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ABSTRACT

Epoxy-thiol curing is a click reaction which allowsantitative yield of the end products. The baselgzed
reaction is rapid at low temperatures so it is nofign desirable to harness reactivity by usingriatatalysts.

In this work, we used triazabicyclodecene tetraghemate (TBD-HBPJ) as a photobase generator (PB). We
activated the PB either thermally or by UV lightdamonitored reaction kinetics by DSC and FTIR mdtho
Depending on the catalytic system used, the ratkeothiol-epoxy reaction was ordered as followsat\base

> UV activated PB > thermally activated PB > unbated system. A series of isothermal and non-isothé
DSC experiments were run on non-irradiated andlimtad samples in order to study the effect of BBtent
and UV irradiation duration on PB activation eféiocy and latency / storage stability. The data fio&C
were analyzed using model-free linear isoconveadianethods to estimate kinetic parameters such as
activation energies. In addition, the kinetics d@aboth activation methods were shown to be ately
represented by multi-term Kamal models. The storagility of the systems were studied at room

temperature and was shown to fit well to the prtaahs of the kinetic model.
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1 Introduction

Epoxy resins are one of the most used polymerimsedue to their superior performance in many
industrial applications. They can be formulatedves-pack systems with a wide selection of curingrag
including amines, amides, phenols, carboxylic aa@déydrides and thiols [1]. Epoxy-thiol systemsdiheen
studied relatively less, despite their advantages sis high yield of the curing reaction, supengchanical
properties of end products [2], and their numeliodsistrial uses such as adhesives, nanocompositepe-

memory materials and biomedical materials [3,4].

The curing of epoxy resins by thiols proceeds tgioa click reaction which allows quantitative yieit
the epoxy-thiol thermoset. Although the reaction take place at elevated temperatures without reguany
catalyst, lower curing temperatures can be achibyadsing base catalysts. In the base catalyzexyehil
reaction, the base helps generate thiolate anigrdeprotonating thiols. In turn, the thiolate arsarouple
with the epoxide groups through a nucleophilic roqgening reaction. The resulting alcoholate aniares
protonated either by the base catalyst or the thigield the desired reaction products. The reactixhibits
auto-catalytic behavior due to the hydroxyl grofgsned [4,5]. Consequently, any further kinetiadst of
this reaction must account for this effect. Thectiea steps for the base-catalyzed reaction arevishio
Scheme 1. An alternative reaction scheme involttregnucleophilic attack of the tertiary amine te #poxy
ring as initiation step was proposed by Loureir@lef6] which was found to be operative in theiegrof
thiol-epoxy formulations using a weak base such-asethylimidazole [7].

a. Initiation
RN + R—SH =———= RNH + R—S"

b. Ring-opening of the epoxide

R'—S’ /—F\?O - . R—S/YO
R

R

c. Alkoxide/thiol acid-base proton exchange
R —s/\l/o_ + R—SH — = R—S/\rOH + R'—S~
R R
d. Alkoxide/lammonium acid-base proton exchange

n—s/\lfo + RN —— RS

R R

OH + RN

Scheme 1: Proposed curing mechanism for the basetalyzed thiol-epoxy condensation.

Epoxy-thiol systems catalyzed by bases have fastliouring rates which lead to undesirably short
pot-lives. In order to prepare one-pack formuladiolatent catalysts must be used. These catabstthe
name implies, have latent activity which can ontyibitiated by external stimuli such as heat cadration.
They allow storage stability and provide freedonstart the curing reaction whenever desired. lecemt
paper, latent thiol-epoxy formulations were develbpmaking use of encapsulated imidazole and urone
catalysts that are activated upon heating [3]. Aeofeasible solution is the use of photobase geoex (PB)

[8-11]. A PB releases a catalytic base upon U\iatéon which, in turn, initiates the curing reacti In our



work, we use triazabicyclodecene tetraphenylbor@BD-HBPh) as a PB [12]. Upon photolysis,
TBD-HBPH, releases triazabicyclodecene (TBD), a strong haitle,a pKa of 20 in tetrahydrofuran and 26 in
acetonitrile [13] that can be used in a varietypa$e-catalyzed processes. However, given theigleantum
yield and the limited absorption range (below 3@®wavelength), tetraphenylborate PBs are commosdyl u
in combination with photosensitizers such as ispgithioxane (ITX) [8,9] in order to extend the alystion

range towards longer wavelengths, up to the vidiphd range.

