoxy function). The data wdraimed by FTMS¢ = 1, 2, 4, 8, 16, 32,
64, 128 rad 3) and the plot represenis andG' for = 1 rad . (b) Linear least square
analysis of the real part of the complex viscosijty,as a function ofs (filled symbols) and
storage modulusG', as a function ofge (0pen symbols), in the vicinity of the gel poior f
the same system using the same method. The plesegs;' andG' for o = 1 rad §*. ' and
G' exhibit a power law dependence allowing the detgation of the critical exponehktandz
wherey' = eof andG' = ggef
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Table 1: Gel time, gel conversion, critical exponents gfaks transition temperature for the
curing of DGEBAPGRE~Y at 40 °C initiated by 4CABF, (0.026 equiv. per epoxy
function). The gel timet4e), and the critical exponentare obtained by FTMSo(= 1, 2, 4, 8,
16, 32, 64, 128 rad Y. The critical conversionafe) and the critical exponentsandz are
obtained by combination of FTMS and IR data (segufé 4 and 5). The glass transition
temperatures obtained by dynamic scanning calonym{BXSC) for DGEBAPGEgo«Y cured

at 40 °C for 10 hours and postcured at 120 °C fohairs. &) For these samples
(DGEBA10PGRyY) vitrification interferes with the sol-gel trami®in making FTMS
unreliable; gelation was detected by the crossof/& andG" traces at 1 rad 5(shear strain

= 1%). p) For these samples (DGEBAPGRY), the resulting network is very tight and
there is no cleafy transition on the DSC traces.

Materials ta(Min) | aga (%) | n | k | z | 30
DGEBA:PGhgs 63 73 0724001 1.3820.03  2.60£0.02 10
DGEBA:PGErs 8.5 47 0.70£0.01  1.35:0.02  2.65:0.08 18
DGEBAPGEs 6.5 32 0.70£0.02  0.90£0.02 2.240.09 31

DGEBAGPGE, | S NAT NAT NAZ ] NAD
DGEBA,:PGEPEOD 130 77 0.82x0.04 1.45£0.06  257:0.04 6
DGEBAPGEPEO 99 68 0.830.04  1.36:0.04  2.69:0.07 16
DGEBAiPGEPEO 78 46 0.980.09  1.47#0.02  2.62+0.09 22

| DGEBAPGRPEO | 78 a3 NA* ] NA® . NA* ] NA®
DGEBAPGEMeOPEO 94 65 0.75+0.01  1.39#0.07  2.4430.02 10

| DGEBA( PGEMeOPEQ| 58 3¢ NA* ] NA® . NA* ] NA®
DGEBAPGEPPO 32 61 0.74x0.01 1.64#0.05 7 2.68:0.01 12

| DGEBAPGEPPO | 20 e NAT ] NAT NAT ] NAD
DGEBAgPGEPPD 45 57 0.7020.01 1.34%0.07  2.440.02 26

Gel times and Critical conversion

As shown in Table 1, the increase of PGE contetfitdéas a considerable increasdgafand
agel for all DGEBAPGE o~ and DGEBAPGE Y compositions. This was expected as a
decrease ok results in a decrease of the average functioyngkr monomer unit and
consequently of the occurrence of cross-linkagasdtion between the chains of the growing
network. Thus, varying provides an interesting lever to control the temapprogramming of
the polymerization as well as the structure ofgbkat the sol-gel transition. For instanag
increases from 47% to 73% when decreases from 25% (DGEB#RGEs) to 15%
(DGEBA;sPGHEgs). It is interesting to note that these valuesealate well with those reported
by Matsumuto et al. for the cationic copolymeriaatof 1,2 epoxycyclohexane (ECH) with
bis[3,4-epoxycyclohexylmethyl] adipate (BECHMA)They foundaye values of 69% and

49% for BECHMA (ECHyp and BECHMAGECHg, respectively.
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Beyond the classical effect &fon the average functionality per monomer utgi,and agel
are also strongly impacted by the additive Y. Fgiven value ok in Table 1,aye measured
for DGEBAPGEw~Y (where Y is a protic additive) is always at ledét % higher than in
the case of the neat system, DGEB&E oo« This is illustrative of the transfers promoted by
the AM mechanism in the presence of hydroxyl gro@ss mentioned earlier in the
introduction. In this paper, the precise measurénémry,e provides an interesting way to
rationalize these observations. Indeed, by conisigghe mathematical methods developed
for the modelisation of the network formation féwvetideal chainwise copolymerization of

bifunctional and-functional monomerg,agd can be estimated according to Eq. (1):

0y = A-0)/|(f -2)a, (a+&/2) Eq. (1)

where & is the molar fraction of théfunctional monomers (in this study, the f-functbn
monomer is DGEBA and = 4) q, is the probability that the active end of thegagating
chain adds another monomer to the growing chainéatige probability that the termination
of active species takes place through a mechargsuoiting in longer chains than the active
chains before termination. In this modeje depends not only or, throughas, but also on
the characteristics of the polymerization reactitmpughq and é. Using the age values
reported in Table 1g was calculated in the two limit casés 1 (terminations with increase
of chain size) and = O (terminations without increase of chain siZgglculation is reported
in the ESI. The results should be considered vatie decause the ideal model used to obtain
Eq. (1) does not take into account cyclisation,iraportant side reaction in the case of
cationic ROPY However, it is evident that the value would be hardly superior to 0.9
whatever thex values or the Y additives one considers. As a @ispn, the free-radical

polymerizations of vinyl monomers typically affocdvalues very close to unifyHere, the
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lower values ofg calculated for the cationic copolymerization of BBA and PGE are
illustrative of the many terminations and transfecsurring during this polymerization mode
which can in no way be assimilated to a living @ait polymerization. A practical
consequence is that gelation in these systems fdes at rather high conversions and the
networks thereby formed are expected to carry gorant number of defects, independently
from the presence of an additive Y or not. For\egivalue ofk, when a protic additive Y is
added to the system, the valuegotalculated for DGEB&LGEgo~Y IS even lower than in
the case of the neat system, DGEB&E g, illustrating an increase of the number of
termination and transfer reactions as a consequsrtbe promotion of the AM mechanism.

By taking a deeper look at the valuest@f which cannot be predicted by the model used to
derive Eq. (1), it appears that it is also stronighpacted by the chemical structure of the
additive Y. As an example, fox = 35 wt%, tge is increased from 45 min, for
DGEBAPGE ¢ «PPD, to 99 min for DGEB&#GE -« PEO. This significant lengthening of
the pot life was previously rationalized by considg the ability of PEO to complex the
anilinium cation used as the initiator of the posnmation® % 3! The structure of the
complex is illustrated in Scheme 2a. Under thistgoted form, the releasing rate of the
Brgnsted acid HBFis considerably decreased and the polymerizaiba is decreased as
well. Thus, HO-PEO-OH can affect the cationic R@Rmoxy monomers through 2 different
ways: the promotion of transfer reactiona its —OH end groups and the complexation of the

ammonium moiety of the initiatasia its polyether backbone.
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Scheme 2 (a) Stabilization of the initiator 4CABF,” by complexation of the ammonium
moiety through the formation of three hydrogen ®mdth the polyether backbone of the
poly(ethylene oxide) additive, PEO (b) Intramolecudtabilization of the linear oxonium ion
resulting from the attack of an activated monomethe vicinal diol, PPD. The oxonium ion
is possibly stabilized by formation of two hydrogeonds between the proton of the cationic
center and the two hydroxyl groupsfifposition.

By studying the influence of the additive, Y, foGBEBAssPGEssY, it is possible to evaluate
the respective role played by the hydroxyl groupd the polyoxide chains of HO-PEO-OH.
The chart of Figure 6 represents thg.( tye) coordinates associated to the tested additiles, a
used at 0.061 equiv. per epoxy function. Severgiores can be distinguished. Reactive
mixtures containing HO-PEO-OH and MeO-PEO-OH ar¢hHdocated in the right upper
corner. For these compounds, the protic hydroxylenctions and complexing
poly(ethyleneoxide) skeleton both concur to prodiamge ogel and tye values as already
observed in the homopolymerization of DGEBA (grégntonds in Figure 6 Evidently, the
copolymerization with the comonomer, PGE, pernuotsitain even larger values @fe and,
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tger It is worth noting that HO-PEO-OH and MeO-PEO-Qiave very similar dge, tge)
coordinates proving that the number of hydroxyldiion of the additive have little influence

on the gelation.
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Figure 6: (age, tge) coordinates for the curing of DGEB#GEsY (black squares) and
DGEBA;,PGRY (grey diamonds) at 40 °C initiated by 4GBF,” (0.026 equiv. per epoxy
function). The data points are labeled with Y. WA (neat), PPD, PPO, MeO-PEO-OH and
HO-PEO-OH. For DGEBAPGE:sY the gel time ) was obtained by using the Winter-
Chambon criterion with the data obtained by FTMS=(1, 2, 4, 8, 16, 32, 64, 128 rad)s
and the critical conversionde) was obtained by using the valuetgf and the evolution of
the epoxy conversion as a function of time (seeiféigl). For DGEBA)PGE (Y = NA), the
sol-gel transition was monitored at a frequencyl afd §* andtye was determined as the
point of crossover of the storage modutkisand the loss modulus".

Formulations containing HO-PPO-OH and PPD are &mtat a different region of the chart.
Like HO-PEO-OH and MeO-PEO-OH, theige coordinate is much higher than that of the
neat system suggesting that their hydroxyl groups effectively initiating the AM
mechanism that promotes transfers.

However, both HO-PPO-OH and PPD have shagtethan HO-PEO-OH and MeO-PEO-OH.
The lack of poly(ethyleneoxide) backbone for botB-RPO-OH and PPD supports well the
idea that the decreasetgf with these two additives is correlated to theatitity to complex
the anilium cation (4CABF,) used for the polymerization initiation.

