Accepted Manuscript

polymer

Sequential curing of thiol-acetoacetate-acrylate thermosets by latent Michael addition : ol
reactions

Ali Osman Konuray, Freddy Liendo, Xavier Fernandez-Francos, Angels Serra, Marco
Sangermano, Xavier Ramis

PII: S0032-3861(17)30213-6
DOI: 10.1016/j.polymer.2017.02.072
Reference: JPOL 19473

To appearin:  Polymer

Received Date: 20 January 2017
Revised Date: 21 February 2017
Accepted Date: 22 February 2017

Please cite this article as: Konuray AO, Liendo F, Fernandez-Francos X, Serra E, Sangermano M,
Ramis X, Sequential curing of thiol-acetoacetate-acrylate thermosets by latent Michael addition
reactions, Polymer (2017), doi: 10.1016/j.polymer.2017.02.072.

This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to

our customers we are providing this early version of the manuscript. The manuscript will undergo
copyediting, typesetting, and review of the resulting proof before it is published in its final form. Please
note that during the production process errors may be discovered which could affect the content, and all
legal disclaimers that apply to the journal pertain.


http://dx.doi.org/10.1016/j.polymer.2017.02.072

Graphical Abstract

Final majerial

1 —
: : N\ light off
c Stable intermediate 9
s 98] 5N - STAGE 2
g v ° ACETOACETATE-ACRYLATE
é 0.6 - ? ° °. MICHAELADDITION
o
8 A ~— Jightoff \heatto 80°C
= 04 4 A lighton
©
=, STAGE 1
o THIOL-ACRYLATE
< 0.2 1 MICHAEL ADDITION
lighton
0 - / T T T T T 1
5 10 15 20 25 30 35
Stable monomers Time (min)



Sequential Curing of Thiol-Acetoacetate-Acrylate Thermosets by latent

Michael Addition Reactions

Ali Osman Konuray. Freddy Liendd Xavier Fernandez-Franc8#\ngels Serrd,Marco

Sangermand Xavier Rami&”
% Thermodynamics Laboratory, ETSEIB Universitat fwoihica de Catalunya, Av.
Diagonal 647, 08028, Barcelona, Spain

® Department of Analytical and Organic Chemistry,iténsitat Rovira i Virgili, C/

Marcel-li Domingo s/n, 43007, Tarragona, Spain.

¢ Dept. of Material Science and Chemical Enginegrifgjitecnico di Torino, C.so Duca

degli Abruzzi 24, 10129 Torino, Italy

* Corresponding author: Tel.: +34 934016592; fax@4+934017389

E-mail addressramis@mmt.upc.edu



Abstract

Thiol-acetoacetate-acrylate ternary dual-curingrtitesets were prepared by a sequential
process consisting of thiol-Michael addition toydates at room temperature followed by
Michael addition of acetoacetates to acrylates aderately elevated temperature. The
curing sequence can be controlled with the helthefdifferent acidities of the protons
on thiol and acetoacetate groups, the favorpkke of the base used as catalyst and the
self-limiting character of Michael additions. Thatdncy of the curing steps can be
regulated by selection of the right catalysts, terapure and curing conditions. The
properties of the intermediate and final matercals be tuned by changing the structure

of the monomers and the contribution of both Midlaakglition reactions.
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1. Introduction

Dual-step curing systems that involve two conttibaand sequentialick reactions
are of great interest because they provide easiighle polymer networks that can be
exploited in current and novel multi-stage techgalal applications [1].

A dual curing scheme involving thiol-acrylate Mighaaddition followed by a
second curing reaction was first employed by Birmitial. [2] to carry out spherically
propagating polymerizations. Recently, sequential ccuring procedures based on a
single reaction mechanism but featuring monomerth wiifferent reactivity were
developed [3-5]. In a recent study, nucleophilelyaed thiol-Michael addition was used
to carry out sequential curing of vinyl sulfoneslatrylates, where vinyl sulfones react
selectively with thiols [3]. In a different pape¥][ a mixture of two multifunctional thiols
of different reactivity, an acrylate and a vinyllfene, were cured sequentially in
consecutive steps at 22°C (first stage of curing) @0°C (second stage of curing). In
addition, the existence of two distinct networksl ® a material with triple shape
memory behaviour [4]. Bowmaet al.[6] developed a new dual curing process based on
sequential activation of thiol-acrylate and thioktmacrylate reactions using a tertiary
amine catalyst for the first stage and a photocaggetrbase for the second stage. The
use of photobase generators is a good strategpdiore selectivity and latency but a
radical inhibitor might be necessary in some c@skes