However, tetraphenyl borate amine salts can alsaseel as latent thermal catalysts. For instance,
Kim and Chun [14] used commercially available 2dybmetylimidazole tetraphenylborate as catalysttiie
reaction between naphtol and their epoxy derivativehich can be catalyzed by bases such as imik&zol
[15]. Therefore, for base-catalyzed reactionsagdtenylborate ammonium salts have a dual photoxland
thermally latent character that can be triggeretth WiV-light under mild temperature conditions oeitimally
activated where UV irradiation is not possible. STt an interesting feature which is also presemationic

catalysts such as diaryliodonium salts [16,17].

In this paper we study the applicability of TBD-HBRs thermally-latent and photolatent base for the
curing of thiol-epoxy formulations based on digtii ether of Bisphenol-A and pentaerythrithol t&isé3-
mercaptopropionate) as crosslinking agent. Thengukinetics are analyzed using differential scagnin
calorimetry (DSC) and Fourier-transform infrare@sposcopy (FTIR). Model-free isoconversional megho
and model-fitting methods are used to derive theetic parameters of the UV-activated or thermally-

activated process. The storage stability of theenwdts are also analyzed.

2 Experimental

2.1 Materials

DGEBA with an epoxy equivalent weight of 187 g/dgG(l87, Epikote 828, Hexion Speciality
Chemicals B.V.) was dried under vacuum prior to. iBentaerythritol tetrakis (3-mercaptopropionat®y)(
triazabicyclodecene (TBD) and sodium tetraphengtmi(NaBPLE were supplied by Aldrich and used as
received. Methanol (MeOH) and chloroform (CH)Clwere supplied by VWR and used as received.
Isopropylthioxane (ITX) was supplied by Ciba Sphgi€hemicals Inc. and used as received.

TBD-HBPh (PB hereafter) was synthesized using the procesluttmed in Ref [13]. Firstly, TBD was
solubilized in methanol (10 mmol in 10 mL MeOH) asiightly acidified with 36% HCI solution. NaBRh
was also solubilized in a small amount of MeOH added with a slight excess to the acidified TBusoh.
The formed salt was filtered, washed thoroughlyhvdistilled water and MeOH, recrystallized from 4 4
mixture of MeOH and CHG| filtered and dried under mild heat and vacuum. ahalyze its purity, its
melting point was measured in a DSC thermal scdnas found to be identical to what is reportedsoy et
al [12].



Curing samples were prepared in 5 mL vials in I-Baches using the following procedure: PB was
weighed and added to DG187 and was kept undertiagitat 110°C for 15 minutes. With this mixing
procedure, an optimum balance between dispersiafitgjand latency is achieved. The mixture was feft
cool down to room temperature after which S4 wadeddn a stoichiometric amount. To avoid premature
activation, ITX was added lastly. The mixture wased continuously until homogeneous and subsettyuen
analyzed. The samples not planned for immediatdysis were kept in a freezer at -20°C. We coded ou
epoxy-thiol mixtures aPBx UVy wherex is the PB content in phr and is either 0.5, 1,arly indicates the
duration (in minutes) of prior UV irradiation. Caogj was done aBBx noUVfor samples who were not UV
irradiated. On the basis of previous works [9] #mount of ITX used was half the amount of PB in all

formulations. The structures of the reagents usedfown in Scheme 2.
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Scheme 2: Structures of the reagents used in thisonk
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2.2 Fourier-transform infrared spectroscopy (FTIR)

We used a Brucker Vertex 70 FTIR spectrometer gupdpwith an attenuated total reflection (ATR)
accessory (GoldenGate Specac Ltd.) which is temperature controlled ideo to monitor the epoxy-thiol
reaction and to verify the degree of cure of the@as. Spectra were collected in absorbance motleawi
resolution of 4 cm in the wavelength range from 4000 to 600 caveraging 20 scans for each spectrum.
Scans were carried out every 60 seconds for aidaoraf time sufficient to observe the highest achlde

conversion.

The absorbance peaks that we used to monitor csipmewere 915 cthand 2570 ci for epoxy and thiol,
respectively. These particular wavelengths havertt complications such as overlaps resulting ften
effect of different bonds [7]. As a result, theyultbonly be analyzed qualitatively. We also moretbthe
hydroxyl band around 3500 €nto confirm epoxy consumption.