In the case of HO-PPO-OH, the poly(propyleneoxidegrkbone of the additive is too
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hindered to effectively complex 4CF, . This was previously reported in the literature fo
the cationic homopolymerization of DGEBA.PPD is lacking a polyoxylated backbone
making the complexation of 4CAF,” impossible from the view point of stereochemistry.
However, it is noteworthy thage with PPD is 1.5 times longer than in the case GFPPO-
OH. This observation may be ascribed to the 1,2 dimiety of PPD. It has been previously
reported that protons can be intramolecularly $tagal within the linear oxonium resulting
from the attack of 1,2 diol on an activated monoSaheme 2b§* ** This may explain why
PPD results in a gel time that is intermediate betwthe values observed with the strongly
chelating polyethers (PEO, monomethylated or not) the non-chelating polyether (PPO).
Overall, these results are in good accordance thétheffect of protic and polyether additives
reported in the case of DGEBA homopolymerizatioreygdiamonds in Figure 8. They
demonstrate that the promotion of the AM mecharasih the supramolecular complexation
of active cationic species, together with copolyimaion with a monoepoxide, are valuable
tools to control the gelation of epoxy monomers wheglycidyl ethers are copolymerized

with mono-glycidyl ethers.

Critical exponents

The power law dependencesyfandG' in the vicinity of the gel point are in accordamnaih

the theoretical studies of the sol-gel transitiomere the gelation process obeys the
percolation laws (more information in the E&1)? In particular, in the percolation model
based on the Rouse descriptfBithe theory predicts the values of the critical @gntsn, k
andz at the gel point:

n=2/3=0.67k=4/3=1.33 and=8/3 = 2.67.

Values in very close agreement with these predistivere reported for epoxy networks
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formed by step-growth polymerizatidfh.** “®*®For the polyaddition of diglycidyl ether of
1,4-butanediol and 4,9-dioxa-1,12-dodecanediantit@jndou et al. found!

n=0.70+£0.02k = 1.44 £ 0.03z=2.65 + 0.02.

Similar values were also reported for the gelatadnepoxy monomers polymerized by
cationic ring opening polymerization. Mortimer dt studied the critical exponents for the
cationic ROP of a trifunctional epoxides and foumalver law dependences with critical
exponents in close agreement with the percolatienry in the Rouse limif

n=0.64 £0.03k=1.33 £0.03z=2.26.

For DGEBAPGE -« (neat system), the critical exponents are alseeny close agreement
with these predictions. For instance, wixen25 wt%:

n=0.70+£0.01k = 1.35 £ 0.02z = 2.65 + 0.08.

Thus, the values found for DGEB&#GEs correlates well with the theory and with the
measures made by others for both step- and chaimtigmpolymerizations.

When considering the DGEBRGE oo« Series, it appears thatis almost unaffected by
(see Table 1). On the contrakyandz values decrease &ss increased. It is noteworthy that
is correlated to th&g of the fully crosslinked network (values ©f as measured by DSC are
reported in Table 1). Several authors have repadtecrepancies in the critical exponents’
values due to interferences between gelation atmification.*” *° For instance, Eloundou et
al. studied the temperature dependence of theariéxponents for a highy epoxy amine
system’® As the curing temperature is decreased close tbetow the glass transition
temperature of the growing network, they observedkeerease of botk andz below the

values predicted by the percolation model. In dud, increasing results in an increase of
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the Ty of the epoxy network close to the curing tempeead0 °C) with the same influence

onk andz.

When considering the influence of the additive tyappears that thke andz exponents are

mostly unaffected. On the other handy values are substantially higher for
DGEBAPGE(«PEO as compared to the other additives. Figurepiesents the evolution

of n as a function of 100 x (PGE wt%) for the different compositions, DGEBASE po«Y,

used in this study.
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Figure 7: Evolution of the critical exponent, as a function of 100 x (PGE wt%) for the

gelation of DGEBAPGE ¢o«Y, cured at 40 °C with 4CABF, (0.026 equiv. per epoxy
function). The values ofh are determined by using the Winter-Chambon catemvith the

data obtained bFTMS (@ = 1, 2, 4, 8, 16, 32, 64, 128 rad)s

Interestingly, in the percolation model, the catiexponenin may be related to the fractal
dimension of the molecular clusters at the gel pain This exponent relates the madsof
an object to its spatial sizéaccording to Eq. (2

Rf~M Eq. (2
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Muthukumar developed a model in which the fractedehsion of the molecular clusted,

is related to the critical exponemtvia Eq. (3)>°

_d@d+2-2d))
~ 2(d+2-d,)

Eq. (3)

whered is the space dimension (hete= 3). According to this theory, a looser (resghter)
structure will lead to a lower (resp. higher) vabfed: and a higher (resp. lower) value rof
Thus, by using this formula, it is possible to mstie the influence of the chemical
composition of the system on the molecular dimengb the network during the sol-gel
transition.

In particular, Muthukumar’s equation gives~ 1.7 for DGEBAPGE g« andd; ~ 1.5 for
DGEBAWPGEw«PEO. Thus, according to this theory, the structirthe molecular clusters
of DGEBAKPGEww«PEO at the sol-gel transition is looser than theictire of their
counterparts in DGEBA&#GE« This may be explained by two reasons: (i), theyve
flexible poly(ether) backbone of HO-PEO-OH may lesponsible for an expansion of the
molecular clusters as compared to the neat systdms. would result in a more “open”
structure and thus in a decrease of the fractakdgion, or (ii), the transfers associated with
the AM mechanism (promoted by the hydroxyl group$i®-PEO-OH) could result in less
densely filled clusters with the same consequeanelk

For DGEBAssPGEssPPD, n is unchanged as compared to the neat system DGPB/A:s,
despite the initiation of the AM mechanism confidrgy a high conversion at the gel point,
agel = 57%. This suggests that the fractal structurthefmolecular clusters is not affected by
the transfers observed during the AM mechanism. sThilne increase ofn with
DGEBAWPGEw«PEO is probably not correlated with the effecttwé tiydroxyl moieties of
HO-PEO-OH.

When using HO-PPO-OH and MeO-PEO-OH, two other gojflated additives with

polyether backbones of similar length as HO-PEO-@Hlight increase af is also observed
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but in a lesser extent than HO-PEO-OH. This sugpitie idea that the fractal dimension of
the molecular cluster is mostly impacted by theidtire of the additive: when an additive
with a chemical structure similar to the monomessused (e.g. PPD); is unchanged.
However, all the polyoxylated additives (e.g. PE®O, MeOPEO) result in an increasenof
with an amplitude that seems to be dependent ofigkibility of their polyether backbones
and their ability to be inserted in the growingwek.

Indeed, the moderate increasenabbserved in the case of HO-PPO-OH and MeO-PEO-OH
may be ascribed to their reduced capacity to expla@dnolecular clusters. For instance, the
poly(propyleneoxide) backbone of HO-PPO-OH is berkiand less flexible than the
poly(ethyleneoxide) backbone of HO-PEO-OH. MeO-P@B-is a mono-functional alcohol
that is not inserted in elastically active chaineew reacting with the oxiranium cation
involved in the polymerization propagation.

In the end, our results demonstrate the steadofets® critical exponenty, whether the AM
mechanism is initiated or not. They also suggeat the fractal structure of the growing
network is mostly impacted by the chemical struetof the additives used to control the sol-
gel transition.

One possible explanation to these observations bmrformulated by considering the
mechanism of the network build-up. Indeed, in thetudy regarding the cationic
copolymerization of 1,2 epoxycyclohexane (ECH) asmmnoepoxide and bis[3,4-
epoxycyclohexylmethyl] adipate (BECHMA) as a diejuex crosslinker, Matsumoto et al.
demonstrate that intramolecular and intermolectdactions result in the formation of highly
branched network polymer precursors (NPPs), whosetare is core-shell type dendritic.
They possess a number of freely mobile danglinginshas a shell part. It is the
intermolecular reactions between the dangling ghainNPPs that result in the formation of

the macroscopic gel. It is possible that the itidia of the AM mechanism primarily impacts
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the inner structure of the core-shell type NPP$wiery little influence on the molecular
dynamics of the larger clusters resulting from rntheggregation.Knowing that the critical
exponentn, is associated to the relaxation of the molecalgect formed during the sol-gel
transition, i.e. the larger clusters, the valuenofnight not reflect the influence of the
propagation mechanism (ACE or AM) on the structofré¢he growing network in the early

stage of the reaction (i.e. the core of the NPPs).

2.3 Structure-property relationship of the cured néwork

Swelling

We previously introducedylx, the total sample weight that contains one molelastically
effective network chains. The rigorous definitiohtlee crosslink density of a thermosetting
material is the number of moles of elastically effective nekwohains per volume of

sample”! It is usually noted.. According to this definitionVy is related toe via Eq. (4):

v

e

Wherep is the density of the material.

My is usually preferred te. because it can be calculated in the case of a id#work even

if the density of the polymer is unknown. The c#bed estimations oMy, noted My,
corresponds to the molecular weight of an eladyicffective network chain assuming that
the network is free of any defects (i.e. ideal)thWthis in mind, the comparison between an
experimental estimation &fly andMx . is a good approach to probe the extent of “nomadide
phenomena in the network structure, including lofesulting from cyclization), dangling
chains (unreacted on one of their ends), and saihsh(unreacted on either ends and thus
unattached to the network).

The values oMy . for the compositions tested in this work are régubrin Table 2 (more

information regarding the calculation method in Bf&l) and the equilibrium swelling method
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was used to measure an experimental estimatidmpMyx s The swelling experiments were
performed in pyridine for all the samples. Indedtt calculated values of the solubility
parametersy, of DGEBAPGE oY are almost independent nfand Y ¢(x, Y) O [22.1 —
22.3] MP&”, calculation reported in ESI) and are very clasenfthe solubility parameter of
pyridine Gpyridine = 21.9 MP?).5* This was experimentally confirmed by a rapid soneg of
three different solvents with increasing solubiliparameters: toluenedi{uene = 18.2
MP&"?) 5! dichloromethane Sfichioromethane = 19 MP&?)>! and pyridine &uyrigine = 21.9
MP&a"?).5* For all DGEBAPGEwY samples, pyridine gave the largest swelling ratio
(results are reported in the ESI).