In this study, we developed a novel methodologgeafuential dual curing, based on
two base-catalyzed Michael additions. The first thiol-Michael addition between thiol
and acrylate groups (stage 1) and the second ischa®l addition of acetoacetate to
acrylate groups (stage 2). Depending on the catalysionomers and
thiol/acetoacetate/acrylate ratio, the stabilityige before both curing stages and the
properties of the materials can be tuned. The gpatiion of acrylate monomers in both

stages of curing assures the covalent linkage legtwee two thermosetting networks.
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2. Materials and methods

2. 1. Materials

All chemicals and reagents were purchased from &igidrich and used as
received unless noted otherwise. As Michael dorotsifunctional thiol crosslinker,
trimethylolpropane tris(3-mercaptopropionalt4)=398.56 g/mol (hereafter referred to as
S3) PKa=9.3) [8], and a tetrafunctional acetoacetate ssimoker diethyl 3-
oxopentanedionate!,,=202,20 g/mol (hereafter referred to as ApKd,:=12, pKa,,=13)

[9], were used. A difunctional 1,6-hexanediol didate M,,=226.3 g/mol (HDDA) and a
trifunctional trimethylolpropane triacrylate (TMPJAvere used as acrylate monomers
(Michael acceptors).

Bases of different basicitypKka values) were used as catalytic systems: 1,5-
diazabicycle[4.3.0]non-5-ene (DBNpKa=13.5)[8], 4-(N,N-dimethylamino) pyridine
(DMAP) (pKa=9.2) [10], 1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBDpK@=15) [11].
1,5,7-triazabicyclo[4.4.0]dec-5-enyltetraphenyltiera(TBD-HBPh) (pKa=15) [11],
synthesized as reported in the literature [12,08k also used as a photobase generator.
Isopropylthioxanthone (ITX) was used as a photaseeas and 2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPO) as a radiaahibitor in formulations containing
TBD-HBPh,. Figure 1 shows the chemical structure of the compounds asedthe

photo-generation of TBD from TBD-HBPAhs it is described by St al. [12].

2.2. Sample preparation
The catalyst was added to thiol and stirred mechdy until the mixture became
clear at room temperature. Then acetoacetate agldhtecwere added in respective order

to the aforementioned mixture followed by quickrrétig and immediate analysis or



sample preparationin formulations containing TBD-HBRhITX and TEMPO were
added before the addition of acetoacetate and aeryDifferent formulations were
prepared and coded as S3:AC:HDDA x:y:z or S3:AC:TMPX:y:z where x,y, and z
stand for molar equivalents of thiols, acetoacetgtirogens, and acrylate double bonds,
respectively. Catalysts, ITX and TEMPO were addedyarts per hundred (%) with
respect to the total mass of mixture.

For proof of concept studies, three stoichiome®3cAC:HDDA 1:1:2 formulations
were prepared by adding: a) 0,5% DBN, b) 0,2% DMAR% TBD-HBPh + 1% ITX +
1% TEMPO and c) 2% TBD-HBRR 1% ITX + 1% TEMPO.

For the preparation of samples with tailor-madepprbes, S3:AC:TMPTA x:y:z
formulations of different compositions were prepghby adding the minimum amount of
DBN necessary to reach near complete curing. Fuliyred samples for
dynamomechanical, calorimetric and thermal analy&isee prepared in a steel mold by
isothermal dual curing in an oven at 30°C for 2redthiol-Michael addition) followed
by 12 hours at 80°C (acetoacetate acrylate Micaddition) and then postcured for 30

min at 200°C.

2.3. Real-time conversion

A Brucker Vertex 70 FTIR spectrometer equipped withattenuated total refection
(ATR) accessory (Golden gateTM, Specac Ltd.) wisctemperature controlled (heated
single-reflection diamond ATR crystal) was usedntonitor the evolution of acrylate
groups during isothermal dual curing of the mixtua¢ 30°C and 80°C. Real-time spectra
were collected at 30°C or 80°C in absorbance madtte avresolution of 4 cthand a
wavelength range from 400 to 4000 tmaveraging 20 scans for each spectrum. A
Hamamatsu Lightningcure LC5 (Hg-Xe lamp) with oreaim conveniently adapted to

ATR accessory was used to irradiate the formulati@atalyzed with photobase



generator. The irradiation intensity was 17 mW/qmeasured at 365 nm). Formulations
containing TBD-HBPHITX/TEMPO were irradiated during both stages ofrimg,
whereas formulations containing DMAP/TBD-HBR®RX/TEMPO were irradiated only
during stage 2. A wire-wound rod was used to s&traple thickness of 3&m.