2.3 Differential Scanning Calorimetry (DSC)

Calorimetric analyses of materials were carried onta Mettler DSC822e thermal analyzer. UV
irradiation of materials were performed on a Metfll&sC821 thermal analyzer using a Hamamatsu LC#H lig
source equipped with a Hg-Xe mid-pressure lamp epnmntly adapted to the DSC by means of fiber gptic
probes. UV light intensity was approximately 36 novif measured at 365 nm using a radiometer. Both
analyzers were calibrated using an indium standtaedt flow calibration). Samples of 4.5 mg (+/- &8)
were placed in aluminum pans, were irradiated & B5C821 analyzer, capped with pierced lids and
subsequently scanned by DSC822e. Depending onesieed analysis, scans were performed either under
isothermal conditions or using temperature ramp®.5f 5, 10, or 20°Cmihwithin temperature ranges that
completely envelop the curing process. The santpkgswere to be cured only thermally (i.e. withpuor
irradiation) were directly analyzed in DSC822e. Thactional conversionx of functional groups and the

reaction ratelx/dt are calculated using the following expressions

_ b dx  dh/dt 1)
Ahttotal dt Ahtotal

X

whereAh is the heat released up to a given time/temperair, ,;,; iS the total reaction heat evolved and
dh/dt is the heat flow.

The glass transition temperatufg of the samples was determined as the halfway poitite heat
capacity step during the glass transition, measoyeal dynamic DSC scan at 10°Crhiin order to model the
dependence of tHg, on the degree of conversidi,(x), the expression derived by Venditti and Gillhar@][1

has been used:

1=x) InTygo+1-x-InTye (2)
nTy(x) = 1-x)+2-x
A 3)
ACyo

WhereT,, andTy,, are the glass transition temperatures (in K) efuahcured and crosslinked materials, and
AC,o andAC,. are the increase in heat capacity during thesglamsition of the uncured and crosslinked

materials, respectively, measured in the same D@€Eranent.

2.4 Curing kinetics

The curing kinetics were analyzed using model-fiééerential isoconversional methods [19]. The
basis for the isoconversional methodology is thpression of the kinetic rate as separable functimins
temperature and fractional conversion

dx _ 4)
— = k(Df @)



wherek(T) is the kinetic constant with an Arrhenius tempamatdependence arfix) is the kinetic model
function representing the underlying curing mechismiFor each degree of conversion, it can be stibain
the apparent isoconversional activation energyiained as

dln (Z—’t‘) - ()

1
4(zr)
The curing kinetics were also analyzed by mod#éhtit methods. A multiple constant kinetic model
[20,21] combining a number of autocatalytic funo8avith their respective constants was used,
(6)

4

d

= FGT) = (g + K= 0™+ Y ka1 - )T
i=2

wherem,; andn; are the exponents of each autocatalytic functok; is an Arrhenius kinetic constant for
each autocatalytic process. A multi-variate noedinregression method was used to determine akinie¢ic
parameters. The results of the kinetics analysise walidated by running simulations using the ol
kinetic parameters and comparing with experimeatdigh. Details of the kinetic modelling can be foimthe

appendix.

2.5 Storage stability

A set of samples of formulations containing 0.5arid 2phr of PB (i.e. PB05, PB1 and PB2) were
prepared in DSC pans and each one was irradiatpdrasur standard procedure. The samples weredcplace
a thermostatic bath at 30°C inside glass tubesdfilith silica gel in order to minimize moisturdated
effects. To monitor storage stability, PB1 and P#nples were analyzed by DSC after 1, 2 and 3 weeks
whereas the PB05 sample was analyzed daily fomaek. The stability data for PBO5 was later comgare
with kinetic simulations from the isoconversionaffetential method. The fractional conversion of

functional groups during storage was determinethduhe DSC analysis using the following expression

_ Ahres (7)
Ahttotal

x=1

whereAh,. is the residual heat released after storage.TJhef the stored samples was determined in the
same DSC experiment. The experimental pairs ahdT, values were checked with the theoretifalx)

relationship obtained from eq. 2.

3 Results and discussion

3.1 Preliminary analysis

We started by investigating the impact of catatystepoxy-thiol curing kinetics. In Figure 1, we 8ho
the curing profiles of stoichiometric DG187-S4 fadations without catalyst, with 0.5phr PB and UV



irradiated for 15 minutesPB05 UV1Y%, with 0.5phr PB and not irradiate@®\{05 noUY, and with the
equivalent amount of TBD present RBO5 samples (0.14phr). As can be observed, the upeathlcuring
started at temperatures above 180 °C as expedtethglonset of curing d?B05 noUWvas above 150 °C as
liberation of TBD from PB takes place at these terafures. The slight shoulder at around 170°C hed t
broader one at around 200°C indicate different meicims taking effect. The broader one is beliewedate
occurred due to a purely thermal epoxy-thiol reactiwhereas the earlier might have occured due to
secondary activation of PB. Highly stable thiol-epdormulations can be prepared using the PB ailat
thermal catalyst. The curing profile 8805 UV15was shifted to lower temperatures, owing to thetgh
activation of PB to liberate TBD. However, the fardation containing the equivalent amount of TBDexzliat
much lower temperature3BD014in Figure 1). In fact, a large amount of heat hidady released during
sample preparation and thus the DSC scan startgloloat 25% conversion. A reference value of 4093)g
for the reaction heat was used to determine the&ersion of this and the uncatalyzed sample. Medsure