The swelling ratio (= volume of swollen sample/vakl of dry sample) was determined by
measuring the linear swelling ratio of circular sd@s. The variation of the sample diameter
is accurately measured and the swelling ratiovusrgbyA = D/Dy whereD is the diameter of
the swollen sample (after 2 weeks of immersion) Bgds the diameter of the unswollen
network (See ESI, Figure S5). The polymer volunaetfon, vy, in the equilibrium swollen
network is then given by, = 1/ A3, and the crosslink density is calculated by innEct, in

the Flory-Rehner equatioi™°

1 21
Vspp(zp_m] Eq. (5)

T In@-v,)+ xvEy,

X,s

WhereMy sis the total sample weight that contains one moélelastically effective network
chains obtainediia the equilibrium swelling methody is the polymer-solvent interaction
parametery. is the polymer volume fraction in the network ob&al after the curing reaction
and that is partially swollen by the residual sd:éuﬂnaction?epp is the density of the polymer
network andVs is the molar volume of the solvent. is introduced to take into account the
presence of the soluble fraction inside the curetivark. The measurement of the soluble

fraction, ws, is discussed below. Details regarding the estamaif v¢, y andp, are provided
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in the ESI.

The values ok, v, andMx s for all DGEBAPGE <Y compositions are reported in Table 2.
It is worth noting that none of the networks isudxdé in pyridine. This supports well the idea
that all the samples are effectively cross-linked aan be considered as true thermosetting
materials. As expected, the equilibrium dimensiord My s are found to be strongly

dependent on the initial composition of the cummigture.
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Figure 8 Ratio between experimentd¥lf o and calculatedMx ) values of the total sample
weight that contains one mole of elastically efiext network chains for different
DGEBAPGE Y networks.Mx s is measured by swelling experiments in pyridingoad
solvent of the systemMy is calculated assuming the formation of an idestivork. All
samples were cured 10 hours at 40 °C and post@unedrs at 120 °C prior to measurement.

Figure 8 represents the ratio between the totalpkameight that contains one mole of
elastically effective network chains obtained byebBiwg equilibrium measurement$/f o
and by calculation assuming the formation of aralideetwork Mx ) versus 100 x (PGE
wt%) for DGEBAPGE«x and DGEBAPGEw«PEO. In both casedVix /Mx. is an
increasing function of 100 %, the weight fraction of the mono-epoxy, PGE, whinkans

that My s is deviated from its theoretical values as thessdimker (DGEBA) content, is
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decreased. This is interpreted as a general #itistr of the effect of transfers in cationic
polymerization of oxiranes. Indeed, the typical egof polymerization for the cationic ROP
of epoxy is low as previously illustrated with tlestimation of the parametey, the
probability that the active end of the propagatihgin adds another monomer to the growing
chain. Thus, when the cross-linker content decegdbe number of dangling chains rapidly
increases anlyl s increases as well. In the case of DGEB&E ¢ xPEO, the deviation from
the theory is observed for much lower values.ofhis is most probably due to an increased
number of transfers in the presence of the protardxyl groups of the additive. Moreover,
for a given value ok, My sis much higher in the case of DGEB*GE ¢ 0«PEO as compared
to DGEBAPGE -« Again, this is illustrative of the effect of thansfers promoted by the
additive. The effective insertion of PEO insideséilzally active chains probably contributes

to the increase d¥lx sas well.
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Figure 9: (age, tges Mx ¢ coordinates for the curing of DGEB#&GE;sY at 40 °C initiated by
4CA’-BF4 (0.026 equiv. per epoxy function). The data poams labeled with Y. Y = NA
(neat), PPD, PPO, MeO-PEO-OH and HO-PEO-OH. Thg goints correspond to thegg,,

tyer, Mx o coordinates. The gel timéd) was determined by using the Winter-Chambon with
the data obtained by FTM® € 1, 2, 4, 8, 16, 32, 64, 128 rad)sand the critical conversion
(agel) Was obtained by using the valuetgf and the evolution of the epoxy conversion as a
function of time (see Figure 4My s is measured after swelling equilibrium in pyridire
good solvent of the thermoset, for the samplesdciBehours at 40 °C and postcured 2 hours
at 120 °C prior to measurement.
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The influence of the various additives, Y, was stigated as well. The values Bl /Mx ¢
for DGEBAgsPGEssY with Y = PPD, PPO and MeOPEO are reported ingttagh of Figure 8.
They are distributed between the lower limit defily DGEBAsPGEss and the upper limit
defined by DGEBAsPGEsPEOQO. Another way to illustrate this result is t®iga @gel, tgel
My o coordinates to the different DGEB#& GEssY systems. They are plotted in the 3D chart
of Figure 9. For all the hydroxylated additive, My s for DGEBAgsPGEssY is much higher
than My s for the neat system DGEB&GE;s (of at least 1000 g md). This demonstrates
that My is systematically impacted when a protic addiizvedded to the system. Polyether
diols (HO-PEO-OH and HO-PPO-OH) gives the highesiues of Mxs They are
approximately 1000 g md! higher than the values measured with the mondalcgMeO-
PEO-OH) or small molecular diol (PPD).

The discrepancies dfly s observed from one additive to the other can berpmnéted in terms
of functionality and/or nucleophilic strength ofetradditives. For instance, the effective
concentration of hydroxyl groups in DGEBRGE:sMeOPEO is twice smaller as compared
to the other systems, DGEB&GE;sY. Thus, it is possible that, overall, less transfare
promoted during the curing reaction. In the casBPD, the 1,2-diol structure of the additive
decreases the nucleophilic strength of its alc@inottions as compared to the other additives,
Y. Thus, their ability to attack oxiranium catioasd to promote transfers is reduced.

Overall, the 3D chart of Figure 9 demonstrates thatuse of protic and/or polyoxylated
additives for the cationic polymerization of epomynomers permits to control to a great
extent not only the sol-gel transition, i.egd, tge), but also the structure of the resulting

network after completion of the crosslinking reantii.e. Mx o).

For all the additives Y, it is noteworthy thity s is strongly deviated from its calculated

counterpartsMy . (Table 2 and grey data points in Figure 9). Thoslld be related to a
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massive loss of crosslinking molecules, DGEBA, itite sol fractionws. ws was measured
for each sample in order to estimate the proportbrsol chains and loops. The values,
obtained by comparing the weight of the sample dgefwelling equilibrium and after 2
weeks in pyridine followed by overnight vacuum dwyj are reported in Table 2. Similar
values were obtained after swelling the sampleslarge excess of toluene at 70°C during 5
days (see Table S3), providing a good indicati@t #tl the soluble fraction is extracted from
the network during these experiments. If one camsidhe influence of the cross-linker
contentxx, ws is increased asis decreased. This is expected and it is clasgiobkerved for
lightly cross-linked polystyrene matrices for imste®’ Additionally, the use of a
hydroxylated additive, Y, is also accompanied byranease ofv..

For x > 35 wt%,w;s values are ranged between 1 and 7%. This corsele¢d with classical
values reported for crosslinked networks obtaimidstep and chain polymerizatiorf&®*
Thus, the protic additives are not responsiblestaressive sol fraction in this case.

For lower values ok (x = 25 wt% and = 15 wt%), large values o¥s were measured. This is
the case for DGEBAPGEss and DGEBAsPGEsPEO whose soluble fraction are 18% and
14% respectively. If one considers the homopolyragion of PGE with or without PEO, i.e.
DGEBAPGE and DGEBAPGEPEO, the analyses of the crude viscous polymer
obtained after completion of the reaction indicatesumber average molecular weigWit, [
2500 g mot, for both system (as measured by size exclusioonuitography, experimental
details are available in the ESI). Interestinglypr fboth DGEBAsPGEs and
DGEBA;sPGEsPEO, My s are much larger than 2500 g mpivhile Mx s < 2500 g mof for

all the other DGEBAPGE ¢o«Y compositions. Thus, the increase of the sol foacin the
case of DGEBAsPGEss and DGEBAsPGEsPEO seems to illustrate the decrease of the
probability that linear chains of PGE gets incogted into the network because their typical

size is smaller than the typical size of the cla@fithe network, i.e. of the polymer strands
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between two crosslink points. Thus, the experinmeastiservations obtained from the swelling

experiments are consistent with the formation eéfpoly(PGE) molecules that would stay in

the soluble fraction.

Table 2: Properties of the DGEBRGE-xY networks. (a) Calculated values of the
molecular weight between crosslinks assuming aalidetwork My ). (b) Values of the
linear swelling ratio f) of circular samples after immersion in pyriding 2 weeks. (c)
Values of the total sample weight that contains orde of elastically effective network
chains Mx ¢ obtained by injecting the value dfin the Flory-Rehner equation (Eq. (5)). (d)
Values of the sol-fractionng) obtained by weighting the samples before and aftelling in
pyridine for 2 weeks. (e) Value of the storage nioglun the rubbery plateau at 100 °C
(E/'(100)) obtained by DMA of rectangular samples (2%x%) in the tension mode with an
oscillatory deformation (f = 1 Hzg = 1%). (f) Experimental estimation of the totahgde
weight that contains one mole of elastically effextnetwork chains obtained by using the
value ofE;'(100) in Eqg. (7). (g) The temperatuiie, of the maximum of the alpha relaxation,
a, associated with the glass transition. (h) Heighnd (i) full-width-at-half-maximum

(FWHM) of the tand peak (fitted with an asymmetric double sigmoid diion). (j) not
analyzed by DMA.