The spectra were normalized using the area ofdhigonyl ester group at 1720 ¢m
The band at 1407 ci(band of the Chiscissor deformation modg)4] was used for the
monitoring of acrylate groups and the conversiorthafse groups was determined by
using the equation

A.
1 - I1407 t (1)

1407,0

a

acrylate —

where A,,, is the normalized area of the acrylate bands, thedsubscripts and O

indicate the time t of spectra collection and alitime, respectively. The absorbance
peak 2560 cfwas used to confirm qualitatively the completevarion of thiol groups
after stage 1 [4]. The low intensity of this band, combination with the lower
penetration depth at higher wavenumbers in ATR/F$pectroscopy, does not allow

quantitative monitoring of thiol consumption.

2.4. Differential scanning calorimetry (DSC)

Calorimetric analyses were carried out on a MelIBC-822e thermal analyser. The
calorimeter was calibrated using an indium stand@eht flow calibration) and an
indium-zinc standard (temperature calibration).

Samples of approximately 10 mg were placed in alivm pans with pierced lids
and isothermally cured in the oven or in the FTHReaplained in sections 2.2 and 2.3.
The glass transition temperatur@gs) of the obtained materials after both stage ahgu
were determined, by means of a scan at 10 °C/malerunitrogen atmosphere, as the

temperature of the half-way point of the jump i theat capacity when the material
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changed from glassy to the rubbery state and tioe isrestimated to be approximately

1°C.
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Figure 1. (a) Chemical structures of the compounds usedisnstindy. (b) Photo-generation of TBD from
TBD-HBPHh,.

2.5. Latency test

The latency tests were performed for S3:AC:HDDA:A..thixtures. After stage 1,
samples were stored in a freezer and in an oveardtolled temperatures of -15 °C and
30°C, respectivelyTy's at different times of storage were measured byC,D8&s

explained in section 2.4, as an indirect way of sneiag the conversion.



2.6. Gelation

A thermo-mechanical analyzer Mettler TMA SDTA840smased to determine the
gel point during thiol-Michael addition (stage by S3:AC: TMPTA x:y:z formulations.

A silanized glass fiber disc about 5 mm in diametas impregnated with the liquid
formulation and sandwiched between two aluminiuscsli The sample was placed at
30°C and subjected to an oscillatory force from0B8.@ 0.01 N with an oscillation
frequency of 0.083 Hz. The gel time was taken a&s dhset in the decrease of the
oscillation amplitude measured by the probe. Thesewsion of acrylate groups at the gel
point, agel, Was determined as the conversion reached in ETtRe gel time.

The theoretical conversion of acrylate groups & g¢jel point,aqe, during thiol-
Michael reaction (stage 1) was calculated assundegl random step-wise reaction,

using the well-known Flory-Stockmayer equation [[I3:

atheor - 1 (2)

o (f-1)(g-1)

wherer is the acrylate:thiol equivalent ratibthe thiol functionality andy the acrylate

functionality. For the formulations containing S3daTMPTA, f andg are both equal to

3.

2.7. Dynamic mechanical analysis (DMA)

Fully cured materials were analyzed using a TArimsents DMA Q800 device.
Prismatic rectangular samples (ca. 1 x 13 x 20®mmere analyzed by DMA using a
single cantilever clamp at a frequency of 1 Hz ari% strain at 3 °C/min from -50 to

150°C.



2.8. Thermogravimetric analysis (TGA)

Thermogravimetric analysis was carried out with Mettler TGA/SDTA
851e/LF/1100 thermobalance. Fully cured samplebl ait approximate mass of 10 mg
were thermally degraded between 30 and 800°C aatinig rate of 10 °C/min in a

nitrogen atmosphere (50 &min measured under normal conditions).

3. Results and discussion

S3:AC:HDDA 1:1:2 formulations were chosen to demiats the potential of the
proposed methodology for the preparation of a rewilfy of thiol-acetoacetate-acrylate
dual-curing thermosets, based on two sequentialsaifdimiting base-catalyzed latent
Michael addition reactions (proof of concept).