reaction heats for other samples were acceptabBedio the reference value and were thus assumee to
cured completely.
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Figure 1: Conversion profiles obtained by DSC for atalyzed and uncatalyzed epoxy-thiol mixtures. Alscans were performed
using a heating rate of 10°C/min.

Completion of cure was verified also by FTIR. Figu presents the evolution of FTIR absorption
peaks that correspond to thiol, epoxy and hydrgxglps before and after curinglB05 UV15 One can see
the complete disappearance of the thiol peak ab 267, accompanied by an appearance of a hydroxyl peak
around 3500 cih These indicate total conversion of epoxy groupergthe fact that epoxy and thiol groups
are in stoichiometry. Due to the overlapping signatound the peak at 915 ¢rmuantitative analysis of

epoxy conversion using this peak is impracticalvéMtheless, the decrease of the peak is evidemilabi



results were obtained f&?B05 noUYV therefore confirming that the curing proceeds thia same reaction
mechanism. Th&, of cured samples were within 50-55°C range whéciniaggreement with similar thiol-

epoxy formulations after complete cure [22,23].
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Figure 2:FTIR absorption bands corresponding to diferent chemical groups forPB05 UV15 cured at 100°C. The peaks were
normalized using the ester absorbance peak at 172én.

The results in Figure 1 indicate that the photalysithe catalyst was incomplete in tARBO5 UV15
sample. This was expected taking into account ¢lwe duantum yield of the photolysis of PB [12]. To
examine the effect of the irradiation time on thwteactivation of PB, we irradiated samples fofeddnt
durations and subsequently cured them at 10°€mithe DSC. As shown in Figure 3, a clear decréasiee
curing onset temperature with increasing UV expesuas observed, because of the increased content of
TBD released by photolysis. This shows that cukimgtics are governed by not only the pKa of thistpre
base, but also its concentration, which increaseg\a exposure is continued. Irradiation for longjesin 20
minutes enables the curing reaction to commenceat-ambient temperatures, which would be unddsirab
for applications requiring longer pot-lives. Thissvnot unexpected since Jian et al. [8] and Satli. §11]
showed that it was possible to cure thiol-epoxyvoeks at room temperature by UV-irradiation. Comsiidg
these results, we decided that an UV irradiatioratiitn of 15 minutes provides a good balance betwee
stability and reactivity so as to enable separatbnthe irradiation process from the curing reattio

Consequently, in the rest of the work, UV irradiatdurations were fixed at 15 minutes.
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Figure 3: UV irradiation of PB0O5 sample (which also contais ITX at 0.25phr) for different durations.

We also tested the effect of PB content on thengyprofiles of non-irradiated and irradiated saraple
Figure 4 compares the dynamic curing at 10 °CroiPB05 noUVPB1 noUV andPB2 noUVsamples.
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Figure 4: DSC conversion and rate curves of non-iadiated samples with different PB content. Curing vas performed at 10
°C/min.

As can be seen, the thermally activated sampleg ¥adrly stable up to 150°C, regardless of the
catalyst concentration. Compared®B05 noUV note that the maximum reaction rate Rid2 noUVwas only
about 20% greater despite a four-fold increaseitalgst content. Once the catalyst liberates atratd 50°C,

the curing reaction follows similar kinetics, indgpulent of PB concentration.

The effect of PB content on the curing of irradilagamples was also tested. Figure 5 compares the
dynamic curing ofPB05 UV15andPB1 UV15 Unlike thermally activated samples, curing kingtbf UV
activated samples depended heavily on PB concimtrafs can be seen, the curingRB1 UV15started at a
significantly lower temperature in comparison tattbf PBO5 UV15(approx. 50°C compared to 100°C). As
reported by other authors, higher PB content amehebed irradiation would lead to room-temperatunes dn
a timely manner [8,11]. We do not report our firgiirfor PB2 UV15since UV irradiation for 15 minutes did
not suffice to fully activate the PB, as indicatedits DSC thermogram which was disproportionaP®05
UV15andPB1 UV15 This might have been due to an incomplete dispeis PB during sample preparation
and/or an inefficient penetration of UV light thghout the DSC sample. Note that these factors wioae
no influence on its thermal decomposition perforoeanwhen the stirring of the hot PB-epoxy mixture
(during sample preparation), or UV irradiation weantinued for longer than 15 minutes, the PB was
activated prematurely and the thermal scan faibedaipture the curing reaction entirely. These priekary

experiments show that a good balance between vagetnd stability is achieved when a PB conceraraof