Calculated| Swelling equilibrium DMA
. Height | FWHM
: MX,C b MX,s Ws Er (100) MX,d Ta
Materials @mory | * | @mor® | ©of | (MPaf | @mory' | ccp | GER | G A
DGEBA;sPGEs 1135 1.83 6760 18 NA NA/ NA/ NA/ NA/
DGEBAsPGEs5 681 1.48 1780 7.9 1.57 6780 40 24 14.7
| DGEBAgsPGEs | 486 | 134 872 ¢ 0.9 364 3000 - 49 19 14.0
DGEBAysPGE;sPEO 761 1.74 4980 14 NA NA/ NA/ NA/ NA/
DGEBAgsPGE;sPEO 543 1.58 2890 5.3 1.59 6760 34 2.2 15)8
| DGEBAPGEPEO | 422 | 142 1300 43 415 2600 30 - 17 169
| DGEBAsPGEMEOPEO| 553 | 151 1990 69 | NA_ . NAY NAY NA' NA
| DGEBAsPGEPPO | 562 | 158 . 2840 32 | NA .. NA . A\ NA____NA'
DGEBAgsPGEsPPD 518 1.49 1870 5.7 2.73 3920 48 2.2 15)7

Dynamic mechanical analysis

Figure 10a illustrates the variation of the vises@t properties with temperature for
DGEBAssPGEsand DGEBAsPGE;s. The modulus in the glassy state is nearly idahfiar
the two networks and the rubbery plateau of DGEB&E;s is approximately 400 MPa
below the plateau of DGEBAPGEss. Similarly, the temperaturd,,, of the maximum of the
main relaxation peakg, associated with the glass transition is strorigfluenced by the
amount of crosslinkerx. T, for DGEBAsPGEs is 13 °C below T, measured for

DGEBAssPGEss. The values off, andE'y100), the rubbery modulus at 100 °C, are listed in
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Table 2.T, and E'y100) decrease as is decreased. It is consistent with the incredsthe
chains’ flexibility and the number of their posgldonformations as the crosslink density is
decreased, i.e. ddx increases. The characteristics of the dgmeaks (inset of Figure 10a)
correlates with these observations as well. Thensity of the maximum of the taihpeak
reflects the mobility of the polymer chain segmeattshis temperatur®: ®® Here, we note a
clear increase of the height of the tapeak from DGEBAsPGEsto DGEBAPGEs that is
consistent with a decrease of the crosslink densityreover, the width of the tahpeak is
classically related to the heterogeneity of thevoek.** ® Indeed, the coexistence of regions
with different crosslinked structures in the saneéwork results in a broader distribution of
relaxation times and a wider tanpeak. We note a small increase of the full-widtmaf-
maximum (FWHM) of the ta® peaks in the case of DGEB#GE;. This observation is
consistent with an increase of “non-ideal” phenomen the network structure as the
crosslinker contenk is decreased from 35 wt% to 25 wt%. The formatidnoops and
dangling chains have already been correlated tonarease of heterogeneity in polymer
networksS® Here, it is also in agreement with the resultsaivtetd via swelling equilibrium
experiments where we observed tht/My ¢ increases asis decreased. The increase of the
deviation of the ratio between the experimentainegtion of Mx (Mx 9 and the calculated
value of My (Myx ¢ assuming the formation of an ideal network was la@otllustration of a
larger number of non-ideal structures in the polymetwork, including loops and dangling
chains. In addition to those classical non-idealicttires, it is also noteworthy that the
network properties are strongly influenced by thspersity of the strand length.The
cationic copolymerization of mono- and di-epoxy rorers is an uncontrolled crosslinking
process that will result in the formation of a mbfperse network with shorter and longer
chains. Thus, the resulting networks are intrirlsicahomogeneous and the polydispersity

will increase as the mono- to di-epoxy ratio ineeai.e. as the possibility to form long
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strands increases. This is also contributing to @hkargement of the tad peaks as is
decreased.

Another experimental estimation bfx can be obtained from the variation of the viscstida
properties with temperature. Indeed, in the rulddasticity theory, the rubbery modulds,,

is related to the crosslink densityby the following relationship? > ¢’

1

E'' =3v V3T  Eq.(6)
Wherek is the Boltzman constant afdis the temperature in Kelvin amd is the polymer
volume fraction in the network obtained after tharimg reaction (see Eq. (5)): is
introduced to take into account the presence o$thable fraction inside the cured netwdfk.

Given the relation between andMy (Eq. (4)), it comes:

1
_3pVv3RT

M = Eq. (7
X.d E" a. (7)

WhereMy q4is the total sample weight that contains one mblelastically effective network
chains obtainestia DMA measurement® is the gas constant,is the density of the polymer
network andE', is the modulus measured in the rubbery plateawymcase at 100 °C for
every sample).

The values oMy 4 obtained with Eq. (7) are reported in TabldvR.q4 is larger tharMy ¢, the
estimation oMy obtainedvia swelling equilibrium measurements. However theragtween
Myx ¢ andMy , the calculated value ®flx assuming the formation of an ideal network, vary i
the same way than the ratio betwéégns andMy .. Mx /Mx ¢ is an increasing function of 100
- X. Thus, the DMA measurements confirms that a laayaount of non-ideal structures,
including loops and dangling chains, are formedmitie crosslinker content is decreased.
The difference betweedvyx 4 andMx s might possibly be explained by considering tBafthe
dynamic storage modulus used to deternihgy) results from a dynamic stretching of the

network strands under small deformation whilethe linear swelling ratio used to determine
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My o is obtained after stretching of the network stisaim an equilibrium conformation. In
particular, Eq. (6) is obtained in the affine netkvanodel where the end of network strands
are fixed in space and are displaced affinely it whole networR? In real networks, the
ends of network strands are joined at crosslinkctjons that can fluctuate around their
average positions. Taking these fluctuations into account, for insgrby considering a
phantom network model, would lead to a better estin of ve.>> °® However, this is out of

the scope of the present study.
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Figure 10: (a) Storage modulu€El) versus temperature (— 100 CT < 125 °C) for (a)
DGEBAWPGE g« With x = 35 and 25 wt% and for (b) DGEB&GEs;sY with Y = none, PPD
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and PEO. Data are obtained by DMA of rectangulacspens (25 mm x 5 mm) performed in

the tensile mode with a heating rate of 3 °C thia frequency of 1 Hz and an amplitude of 10
pm. The insets represent the correspondingtpaak on a narrower temperature window
(0 °C< T <100 °C). All samples were cured 10 hours at 40ah@ postcured 2 hours at

120 °C prior to measurement.

Figure 10b illustrates the variation of the vises#ic properties with temperature for
DGEBAgsPGEsand DGEBAsPGEsY with Y = PPD and Y = PEO. The valuesf E'io0)
and Mx 4 (determined usind:' 1000 and Eq. (7)) as well as the height and FWHM of the
corresponding tab peaks are all reported in Table 2 for both addgiv

T, andE', decrease upon addition of Y and the lowest vahresobserved for Y = PEO.
Again this is consistent with the evolution of thlecular weight between cross-linking,
Mx g Mx 4 IS much larger for Y = PEO and Y = PPD than fog tieat system. Moreover,
Myx «(PPD) is smaller thaMx (PEO). The same observation was done with the astm of
My obtained from swelling equilibrium experimentéy s In particular My {PEO)Myx {(PPD)

= 1.5 andMx (PEO)Mx (PPD) = 1.7. These two values are very close aoinfiy that
swelling and DMA measurements provide estimatidnBlgthat vary with the same trend as
a function ofx and Y.

Finally the ratio ofMx «(Y) with Mx (Y), the calculated value ¥l , is much larger in the
case of Y = PPD and Y = PEO compared to the nestessy Again this was previously
observed witiMx sand it is consistent with an increased number opsoand dangling chains
as a consequence of the transfers promoted by RBIPEBEO. The height and the FWMH of
the tano peak are also substantially higher for the netwardntaining PPD and PEO. This
supports the idea that the crosslink density of résulting network is lower, providing
polymer chains with improved mobility, and that thetworks contains more defects most
probably as a consequence of the transfers irdtiaye®PD and PEO.

Thus, the viscoelastic properties of the networined via DMA measurements confirms

the effect ofx and Y observed via swelling equilibrium measuretsiefhey also provide an
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insight into the heterogeneity of the networks bgsidering the width of the tanpeaks.

Mechanical properties at large deformations

Figure 11a illustrates the stress-strain behawib DIGEBAPGE go« With x = 100, 35 and 25
wt%. Clearly, DGEBA,PGE exhibits a brittle fracture evidenced by a nearigéar increase

of the stress until an abrupt failure of the samplais is illustrative of the very restrained
molecular mobility within the densely crosslinkeaterial.

In contrast, for DGEBAsPGEss5 the profile is typical of a ductile fracture witbur distinct
regions: (1) the linear viscoelastic response, (@kassy deformation) (2) yielding (i.e., plastic
deformation) (3) strain softening, and (4) straamdening. The four steps are indicated on the
stress-strain curve of DGEB&GEss in Figure 11a. Strain softening and hardeningltesu

a significant postyield flow that participates in affective toughening of the matrix. Thus,
copolymerization of mono- and di-glycidyl ethersoyides tougher glassy networks. The

physics of each of the region of the stress-straine is described in detail elsewhété?
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Figure 11: (a) Stress-strain profiles for DGERRGE, 40« Nnetworks withx = 100, 35 and 25 wt%. The
inset represents the modulus of toughness obtdigethtegrating the area under the stress-strain
curves (b) Stress-strain profiles for DGEBRGE <PEO networks withk = 100, 45 and 35 wt%.
The inset represents the stress-strain profild3GQEBA;;PGEs and DGEBAPGEsPEO obtained at
room temperature (black line) as compared to thsile profile of DGEBAsPGE;s obtained forT =

40 °C (red line). (c) Stress-strain profiles for BEA;sPGEsY with Y = none, PPD and PEO. For
DGEBAgsPGEs and DGEBAPGE;:PPD the post-yielding is linearly fitted in order éstimate the
apparent rubbery modulusz. All samples were cured 10 hours at 40 °C andcpostl 2 hours at 120
°C prior to measurement.