The selection of the catalysts, DMAP, DBN, TBD/TBIBPh, (in increasing order
of basicity) was made according to the acidityled protons on thiol and acetoacetate
groups and th@Ka values of thiol, acetoacetate and bases. TBDHi&Pa photobase
generator capable of in situ generating TBD bydiaaon igure 1b), that was selected
as latent strong base. Release of TBD is facidtateirradiation when desired.

The kinetic of Michael-addition reaction dependstba concentration of acrylate
and also on the concentration of thiolate and ¢ea@aions, formed by the deprotonation
of thiols or acetoacetates, respectively. Accordmgheir pKa values, S3 should react
faster than AC, and DBN and TBD should be able ¢prdtonate both the S3 and
acetoacetate, whereas DMAP would only deproton8teASpreliminary kinetic study
revealed that the reaction of AC with HDDA did make place at 30°C within two hours
with any of the catalysts tested. At 80°C, AC:HDBgxmulations reacted completely
when DBN and TBD were used, but when DMAP was ukedjulations barely reacted
even after long reaction times. S3:HDDA mixtureacted completely with all the

catalysts at 30°C, but the reaction, dependinghercatalyst concentration, was very fast
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with DBN and TBD, leading to significant polymerin and heating of the sample
during preparation, making subsequent analysisantwal. Stoichiometric AC:HDDA
and S3:HDDA formulations containing 2% (w/w) of TBBBPh,and 1% (w/w) of ITX
reacted completely after UV-irradition with a Hamatsu Lightning Cure LC5 (Hg-Xe)
lamp and 17 mW/cfintensity for 10 minutes at 30°C and 80°C, respelgt Acrylate
homopolymerization took place in formulations with excess of acrylate groups due to
the formation of radicals during irradiation [7,18his could be avoided by using 1 %
(w/w) TEMPO [7] as a radical scavenger and by limgtirradiation time and intensity.
Considering these preliminary results, S3:AC:HDDAL:2 formulations were
prepared using the following catalytic systemsD&N, b) TBD-HBPR/ITX/ TEMPO
and c¢) DMAP/TBD-HBPHITX/TEMPO. These formulations were sequentiallyrezli
(seeFigure 2) starting from a temperature of 30°C for staged 80°C for stage 2 using

the following three procedures:
a) Selective thermal activation of both stages ustnong base catalyst, DBN.

b) Selective thermal and UV-activation of both stagesng a strong photobase

generator, TBD-HBPh

c) Selective thermal activation of both stages using tveak base DMAP and

TBD-HBPRh/UV irradiation for the first and second stage pexgively.
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Figure 2. Schematic representation of the new dual-curirgcgdure. Red, blue and green circles are
HDDA, S3 and AC monomers, respectively. Triggeah be T=30°C or/and UV-irradiation. Trigger 2 can
be T=80°C or/fand UV-irradiation. Stage 1 is badelgaed thiol-Michael addition and stage 2 is
acetoacetate-acrylate Michael addition reaction.

Figure 3 shows, the evolution of acrylate conversion durbah curing stages,
determined Dbyin-situ FTIR/ATR monitoring, for the S3/AC/HDDA formulatien
studied It can be observed that, for all procedures, aglaer conversion of about 50%
and 100% is reached at the end of stages 1 anes@ectively. Although it was not
possible to monitor the conversion of thiol growpish precision, FTIR/ATR spectra
after stage 1 confirmed, albeit qualitatively, th#itthiol groups were consumed. These
results illustrate the sequential character of ¢heng process and the self-limiting
character of thiol-Michael addition

In the formulation with 0.5% of DBN, stage 1 wagywéast, whereas stage 2 was
slower and a conversion plateau was reachedhiigsthesized that the amount of DBN
was not enough to deprotonate completely the selgdicbgen of AC, but increasing the
amount of DBN is not recommended due to the higictreity of the thiol-Michael
reaction. Nevertheless, complete acrylate convergias achieved by postcuring at 80
°C for 12 hours or at 200°C for 30 min.

A more controlled system was obtained with DMAP diD-HBPh/ITX/TEMPO.
stage 1 was slower due to lower basic charactdMAP. This system had a higher

stability after stage 1, because acetoacetateaderiichael addition does not take place
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in the presence of DMAP at 30°C. stage 2 was tedi@nly when the sample was UV-
irradiated and heated up to 80°C and was compiedpproximately five minutes.