0.5% (by weight) is used for the DG187-S4 system.afresult, our further kinetics analysis will fecon
PBO5formulations.
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Figure 5: DSC conversion and rate curves for sampdewith different PB content. Scans were performedtal0 °C/min after UV
irradiation for 15 minutes.

Finally, DSC scans were performed to obtain gleasssition related parameters of uncured and fully

cured samples which will be used to construct the Telationship using equations 2 and 3. Therpatars
are given in Table 1.

Table 1. Glass transition temperatures, heat capagi changes, and thel parameter for uncured and fully cured
epoxy-thiol mixtures.

Tgo '330C
Tyeo | 55°C

AC,o | 0.512J.gK™

ACps, | 0.335J.9K™

A 0.654




3.2 Kinetic modelling

Figures 6 and 7 show the dynamic and isothermal B&®ersion and rate profiles for sampRB05
UV15 and PB0O5 noUYV respectively. The dynamic scans hinted the chofceeaction temperatures for the
isothermal curing experiments which followed. Hegtirates were chosen as 2.5, 5, 10 and 20°€min
Isothermal temperatures were chosen as 70, 8®Q@0D°C for the irradiation scheme, and as 110, 120
and 140°C for the thermal scheme. As can be vérifean Figure 6, irradiated samples cured fairlstéa at a
given isothermal temperature and the onset temeratas lower in dynamic experiments, at any hgatin
rate. The isothermal thermograms of the irradia@ahples have the typical shape of base-catalyzeHld th
epoxy reaction, confirming the autocatalytic bebawf formed hydroxyl groups [4]. In contrast, then-
irradiated samples showed an induction period, tehorg with increasing temperature, due to the slow
thermal activation of the catalyst and the possimesence of acidic impurities. The overall reactio
mechanism is more complex in the thermally actdasamples due to the overlapping of thermal
decomposition kinetics of PB. In both schemes,dyreamic curing at higher heating rates showed aldbo
extending at higher degrees of conversion and teatyres (See the curves marke®@%C/minin Figures 6
and 7). This suggests there might be secondaryegses occurring at elevated temperatures, sucheas t
uncatalyzed thiol-epoxy curing [4]. Also note thle curing rates foPB0O5 noUVat 110°C and foPB05
UV15 at 100°C have matching shapes and peaks withasiroiiders of magnitude (about 0.05 Min
suggesting that at similar temperatures, both nusthad PB activation yield comparable kinetics, trdy
difference being the induction period of thermaiation. We verify this observation using simulthténetic

data forPB05 noUVat 100°C. Details of our simulation methods wélgresented in the next section.
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The differential isoconversional method was applisihg 1% conversion steps. Both isothermal and
nonisothermal experiments were included in theyaigin order to have a more representative sed<aflts.
The analysis was started at 1% of conversion. Enmfopnance of the differential method was extrentigh
as regression coefficients were practically unitsotighout the conversion range analyzed. The ditiiva
energy profiles of the curing of UV-irradiated andn-irradiated samples are clearly different dughi
difference in underlying curing mechanisms. Intiermal process, the thermal decomposition ofrifi@ior
takes place at the beginning as the thiol-epoxydensation kicks off, hence the higher activatioargy at
the beginning of the process. There could have ltkermal decomposition of PB in the UV-irradiated
scheme as well due to incomplete activation dutiMirradiation. In spite of the complexity of thering
process, we will show later on that the isoconweerai kinetic parameters capture appropriately gtealior

of the curing system under a wide range of isotladand nonisothermal conditions.
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Figure 8: Activation energies and regression coefficientsatculated by the isoconversional differential methd for epoxy-thiol

curing.

The full set of kinetic data was fitted to a mu#irm Kamal model by using multi-variate non-linear
regression. The conversion range that was includethe fit was 1 to 99% for each dataset. Table 2
summarizes the results of this analysis. As carsdmn, functions with different activation energaw
reaction orders were obtained reflecting the coril®f the curing process, although it should lo¢ed that
the obtained parameters have no physical intetjmataThe average error of fitting was 9.7%, whish
acceptable considering experimental uncertaintieb the fact that a significant number of isothermad

nonisothermal kinetic datasets are fitted to a phwmological kinetic model. Nevertheless, trendshim



reaction orders and activation energies are inesgeat with the isoconversional activation energibswing
that both methods (i.e. isoconversional analysid Hamal model-fitting) can be used to make curing
schedule predictions.