Briefly, the linear viscoelastic region (1) invot/short range glassy deformation including
bending stretching and small angular rotation ef nietwork strands. These are the classical
phenomena occurring in hard glassy polymers at Isstrains. DGEBAsPGEs and
DGEBA10)PGE, exhibit a very similar behavior in this region. Asesult, their tensile moduli
are very similar (see Table 3). The yielding regi@hresults from cooperative chain motions
without significant increase of their length. ltnew well established that yielding is the main
source of energy absorption before failure in higherosslinked materiafEMany studies
have been performed in order to understand thadnfle of network structure on yieldiffy.

7 Authors varied the crosslink’s density and théfregss of the chains of thermoset networks.
It was concluded that the yield stress depends Iypnaim the difference between the testing
temperature andly. Therefore, crosslink’s density affects yieldihgaugh its influence on the
Ty, by varying the constraint on the molecular segnagr not by increasing the molecular

weight, My, between two consecutive crosslink points. In thase of cationic
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copolymerization, the presence of dangling endsewadenced in the previous section, is
certainly playing a role by providing additional miity to the chains. Strain softening (3)
results from shear-induced changes in the struaifithe glasg! It is still unclear how the
structure of the network influences this phenomeaiad it will not be discussed here. Strain
hardening (4) results from glassy polymer chainpeerncing sufficient mobility to be
stretched between their crosslinks. As a conseguehthis phenomenon, it is thought that an
entropic “back stress” produces a dramatic incredse. Thus, entire network chains are
involved and become oriented with the applied str€@early, strain hardening is related to
the crosslink’s densityMx. To our knowledge, strain hardening has beenyasgorted for
extended epoxy-amine netwofks’® and it is much more documented for glassy
thermoplasti®® 8! Here, the results show that copolymerization of HBB with PGE
provides networks with molecular chains of suffitiéength to experience an entropic “back
stress”.

As the crosslink’s density is further decreased,Tfhof the material becomes smaller than the
testing temperature (room temperatufe,22 °C) and the material exhibit a “rubber-like”
tensile profile. DGEBAsPGE;5(Ty = 18 °C, see table &xhibits a tensile behavior similar to
conventional rubbery materials with low tensile miog (406 MPa) and stress at break (about
6 MPa) as well as high elongation at break (ab&0#4) (see Figure 11a and Table 3).

Thus the progressive decrease of the crosslink@enbpermits to experience the three main
fracture regimes of a thermoset: (i) the brittlacture at high crosslinker contemxt £ 100
wt%) with a high stress at break but a very smialhgation, (ii) the ductile fracture, with a
yielding and a post-yielding flow, at intermediatesslinker contentx(= 35 wt%) and finally
(i) the rubbery fracture at lower crosslinker ¢emt k = 25 wt%) with a high deformation at
break for a rather moderate stress.

In thermoset technology, a ductile behaviour witlld/point and large post-yield deformation
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before fracture is commonly presented as the mesirable. Indeed, in this configuration,
there is a good compromise between the extenteosttain and the stress at break so that
toughness is maximal. This is further illustrated donsidering the modulus of toughness,
which defines the energy needed to break the nahtand is measured by integrating the area
under the stress-strain cuteThe inset of Figure 11a represents the modulisugfhness of
DGEBAPGE g« for x = 100, 35 and 25 wt%. Clearly, it is maximal whgelding is

operative, i.e. fok = 35 wt%.

Table 3: Tensile properties of the DGERRGE go«Y networks. &) Values of the molecular
weight between crossliniMx o obtained by swelling equilibrium experiment inrigyne. ©)
The temperaturel,, of the maximum of the alpha relaxatiar, associated with the glass
transition obtained by DMA of rectangular samplg}.Tensile modulus (E) of the polymer
networks obtained by fitting the linear region betstress-strain curve far— 0% using
OriginPro® 8.0. ¢) Yield stressd,) and €) yield strain §,) corresponding to the coordinate
of the yield point of the stress-strain profiletbé materials.fj Stress at brealcg) and )
strain at breake()) corresponding to the failure of the materialy. These samples cannot be
manipulated after swelling in pyridine. They breaider very small mechanical stress making
the measurement of the linear swelling ratiaoo difficult. () These samples do not undergo
a plastic deformation. There is no yield point beit stress-strain profile.

Materials Mxs(@mol)* | T,cC)° | E(MPay | o, (MPa)® | & (%)° | on(MPa)' | & (%)
DGEBA,PGEs 1780 40 40637 NA NA 6.2+0.5 145+9
DGEBAyPGE;s 872 49 56548 18+2 8.8:0.2 23+1 7941
| DGEBAGPGE, | NA" 93 791:10 NA NAL 344 182
DGEBAPGEPEO 2890 34 2605 NA NA 2.310.2 12849
DGEBAPGE:PEO 1300 30 4.40.2 NA NA 6.0£0.7 10944
| DGEBAPGEPEO | | N 72 460:14 NA NAL 2563 18+4
DGEBAgPGE,PPD 1870 48 48625 61 75+15 1521 12034

Very few studies have been devoted to the measutsmef large-strain mechanical
properties of epoxy thermosets in their rubberyestghere the mechanical properties are
usually less interestin: % Strain and stress at break are generally repasdoeing very
weak because of the moderate chain extensibilitynbioed to the decrease of the
intermolecular forces. It is worth noting that t@polymerization of DGEBA and PGE yields
rubbery networks with pretty good properties asngxdied by DGEBASPGE;s. However,

in that case, the material is used very figeso that it is not strictly used in its rubberyteta

This is illustrated by running cyclic loadings dmst material. Figure S8 (see ESI) shows a
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residual plastic deformation indicating that thetenal is used in the vicinity of.

Overall, from this first set of experiments it dag concluded that the effect of the crosslinker
content is dominated by the variation of the matstily. In order to identify the part play by
the variation of the entire chains’ length, one ttasompare material in their rubbery state or
in the strain-hardening region of the post yieldfftmy. Moreover, experiments must be
performed at the appropriate temperature, i.e.oastantT - Ty, so that the variation of

segmental mobility, from one material to the otli®igompensated.

Figure 11b and 11c illustrate the influence of éldeitives, Y, on the stress-strain behavior of
DGEBAKPGE <Y materials. Two representative protic additivesrevesed: PPD whose
molecular formula is very similar to the monomeGHE and PEO which is made of an
oligomeric polyoxide backbone (see Scheme 1).

In both cases, the additive is expected to imphetrmechanical behavior of the network
through two distinctive phenomena: (1) the promotid the AM mechanism that results in
transfers and thus in the variation of the cro&&inlensity (influence on chain length afg)
and (2) the incorporation of the additives withhre tnetworks’ chains that results in the
variation of the chains stiffness (influence ©) and the crosslink’s density (influence on
chain length andy).

From our previous observations, we know that the AMchanism is less efficiently
promoted by PPD as compared to PEO. Furthermoeeinitorporation of PPD within the
network’s chains will be of very limited impact.deed, PPD structure (size and chemical
nature) is similar to PGE and DGEBA. Instead, PEQil@ts a very flexible oligomeric
backbone free of any bulky substituent. Thus, thains’ stiffness will be significantly
impacted in the presence of PEO. Moreover, theooigyic size of PEO will result in a

decrease of the crosslink’s density.
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In a first series of experiments, PEO was invegtdat constant concentration (0.061 equiv.
epoxy) for various values oik. Figure 11b illustrates the stress-strain profiles
DGEBAWPGEw«PEO forx = 100, 45 and 35 wt%. It is worth noting that, e relatively
high crosslinker concentratiom € 45 wt%), thely of the materials is sufficiently lowl§ =

25 °C, see Table 3) to observe a rubber like behain that case, the material submitted to
cyclic loading does not show residual deformatisee( ESI, Figure S9). It behaves as a true
rubber. When comparing DGEB&GEsPEO and DGEBAPGE;sPEO, the evolution of the
ultimate propertiesd, andg,, see Table 3) is consistent with the evolutioMgf that isg;, is
decreased ands, is increased from DGEBAPGEsPEO (Mxs = 1300 g mol') to
DGEBAssPGEsPEO Mx s = 2890 g molh). This is consistent with the expected influente o
PEO.

In order to have a clearer picture of the impacP&O on the mechanical properties of the
networks, DGEBAsPGE;s and DGEBAsPGEsPEO were also compared in similar- Ty
conditions. To this end, DGEBAPGE;s was tested at 40 °C. The inset of Figure 11b
illustrates the tensile profile of DGEB#&#GEss at 40 °C T - Ty = 9 °C) as compared to the
tensile profile of DGEBAsPGEsPEO at room temperaturé { Ty = 6 °C). In this condition,
DGEBAssPGEss behaves as a rubber with a deformation at breaketwmaller than
DGEBAssPGEsPEO. This time, the difference can be interpreteterm of chain length. In
particular, the large increase of the deformatibhraak in the presence of PEO is consistent
with the decrease of crosslink’s density observethé previous sectioM s = 872 g mol*

for DGEBAgsPGEss andMyx s = 2890 g mol* for DGEBAssPGEssPEOQ). It is noteworthy that
there is no direct correlation between the respedhcreasing factors of the deformation at
break andMix s This is certainly due to the dispersity of thest length as mentioned earlier
during the analysis of the results obtaingal DMA. Indeed, the stress-strain relationship is

strongly dependent not only on the
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average crosslinking density (iflx 9 but also on the non-uniformity of the networkasia
length. In particular, the deformation at brealpiignarily controlled by the stretching of the
shorter strands. Thus, a larger chain polydispersdy explain why the deformation at break
of DGEBAgsPGEssPEO is only increased by a factord while My sis actually increased by
a factor of(B.

Figure 11c compares the influence of PEO and PR 035 wt%. Thdensile profiles of
DGEBAssPGE;sPPD and DGEBAPGEsPEO are also compared to the profile of the neat
system, DGEBAsPGEs;s. As previously described, DGEB&GEsPEO exhibits a rubber-
like behavior with a low stress at break and adatpngation. Instead, DGEB& GE;sPPD

is still in the glassy state with By very similar to DGEBAsPGEs;s (see Table 3). This is
consistent with the limited impact of PPD on thaiahstiffness. As a result, the tensile profile
of DGEBAgsPGE;sPPD exhibits a yield point and an extensive poskdyilow.