Table 2: Summary of the kinetic parameters obtainedfrom the fitting of the curing kinetics to the isothermal and
nonisothermal data.

PBO05 noUV PBO5 UV15
Term E (k]
Inkg (s) m n E (kJ/mol) Inky(s) m n
/mol)
1 136.91 27.05 0046 148 150.01 20.00 el 5.00
r 75.58 12.02 101.03 12.67 '
47.28 10.19 415 2.06 130.46 15.48 5.110
32.96 8.07 241 484 73.91 18.90 1.08.24
79.55 22.26 1.85 14.14 33.62 5.79 2.81 1.50

The induction period in the thermal scheme is moperly represented by any of the above methods.
Formally, the induction period is defined as thmeeiheating required to reach a fractional convarsiol%.
We determined induction paramet&t§g (x;nq)/koina) = —24.41 min andE;,,; = 88.84 kj /mol using the
methodology described in the appendix. Using thegether with the parameters obtained previouslgun
kinetic analysis, we simulated the isothermal andisothermal curing by both isoconversinal and Klama
model fitting methods and compared the results thighexperimental data. Figure 9 shows that, itesgithe
error of the kinetics analysis, both the modelrgt and the isoconversional analyses capture vl t
behavior under isothermal and nonisothermal comuti and at temperatures ranging from 110°C up to
230°C. The results also prove the validity for thethodology used for the determination of the inidnc
time-temperature. Minor discrepancies between éxgertal and simulated are due to the uncertaintyén

determination of kinetic parameters and inductiomet especially in isothermal experiments at high
temperatures.
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Figure 9: Simulation of the thermally activated epay-thiol reaction under nonisothermal and isothermé conditions using the

isoconversional and model-fitting kinetic parametes.

Reliable curing schedule predictions can be madeusaihg temperatures at and above 110°C.
Extrapolation to temperatures below 110°C mighpbssible in order to obtain reasonable estimatésvef
temperature curing or storage stability. Howeuee, multi-term Kamal model would be more reliableegi
that the terms of the model equation would charggedding on the isothermal curing temperature er th
heating program, as one would expect in a complexgss. In contrast, the isoconversional simulation

assumes the same mechanism regardless of the tgomggerogram.

The kinetics data for irradiated samples were fittgnl using the multi-term Kamal model. The figin
parameters are shown in Table 2. Again, the aativaénergies of the different terms are parallethte
isoconversional activation energies determined ipusly. The error associated with the analysis W%
which is higher than that of the thermal activatgsacess. This higher error is due to the furtlxpeemental
error introduced by irradiating samples of non-amif thickness and the increased complexity in kisedue
to the thermal activation of the remaining PB. Huere the kinetic parameters capture the overalingur
behavior (see supporting information) and thus lmarused to predict curing schedules even at exatgub

temperatures.

Storage stability is a critical feature of latenting systems. Not only the curing needs to besatsd
upon exposure to an external stimulus (i.e. he&f\otight) but also the formulation needs to befisigntly

stable after sample preparation. Extrapolating rdsults of the kinetic analysis to 30°C, we estadat



although with some extrapolation error, an inducfieriod of 3-4 weeks for tHeB05 noUV sample. In the
case of higher PB content, no such latency exigtsa slow curing process reaching completion feva
days. We studied experimentally the storage stalifi the PBO5formulation. Samples of botABO5 noUV
and PB0O5 UVwere kept in a silicone oil thermostatic bath 8@ PB05 noUV was tested weekly for 3
weeks, whereas PB05 UV15 was tested daily untiirgxj stability.

The results of the analysis are shown in Figureari11. It can be seen tliRBO5 noUWvas fairly
stable up to 3 weeks of storage. Although the satrt predicted an induction period of 3-4 weeks,
experiments revealed that no such induction epis$sibly due to a slow activation of PB at low tengtures
which is not accounted for by the simulation bagedinetic data for higher temperatures. Coupleith wie
extrapolation error, this could explain the disenegy. On the other hand, from a practical poinviefv, a

conversion of mere 9% would not be regarded axpinyein pot-life for most applications.
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Figure 10: DSC thermograms that show storage staliy of PBO5 noUV. Scanning rate was 10°C/min.

The results confirm that highly stable formulaticcmuld be obtained with PB contents lower than
0.5phr. However, if PB were to be activated onlgrthally, homogenization at elevated temperatures fo
product preparation would not be necessary anérstirage stability would be possible even witiher PB
contents.

We also analyzed the evolution of tABO5 UV15samples stored at 30°C. The results of the asalysi
are shown in Figure 11 and Table 3 in comparisah wredicted curing kinetics and @f(x) determined

using eq. 2. A good fit between the experimental predicted kinetics anfi, can be seen. Discrepancies



between experimental and simulated kinetics are tdu¢he fact that samples might contain catalytic
impurities which might have effected during storagbese effects are not accounted for in the sitioma
therefore a later expiry in storage stability igicted. However, the time for complete expiry tfrage
stability is predicted fairly accurately by the silation. Finally, the T-x relationship was represented with
high accuracy by the Venditti-Gilham equation as ba seen in Figure 11 (bottom graph). This is lzrot

indication of the viability of the curing methodgies employed in this work.
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Figure 11: Experimental and predicted fractional degree of comersion and Tg ofPB05 UV15 samples stored at 30°C.

Table 3: Evolution of PB05 UV15 samples stored at 30°C.

Time (hours)  Ahyes (J/9) x (%) T, (2C0)

6 367 8 -34
24 315 21 -23
30 216 47 -4
48 150 62 15
72 69 83 35

120 18 96 37




Both the latency of non-irradiated formulations dinel tunable reactivity of irradiated formulationake
tetraphenylborate photolatent bases highly promisis catalysts for the preparation of UV-curable or
thermally-curable one-pot formulations. A wide raraf base-catalyzed reactions could be designeti, @I
base-catalyzed Michael additions or thiol-clickaténs, and also phenol-epoxy, epoxy-anhydridepaxg-
acid reactions. The combination of UV and thermalivation makes tetraphenylborate derivatives usefu
catalysts for dual-curing formulations such as U¥able coatings where the thermal activation cakema

possible complete reaction of the coating in shamtbareas of complex parts [24].

4 Conclusions

The click nature of epoxy-thiol curing reactionoals quantitative yield of the epoxy-thiol thermoset
under mild reaction conditions. Base catalysts Hsmen shown to reduce the curing temperature tdesunb
temperatures which has been verified in this stuitjh TBD. Using a PB such as triazabicyclodecene
tetraphenylborate enables the preparation of ohdégpmulations that can be stored for several wdeksre
the final curing process. We showed that the choifcEB activation method (either by UV irradiation
thermally) dictates the reaction onset temperatung as such, could be tailored depending on thagso
and/or transportation conditions required. Withefalr adjustment of PB content and irradiation dorgt
epoxy-thiol systems could be designed with an amtmbalance of reactivity and latency/storage stgbil
Curing scenarios could be tested with high accursigg the isoconversional method and the mulinter
Kamal model fits demonstrated in this work. Theoltland epoxy monomers used in this study could be
combined with other crosslinkable monomers to desigrsatile dual-curable materials with useful

applications in fields such as coatings, adhesiaed,composites.
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Appendix

A. Differential isoconversional method

The curing kinetics were analyzed by isoconverdianathods [19]. The basic assumption of all
isoconversional methods is that the rate of a i@actin be expressed as a product of two sepdiaidéons

of the fractional degree of conversiwand the curing temperature

dx _ (A.1)
— = k(Df ()

where f(x) is the kinetic model function representing the emydng curing mechanism ankl(T) is the

Arrhenius kinetic constant given as follows

E
k = koexp(— =) (A.2)

wherek, is the pre-exponential factor of the rate constéris the activation energy, amlis the universal

gas constant.

To be able to use equation (A.1), one would nedahtov the functiorf (x), and the constanis, and
E. However, in model-free isoconversional methods #iucidation of the kinetic modgi(x) is not
necessary. The differential isconversional metheebiun this work, also known as Friedman methog2B]9
based on the linear expression obtained from timebgwtion of equations (A.1) and (A.2) and takihg t

natural logarithm of both sides.

d E )
in(57) = Inlko () - - (A-3)

For each degree of conversion, it can be showrtllesépparent isoconversional activation energptained

as

dx) (A.4)



Therefore, from eq. A.3, a plot bf(dx/dt) versusl/RT at a given conversion from experiments at differen
heating rates or isothermal temperatures will bene@ with slope—E and y-interceptin[k,f(x)]. This
analysis is usually carried out within all the cersion range at discrete and regular conversiqs sik1-2%,
so that pairs of andin[k,f (x)] values are obtained for each degree of converSioese kinetic parameters
can be used to simulate curing processes with rartdmperature programs by numerical integratioepf
A.1l. A value at 0 % conversion can be extrapolédedubsequent simulation but this might lead torsrin

situations where there is a significant inductieniqd e.g. due to the slow activation of a latextalyst.