Contrarily to DGEBAsPGEss, strain softening is almost inexistent. Strain deaing is
effective but at a slower rate as compared to DGEB&E;s and on a larger strain region. A
common way to characterize the post-yielding fldwlassy materials is to consider the slope
of the strain hardening region as a tensile moduis Er characterizes the “rubber-like”
response of the material during the hardefiinghis is illustrated in Figure 11b where the
strain hardening regions have been linearly fittegield Er.

The presence of PPD is accompanied by a decredSeanid an increase @f consistent with
the decrease of the crosslink’s density observethglswelling experimentsMxs = 872 ¢
mol™ for DGEBAgsPGEss and My s = 1870 g mol' for DGEBAgsPGEsPPD). Given the
small difference between tig of DGEBAgsPGEs and DGEBAsPGEsPPD, the variation of
Er andg, is most probably illustrative of the influencetbé chain length in the glassy state.
To conclude PEO and PPD can be used as additivesntool the mechanical properties of

DGEBAPGE Y in the rubbery state, abovg, and in the post yielding flow of a ductile
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fracture, below Tg. More importantly, this study demonstrates thatke tleationic

copolymerization of mono- and di-glycidyl ethersdaits control with small amounts of

hydroxyl additives can be used as a tool to tueettighness of common epoxy thermosets

(i.e. DGEBA) at the expense of a decrease ofghaf the network. In this sense, this strategy,
86-88 :

along many other recent works, Is part of an ongoing research topic devoted ® th

control of the topology of epoxy networks to obteangher materials.

Conclusions

The cationic cross-linking copolymerization of P@iEh DGEBA was studied. The sol-gel
transition of the curing reaction was investigaitedheology at various frequencies by using
the FTMS method and the gel points were determawedrding to the Winter and Chambon
criterion. The epoxy conversion was monitored irapj@l through IR measurements. Several
hydroxylated and chelating additives were testearder to controtye andagel.

To sum up, we control the cationic ROP and thetigelaof epoxy reactive systems by three
independent meang:the addition of diols, that act as transfer agant$ get inserted into the
network,ii) the addition of polyethers, that act as chelatiggnt of cationic reactive species
andiii) the combination of mono-epoxides, that promoterebatension, and di-epoxides,
that promote branching. The addition of hydroxydugss results in a large increasengf due

to the promotion of the AM propagation mechanism. t®e other hand, chelating additives
considerably increasge as a result of the complexation of the cationitivaccenters.
Eventually, increasing the mono-epoxides to di-éges ratio is another way to increase both
agel and tge by playing with the average functionality. This wayhile keeping curing
temperature equal to 40 °C in all cases, we artabtover a wide range of gel times (2 - 120
min), gel conversions (7 - 77%) and mechanical erigs of the final networks (fragile,

ductile, elastomeric).
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IR spectroscopy together with multiwave rheologyrnmié to finely detect the sol-gel
transition, according to the Winter-Chambon crderi and give access to the critical
exponents. We found that, despite the wide rangecoéssible curing profiles and networks,
the variations of the viscosity and the elastic mlogl near the gel point obey quite constant
power laws throughout the series. Surprisingly, hkies of the critical exponents are close
to those reported for epoxy systems crosslinked $tep polymerization mechanism.

DMA and swelling experiments confirm large variasoof the crosslink density depending
on the nature of the additives and the mono- tepdixides ratio. In all cases, it also reveals
the presence of networks defects such as loopdamgling chains.

All in all, these polymerizable formulations resuih a very versatile system where both the
curing process and the mechanical properties ofidterial can be tailored. Interestingly, the
curing temperature is close to the ambient (40&@) only a very short post-curing step (2 h
at 120 °C) is necessary to make sure that the rabierfully cured. These are key points to
prevent evaporation of the volatile mono-epoxidd amlimit energy consumption during the
curing process. The sol fractions are also smalt. & these reasons, the system might be

practically relevant to produce tough and rubbles-materials.

Supporting Information:

Procedure for monitoring of the curing reaction,MS method, Winter and Chambon
criterion, evaluation of chain growth reaction pabbities, critical exponent values in
gelation models, calculation of MX, estimationssafiubility parameters, polymer density,
and polymer-solvent interaction parameters. Solasreening for swelling experiments,

measurements of the linear swelling ratio, thelslel@raction and polymer volume fraction in
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the network after curing. Data about the homopolymagion of PGE. Fitting of tah peaks in

DMA, tensile tests and cyclic loading data
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1. Detailed procedure for the monitoring of the curing reaction

The isothermal curing process was monitored using a Bruker-Tensor 37 IR spectrometer at a resolution
of 4 cm™', equipped with a thermally controlled SPECAC Goldengate ATR accessory. Samples were
deposited on the ATR diamond in the center of a Teflon seal covered with a metallic lid held in place
by pressure, resulting in a leak-proof cavity presenting very good atmosphere tightness. The
disappearance of the 914 cm™' absorption peak (epoxy bending) was monitored to determine the epoxy
conversion. The peak at 1605 cm™' (DGEBA phenyl groups) was chosen as an internal standard.
Conversion was determined by the Lambert—Beer law from the change of normalized absorbance at 914

-1
cm

It
Aepoxy = 1- (ﬂ) Eq. (S1)

20
A914—

where &gpoxy 18 the epoxy conversion; AY1, = AS,4/A% s and AL, = AL,/ AL o5 are the normalized

absorbances of the epoxy groups before curing and after the reaction time t, respectively.

Rheological measurements under isothermal conditions were monitored using an Anton Paar Physica
MCR 501 rheometer operating in the parallel plates geometry. Disposable plates were preheated in the
environmental chamber of the rheometer for approximately 30 min at the set temperature before loading
the samples. The gap between plates was fixed at 1 mm. The experiments were performed in the
multiwave mode using Fourier transfrom mechanical spectroscopy (FTMS). A multiwave strain signal
of 1% amplitude for the 1 rad s™' component was applied in order to collect G, G" data every 30 s for
eight different frequencies: 1, 2, 4, 8, 16, 32, 64, and 128 rad s! (more details below). Samples were
placed under a nitrogen atmosphere (N, 99.99%, H,O < 5 ppm) during the whole procedure to avoid the

potential moisture effect.

The uniformity of the reaction kinetic on the IR stage and in the rheometer was investigated for the
following system: DGEBA o)PGE, with the addition of 18-crown-6 (0.061 eq. per epoxy functions) and
1,4-butanediol (0.061 eq. per epoxy functions). These additives were used in a previous study.' They
provide a curing system with a curing rate that is slow enough to stop and quench the reaction for various

curing times before completion of the reaction.

A first batch was prepared and studied via IR and rheology according to the protocol reported above.
For the sample crosslinked on the IR stage, an IR spectrum was recorded every 3 min until completion

of the reaction.
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For the sample crosslinked in the rheometer, after a given amount of time (t = 360 min), the sample was

taken out of the rheometer and quenched in liquid nitrogen. It was then stored in a freezer (-30 °C).

Three other batches of the same composition were prepared and crosslinked in the rheometer (in each
case, prior to curing in the rheometer, an IR spectrum of the sample was acquired for t = 0). Similarly,

the reaction was quenched after a given amount of time (t = 600 min, t = 780 min and t = 900 min).

The four samples crosslinked in the rheometer and quenched in liquid nitrogen were then analyzed by
IR spectrometry. The epoxy conversion (at the curing time corresponding to the quenching time) was

then calculated by comparison with the spectrum acquired for t = 0.

The data are reported in the following Figure (Figure S1). The red line represents the epoxy conversion
obtained for the sample crosslinked on the IR stage (Batch number 1). The black squares represent the
epoxy conversion obtained for the samples crosslinked in the rheometer and quenched after a given

amount of time.
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Figure S1: Epoxy conversion as a function of time for various batches of DGEBA100PGEO with the
addition of 18-crown-6 (0.061 eq. per epoxy functions) and 1,4-butanediol (0.061 eq. per epoxy
functions). The red line represents the epoxy conversion for a sample crosslinked on the IR stage (a
spectrum was collected every 3 min). The black squares represent the epoxy conversion for samples
crosslinked in the rheometer and quenched in liquid nitrogen after a given amount of time
(corresponding to the abscise of the square). For these samples, the epoxy conversion was measured by
comparing the IR spectrum collected for the liquid mixture (prior to curing) and the IR spectrum for the
sample obtained after quenching in liquid N».
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The very good agreement between the two sets of data indicates that the reaction is proceeding at the

same rate in the rheometer and on the IR stage.

Note: the uniformity of the reaction from one batch to another was already investigated in a previous

study.'

2. FTMS method

In order to make use of the Winter-Chambon criterion, the dynamic moduli must be obtained at different
frequencies as crosslinking progresses. One possible way of accomplishing this is to realize dynamic
mechanical measurements at constant frequency for various frequency values (=time sweep at various
frequency).” This requires the preparation of a new sample for each frequency. As a result, this approach
is a bit tedious.

Another possibility is to realize frequency sweeps at certain time intervals.’ In that case, measurement
time has to be short as compared to the curing kinetic so that no appreciable changes occur during a
given frequency sweep. Thus, this method is inappropriate in most of the configuration where curing is

performed in cationic mode (fast reactions).

One possible alternative to circumvent the drawbacks of the two aforementioned methods is to use
Fourier transform mechanical spectroscopy (FTMS).* This technique is based on the Boltzmann
superposition principle, which in simplified terms, states that two or more mechanical waves can
simultaneously pass through a material independent of each other (providing they are in the linear
viscoelastic range).

Thus, it is possible to apply a compound waveform on the sample of the type:

2iz,Visin (w;t) Eq. (S2)

Where m is the number of frequency of the compound waveform, y;, the amplitude of the i th
component and w; the frequency of the i th component (which is an integer multiple of the fundamental
frequency wy).