B. Model fitting methodology

The kinetics have also been analyzed by modetditthethods. A popular model that can be used #r th
analysis of the curing kinetics various thermoggt8ystems, including the thiol-epoxy reactiorthis Kamal
model [4,26] shown in eq. A.5.

d .
== (e + ke x™ (1= )" (A-5)

However, some epoxy systems cure through compktion steps, therefore one should use a modified a
more complex model to account for the contributidrthese different reaction steps. In this work hese

used a multi-term Kamal model inspired in the medghployed by other authors [20,21] shown in e, A.

dx (A.6)
= fT) = ke + kgx™) (L= )™ + z Jex™i(1 — x)™

i=2
wherem,; andn; are the exponents of each autocatalytic funcamak; is an Arrhenius kinetic constant for
each autocatalytic process. Although one can usgheer number of terms for the Kamal model as tamait
to increase goodness of fit, we saw that no sicgmii improvement is achieved with more than 4 teithe
number of adjustable parameters is high, as itdesE; andk,; for the differentt;s and the reaction orders
m; andn; for each autocatalytic function. We used GRG Nw@dr Solving method (Microsoft Excel) to

minimize the average relative error which is gitgrthe following equation.

(A7)

Z‘ dt exp dt)calc
error =
(dt)calc

where (dx/dt)., and (dx/dt).,, are the experimentally measured, and the calcllegaction rates,
respectively, at the same degree of conversionnasig the number of calculated and measured podets u
for the fitting. Given that the fitting is performieon reaction rate with respect to conversion rathan on
conversion with respect to temperature/time, tifiecebf an induction period i.e. due to the slownation of

a latent catalyst might not be properly accounted f

C. Determination of the induction period



One can define an induction tinag,; as the time to reach a given conversigpy,, using the following
expression based on the integration of the ratatequ[19] and assuming the validity of isoconvensil

hypotheses during the induction period.

Xind dx tind Eing 1 (A.8)
Xi = —— =ky; f ex (—l'—)'dt
g( lnd) fo f(x) 0,ind o p

Whereg(x;nq) is the integral form of the kinetic model functiptx) at the induction fractional conversion
Xing» and E;,g is the activation energy corresponding to the dtidn period. The parameters
In(g(xina)/ko,ina) @aNdE;,, are assumed to be constant during the inductioincheand are determined by
numerical integration and nonlinear regressionhef above expression for a number of experimentgrund

arbitrary temperature programs. The use of eqiii@plicit in the methods used by other authoig.[2

Under isothermal conditions, a more simplified @nf eq. A.8 can be used

g(xind)> + Eind . 1 (A,Q)

Int;g =ln< R T

ko,ind
where it can be seen that the parameters are ebitaimply by regression af ¢;,,; with respect td~1 under

different isothermal conditions.

Under constant heating rate experiments, one c&e mse of the approximation of the temperature

integral as:

9Xina) 1 Eing (A.10)
= A p(»)
kO,ind :8 R

wheref is the heating ratey = E;,,q/R - Ting, Ting 1S the temperature at the defined induction foanzi
conversion, andp(y) is an approximation of the temperature integrak, instance the Senum-Yang

approximation [28,29].

A determination of In(g(xing)/koina) andE, from both isothermal and constant heating rate
experiments can therefore be made by nonlineaessgm techniques, making use of simplified exjpoass
A.9 for isothermal experiments and A.10 for dynaexperiments, rather than numerical integratior &.
Likewise, the induction time for isothermal temgaras or constant heating rates can be determirzéghm
use of the same expressions. Once the inductioadpisrover, the simulation can be carried outegitlsing
eq. A.l starting fromx;,; and the isoconversional pairs Bf and In[k,f(x)] values obtained from the
differential isoconversional analysis. Or else $iraulation can be performed by numerical integratb eq.
A.6. using the adjusted parameters. The choiceg,gf may be somewhat arbitrary and depend on the shape

of the conversion curves and the accuracy of tipemxental data.



LATENT CURING OF EPOXY-THIOL THERMOSETS

HIGHLIGHTS
«  Photobase can be activated by UV light or heat to start epoxy-thiol curing
e Curing at near-ambient conditionsis possible with UV activation
*  Several weeks of pot-lifeis achievable without compromising good curing rates

e Curing kinetics are comparabl e regardless of photobase activation method