By measuring the resulting stress from this compound strain, FTMS permits to effectively decouple the
frequency dependence and the time dependence of the fluid properties. This enables to directly obtain
the complex moduli, G'(w) and G"'(w), at several frequencies simultaneously as the system structure
evolves with time (see Figures S2 and S3 for a comparison of the mono- and multiwave methods). The
minimal duration between two successive measurements is determined by the fundamental frequency,
wy. Indeed, measurements at higher frequencies do not require additional time since they are conducted

simultaneously.
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Among possible limitations of this approach, one has to consider that the total strain applied is related
to the sum of the Fourier series described by each individual strain. Thus, if individual y; are too
elevated, then it is possible to go beyond the linear viscoelastic domain of the material. On the other
hand, if individual y; are too small, the contribution of each mode would be too small to be detectable
with sufficient accuracy.

For these reasons, this experimental approach was inappropriate for the study of DGEBA
homopolymerization (for which the viscoelastic domain is very narrow due to the high 7, of the cured
material). Furthermore, for the study of PGE and DGEBA copolymerization, it was necessary to use
large cell geometry (® = 50 mm, i.e. two times larger as compared to the cells usually used for this type
of measurements) in order to increase the signal of the strain of small amplitude components.

FTMS was used on an Anton Paar Physica MCR 501 rheometer operating in the parallel plates geometry
(disposable cell with a diameter ® = 50mm). G', G'' data were obtained every 30s for frequencies
ranged froml to 100 rad/s (1, 2, 4, 8, 16, 32, 64, 100 rad/s) and for a strain amplitude fixed at 1% for

the fundamental angular frequency (wy = 17ad s™1).
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Figure S2: Rheometric measurements in the monowave mode. The sample is subjected to a simple
sinusoidal oscillatory strain (cos (w;. t)). The measurement of the material response yields the evolution
of G’, G’ and tan(§) for a single angular frequency, w;.
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Figure S3: Rheometric measurements in the multiwave mode. The sample is subjected to a complex
multiwave sinusoidal oscillatory strain (4; cos(w;.t) + A, cos(w,.t) + Azcos (ws. t)) resulting from
the superposition of several monosinusoidal oscillatory strains. After treatment (Fourrier transform) of
the signal resulting from the material response, the evolution of G’, G’ and tan(d) is obtained for the
three angular frequencies, w4, w, and ws.
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3. The Winter and Chambon criterion

An accurate estimation of the gel point is given by the criterion introduced by Winter and Chambon.*®

They revealed that the stress relaxation of a network polymer at the gel point follows a power law:
G(t)=St™ Eq. (S3)

Where S is the strength of the gel and is dependent on the flexibility of molecular chains and on the
crosslink density at the gel point. ¢ is the time. n is called the relaxation or critical exponent. By
considering the Fourrier transform of the above equation, i.e. the complex shear modulus G*(w), it can
be deduced that, at the gel point, the storage, G'(w), and loss, G''(w) modulus (G*(w) =
FT(G®)) = G'(w) +i.G" (w) = f(n).S.w™(cos (nm/2) + i.sin (n/2)), depend on frequency in

an identical manner:
G"(w) ~G"(w) ~w™ Eq. (S4)

Additionally, the phase angle, 3, between stress and strain is independent of the frequency (w) but is

proportional to the relaxation exponent.
§ =nm/2 ortan(6) = % = tan (nm/2) Eq. (S5)

As a result, the gel point may be identified either by studying the evolution of G’ (w) and G"'(w), or of
their ratio, the loss tangent tan(§) as a function of time and angular frequency:

e In the former case, the gel point is revealed by G'(w) and G"'(w) curves as a function of the
angular frequency, w, that correspond to parallel lines over a wide frequency spectrum for a
given time.

e In the later case, the various curves at different frequencies of tan(&), as a function of cure time,

would coincide at a single point corresponding to the gel point.
In both cases, it is possible to estimate the relaxation exponent, n. n values are well predicted by various

model based on scaling theory that further corroborate the validity of the Winter criterion.”'? By using

these models, n can be related to the geometry of cluster existing at the gel point."
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4. Calculation the probability that the active end of the
propagating chain adds another monomer to the growing
chain, gq.

By using the methods developed for the simple modelisation of ideal chainwise copolymerization of

bifunctional and f-functional monomers, it comes:"*
Ugel = (1 —q)/[2a¢(q +§/2)] Eq. (S6)
Where ay is the molar fraction of the f~functional monomer and is given by:

fxx/Mxy,
2(1—X)/Mm+fXX/MXL

ag = Eq. (§7)
with My, the molecular weight of the f~functional monomer (the crosslinker, XL), M, the molecular
weight of the bifunctional monomer and x the weight fraction of the crosslinker, XL. In the present

study, XL = DGEBA and /= 4.

The parameter § gives the probability that the termination of active species takes place through a
mechanism resulting in longer chains than the active chains before termination. Typically, “chain
combination” is an example of termination step that results in an increase of M, for the free radical
polymerization of vinylic monomers. In this latter case, when termination takes place by combination
exclusively, & = 1. On the other hand, when termination takes place by chain transfer or

disproportionation exclusively (termination mechanism with no change of M,), § = 0.

In the case of the cationic polymerization of epoxy monomers, the situation is a bit more complex
because of the many transfer reactions (in particular when alcohols are added to the compositions). They
generally result in the formation of alcohols that will either stay unreacted (“dead”) or that will react
with an activated chain or an activated monomer to provide a longer chain (AM mechanism). In any
case, the termination of active species (monomer or chain end) results in the formation of an alcohol
that is also a potential active species in the cationic polymerization of epoxy. Another possible
mechanism of termination is back-biting' but it is an intramolecular reaction that is outside the scope

of ideal systems.

Overall, it is very difficult to predict ¢ values or even to suggest an estimation of it and the best option
seems to consider the two limit cases, i.e. £ = 1 (terminations with increase of chain size) and & =0

(terminations without increase of chain size).

For these two cases, the calculated values of ¢ are reported in Table S1, along the calculate values of a:
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Materials f (D) @y (%) ay g (E=1) g (E=0)

DGEBA sPGEjgs 63 73 0.13 0.75 0.84
DGEBA,sPGEs 8.5 47 0.23 0.74 0.82
DGEBA;35PGEg¢s 6.5 32 0.32 0.74 0.83
... DGEBA|oPGE, 2 .7, 100 082 0838
DGEBA,sPGE+sPEO 130 77 0.23 0.61 0.74
DGEBA;sPGE¢PEO 99 68 0.32 0.54 0.70
DGEBA4sPGEssPEO 78 46 0.42 0.58 0.72
____DGEBAPGEPPEO 3 43 100 031 054
DGEBA;sPGE¢MeOPEO 94 65 0.32 0.56 0.70
 DGEBAPGEMeOPEO 53 30 100 044 063
DGEBA;sPGE¢PPO 32 61 0.32 0.58 0.72
____DGEBAoPGEPPO 29 46 100 028 052
DGEBA;sPGE¢PPD 45 57 0.32 0.60 0.73

Table S1: Calculated values of a,, the molar fraction of DGEBA and ¢, the probability that the active
end of the propagating chain adds another monomer to the growing chain.
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5. Summary of critical exponent values in gelation models

1018 holymerization and gelation are described

In gelation models based on the percolation theory,
through the random connection of monomers occupying sites on a lattice of arbitrary dimensions,
leading to polydisperse distributions of clusters with fractal geometries. At the gel point an infinite
cluster is formed, with a size and a mass that diverge. On the basis of this model, calculations have been
reported that consider the clusters under various approximations (Rouse-like dynamics, electrical
network analogy). They all result in power law dependences for properties of interest close to the gel

point : shear modulus : G’ ~ &, viscosity : 7 ~ &*, weight average molecular weight : M,, ~ ¢”

where ¢ is a dimensionless parameter characterizing the distance to the gel point, defined as

o

—a‘
E =

gel

Eq. (S8)
a

with a the chemical conversion and a,,; its value at the gel point. Previously reported values of critical

exponents (predictions and experiments) are summarized in Table S2.

Systems n k z References
Electrical 071 075 1.94 19
2 network model ' ’ ‘
= without
Z Rouse model | hydrodynamic 0.67 1.33 2.67 ’
%:; interactions
3 with
A~ Rouse model hydrodynamic 1 0 2.67 ’
dmteractions _ _ _ _ _ oo
Chain
copolymerization | . poone 0.78 2.1 2
of styrene and ’ '
divinylbenzene
Physical gelation
3 of alginate in water 0.73 0.63 1.81 A
7;3 systems
5 | Epoxy-amine in bulk 0.70 1.4 2.9.12.22:25
5] systems
g Epoxy-amine Teuring > T, of 0.70 1.44 265 24
§ systems final network : : ’
= Epoxy-amine Teuring = Ty of 23
systems final network 0.70 1.39 2
Cationic chain
copolymerization |, 0.70-0.98 0.90-1.64 2.20-2.69  This work
of mono- and di-
epoxides

Table S2: Predicted and experimental values of critical exponents for the gelation of crosslinked
networks.
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6. Calculation of My,

For the copolymerization of a monomer with a polyfunctional cross-linking agent, XL, the calculation

of My . can proceed as follow:

Assuming a quantitative reaction of cross-linking and a formation of a network with very few free ends

as compared to the number of cross-linking, the concentration of cross-linked chains is expected to be

the number of functional group, ng, of the cross-linking agent XL, times its concentration, [XL] :26.27

Ve = np[XL] Eq. (S9)

Thus, it comes:

p p Miot Miot 100.Mxy,
X.c Ve nf[XL] ngnxy nf2§i nf.wt%XL q ( )

where my,; is the mass of the network polymer one considers. my;, wt%y; and ny; are respectively
the mass, the mass fraction and the number of mole of cross-linking agent within the network polymer
one considers. My, is the molecular weight of the cross-linking agent.

From the resulting formula, it is evident that My . can be calculated without an experimental density.

Note: additives can be considered as a monomer like PGE. Indeed, diols are inserted in the network just
like PGE. Their concentration and molecular weight impact the value of wt%y; and thus the value of
My .. The only special case is MeO-PEO-OH. This is a monoalcohol. It is thus inserted in the network

as a pendant chain. We assumed it does not have a significant impact on the calculation of My ..

Materials x( \L:/ (t;(')f)“‘ (i::tf’z) x(a\f/‘ti(%;’ € (_gA;[l)gcl._l) I /;3)1/2 X

DGEBA sPGEgs 15 85 0 1135 223 0.345

DGEBA;,sPGE7s 25 75 0 681 223 0.345
. DGEBAWPGEg S 650 as6 23 0345

DGEBA,sPGE;sPEO 22 67 11 761 222 0.344

DGEBA;sPGE4PEO 31 58 11 543 222 0.344
S DGEBA4PGEssPEO 0 .42 222 . ..0344
.....DGEBA3sPGEMeOPEO 3L T 12 38 222 . ..0344
S DGEBA3sPGEsPPO 30 6 14 582 . 221 . ..0342

DGEBA;sPGE4PPD 33 61 6 518 223 0.345

Table S3: Calculated values of My, § and y for the polymer networks used in this study
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7. Estimation of the solubility parameter of the polymer
network, 6, the density of the polymer, p, and the polymer-
solvent interaction parameter, y.

In order to have a composition dependent estimation of the solubility parameter of the networks,

8potymere Was estimated on the basis of the simple equation that is usually employed for the calculation

of mixtures’ solubility parameter:28

Us=ipis+ 1p’s Eq. (S11)

The systems DGEBAPGE;¢.xY were considered as a mixture of the resin (DGEBA+PGE) and an
additive (Y). Using the numerical values of 8¢5, and gq4itive tabulated in Polymer Handbooks,

8potymer Was calculated as follow:

(Spolymer = ¢resin- 6resin + ¢additive- (Sadditive Eq- (SlZ)

The polymer-solvent interaction parameter, y, was subsequently calculated by employing the Bristow

and Watson equation that yields:zg’ 30

v 2
x=B+ ﬁ (6polymer - 5Solvent) Eq. (S13)

where £ is the lattice constant whose numerical value is classically taken as 0.34 for rubbery networks.

R and T have their usual significance and Vs is the molar volume of the solvent.
The values of § and y are reported in Table S3.

pp the density of the polymer network was experimentally estimated after measuring the volume of

weighted samples with a pycnometre. Whatever the composition of the sample (cross-linker content and
additives), repeated measurements yield similar values of p,, that is about 1.19 g ml ", This value is very

close to previously reported estimation of the density of cationically polymerized epoxy resins.’’
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8. Solvent screening for the swelling experiment

! —0—DGEBA, PGE
lo) 15 85
1.8 / —0—DGEBA PGE,,
1 o DGEBA,PGE, PEO
1.7 - DGEBA,,PGE_PEO
! —O—DGEBA, PGE_PEO
1.6-
. o
. s o
| 040
1.4 V7
! o
1.3+
12 2
) 5 I ¥ I
18 20 22

O/ (MJIim*)™

Figure S4: A versus 8 for various compositions DGEBAPGE ¢« X. Three solvents are tested: toluene
§ = 18.2 MPa'/?, chloroform, § = 19 MPa'/? and pyridine, § = 21.9 MPa'/?

Figure S4 represents the variation of the swelling ratio, 4, as a function the solubility parameter, &, for
various network compositions in three solvents with increasing solubility parameter: toluene, § =

18.2 MPa'/2, chloroform, § = 19 MPa'/? and pyridine, § = 21.9 MPa'/2®

For each composition, maximal 4 is obtained with pyridine. This is in accordance with the solubility
parameter of conventional epoxy resin that one can find in the Polymer Handbook, § = 22.3 MPa'/?

29
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9. Measure of the linear swelling ratio, A

A= D/D,

T

t=0 t=2wéeksl.

Figure S5: Procedure for the measurement of the swelling ratio. The sample used in this illustration is
DGEBA sPGEgs, before and after 2 weeks immersed in pyridine.

10. Measure of the soluble fraction, w; and the polymer
volume fraction in the network obtained after the curing
reaction, v,.

In order to take it into account the presence of the sol fraction inside the cured network, Eq. (5) (the
Flory-Rhener equation) and Eq. (7) (expression of the rubbery plateau modulus) have been modified
with v, the polymer volume fraction in the network obtained after the curing reaction and partially
swollen by the sol fraction: v, = 1 — v, = 1 — wy. v; and wg are respectively the volume fraction and
the weight fraction of the sol fraction with v; = w, assuming that the density of the soluble fraction is

equal to the density of the network chains (classical approximation).*

w, was measured for each sample by comparing the weight of the sample before swelling equilibrium
and after 2 weeks in pyridine followed by overnight vacuum drying. Similar values were obtained after

swelling the samples in a large excess of toluene at 70°C during 5 days.

These values were then used to calculate v.. They are reported in Table S4.
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w,, swellingin ~ w g, swelling in

Materials Pyridine at RT ~ Toluene at 70 °C Ve
(Wt%) (Wt%)

DGEBA sPGEgs 18 19 0.82

DGEBA,sPGEs 7.9 8.2 0.92
.....DGEBA3sPGEes 0.9 Ll 0.99 ..

DGEBA,sPGE+sPEO 14 13 0.86

DGEBA;sPGE«PEO 5.3 5.0 0.95
_____ DGEBA4PGEssPEO 45 43 09
__DGEBA;sPGEsMeOPEO 69 6 093
_____ DGEBAyPGEsPPO__ 32 .32 . 097

DGEBA;sPGE¢PPD 5.7 6.3 0.94

Table S4: Measured values of the soluble fraction (w ;) according to two procedures (swelling in
pyridine at RT for 2 weeks and swelling in toluene at 70 °C for 5 days) and calculated values of the
polymer volume fraction in the network obtained after the curing reaction, v ., by using w ¢ measured
in pyridine.

11. Homopolymerization of PGE: DGEBA\PGE,, and
DGEBAPGE, ' PEO

Procedure for DGEBA(PGE,(,PEO:

A schlenck was flame dried under vacuum before use and maintained under nitrogen atmosphere. The
initiator 4CA"-BF4 (0.026 equiv. per epoxy) and HO-PEO-OH (0.061 eq. equiv. per epoxy) were
weighted in separated vials and. PGE (2 g, 1 eq.) was added to HO-PEO-OH and stirred to provide an
homogeneous mixture. The resulting solution was added to 4CA+-BF4-. Solubilization is immediate.
Then, the resulting mixture was introduced in the schlenk, equipped with a magnetic stir bar, and the
reaction mixture was allowed to stir under nitrogen atmosphere. Reaction is monitored through IR
spectroscopy (decrease of the epoxy bending at 914 cm™). After completion of the reaction, the crude

viscous polymer was analyzed by SEC.

Procedure for DGEBA(PGE, :

Similar to DGEBA(PGE ;o PEO without PEO addition.

Size exclusion chromatography:

Size exclusion chromatography (SEC) analyses were performed in THF at 35°C, at a flow rate of 1 ml
min™', with a setup consisting of a Malvern GPC1000 pump and a Viscoteck TDA 305 triple detection
array using three thermostated columns set (LT5000L). The apparent molecular weights (M, and M,,)
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and dispersities (M,/M,) were obtained with a calibration based on low dispersity polystyrene (PS)

standard.

Results:

DGEBA PGE, PEO
0.09
DGEBA PGE,
z 0.06-
(@)
0.03

1 M 1 v 1 M 1 M 1
26 28 30 32 34
Ve / mL

Figure S6: Size exclusion chromatography for DGEBAPGE;¢ and DGEBAPGE;(PEO.

Molecular properties for DGEBA(PGE ¢
M,=2500 g mol, M,/M,=1.5
Molecular properties for DGEBA(PGE,cPEO

M, =2560 g mol', M,/M,=1.9
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12. Fitting of tan 6 peaks

The tan o peaks obtained in DMA were fitted in order to get an accurate estimation of the height and the
full-width-at-half-maximum (FWHM) of the peaks. To do so, we used the “peak analyser” function of
OriginPro 8.0.

For each peak, a baseline was defined (see Figure S7, blue line) and the maximum of the curve was
automatically detected by the software. For most of the samples, the tan & peaks are asymmetric. Based

33,34

on studies previously reported in the literature, the peaks were fitted with an asymmetric double

sigmoid. The corresponding mathematical function is given by:

tan §(T) = A(1 + exp (a)) " 1x[1 — (1 + exp(b))™1] Eq. (S14)

Where a = (T — u)/0, and b = (T — u)/0,. When 0| = 0, the function is symmetric about u but is

asymmetric otherwise. The peak height is determined by A.

tan &

T T T T
0 50 100
Temperature (°C)

Figure S7: Fitting of the tan 6 peak for DGEBA,sPGE7s, using an asymmetric double sigmoid function.
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13. Tensile tests: cyclic loading

Stress / MPa

0 y T v T v T v T v T v
0 20 40 60 80 100 120
Strain / %

Figure S8: Cyclic loading for DGEBA,sPGE7s at room temperature and for a crosshead speed of 5 mm
mn”'. During a cycle, the specimen is extended of L mm (L is increased of 3 mm per cycle), then the
crosshead is asked to go backward (5 mm mn™") until the load reaches 0 N.
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Stress / MPa

0 T T T T r T > ! :
0 20 40 60 80 100
Strain/ %

Figure S9: Cyclic loading for DGEBA;;PGE¢PEO at room temperature and for a crosshead speed of 5
mm mn”'. During a cycle, the specimen is extended of L mm (L is increased of 3 mm per cycle), then
the crosshead is asked to go backward (5 mm mn™) until the load reaches 0 N.
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