The formulation containing TBD-HBBRMTX/TEMPO showed the most latent
character, since no reaction started until the &amas irradiated. Moreover, stages 1
and 2, were completed in 4.5 and 1.5 min, respelgtivit was necessary to limit
irradiation during stage 1 to prevent free-radit@nopolymerization of excess acrylates,
even in the presence of TEMPO. Acetoacetate-aerydaidition required more base

catalyst than thiol-Michael addition, making it Besary to be irradiated again during

stage 2.
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Figure 3. Acrylate conversion plots for the three dual-curfprgcedures, developed for S3:AC:HDDA
1:1:2 formulations. Reaction was started at 30%Cwinen stage 1 is complete reaction mixture watelea
up to 80°C. Samples containing TBD-HBIPAX/TEMPO and DMAP/TBD-HBPRITX/TEMPO were
irradiated with 17 mW/cfusing a Hamamatsu Lightning Cure LC5 (Hg-Xe) lamipe blue hollow
circles correspond to postcuring at 200 °C for 38utes and therefore the time scale is 110 min{(88s

min + 30 min).
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The glass transition temperatures of the interntediad final materials, obtained for
the three dual-curing procedures, were almost ic&ntregardless of the catalyst used,
with values averaging -70°C and -25°C after stagmsd 2, respectively.

Storage stability after stage 1 was studied byrrakiry. Ty was measured to monitor
the degree of curing, after prolonged storage atarid 30°C, as seen kigure 4. All
formulations stored at -15°C showed extremely Hagkncy, maintaining constafy
during storage. When 2% of TBD-HBPtvas used, the material was stable at 30°C,
because the acetoacetate-acrylate reaction reqgexted UV exposure. Mixtures with
DBN or DMAP/TBD-HBPh showed an increase Ty after two hours of storage at 30°C,
until they reached a plateau. Formulations contgironly DMAP showed the same
behavior as DMAP/TBD-HBRHhormulations. The activity of DBN can be ratiozaid
on the basis of its higbKa, which makes it possible to abstract the ficstlia proton on
the acetoacetate but not the second one. The urtedpactivity of DMAP can be
explained in terms of nucleophile-initiated aniomicain mechanism, similar to that
proposed by Hoyle et al. [8,19]. In our system, fitecess could be initiated by
nucleophilic attack of DMAP at thgcarbon of the acrylate C=C bond to give a strong
enolate anion capable of abstracting the aciditoprof acetoacetate.

Having established these dual-cure procedures avitbntrolled curing sequence, we
prepared and characterized a new family of seqalenhiol-Michael/acetoacetate-
acrylate Michael materials with a broad range ofpprties after both stages of curing, by
replacing bifunctional HDDA with a trifunctional gdate, trimethylolpropane triacrylate
(TMPTA). Mixtures of S3:AC:TMPTA in different molaratios and using DBN as
catalyst were cured for 2 hours at 30°C (thiol-Miehaddition) followed by 12 hours at
80°C (acetoacetate-acrylate Michael addition) doah tpostcured for 30 min at 200°C.
The amount of DBN used was the minimum requiredathieve near complete

conversion at the end of both curing stages, wdtildhe same time making it possible to
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facilitate sample preparation and ensure homogeratitthe beginning of the curing
process. Photocured thick samples were not prefdarednalysis because of the high
amount of UV-irradiation is necessary and the insgmbty of achieving homogeneous
activation within all parts of the sample. DMAP wsedected for the determination of gel
point conversion because of the slower reactios, nataking it easier to prepare the
samples and analyze them. DBN and TBD could noused because gelation was
reached quickly during TMA stabilizationTable 1 shows the composition of
formulations studied and results relevant to reackinetics and thermal characteristics

at both curing stages..

T 05-25°C

00,2%DMAP + 2% TBD-HBPh4 T=-15°C
W 0,2%DMAP + 2% TBD-HBPh4 T=30°C
0 2% TBD-HBPh4 T=-15°C

-35 -+ @ 2% TBD-HBPh4 T=30°C

A 0,5% DBN T=-15°C

A 0,5% DBN T=30°C

~ _—n
O
o
~ A
l_G)
— 7
45
O
T, @a5-70°C
'75 T T T T
0 100 200 300 400 500

Storage time (hours)

Figure 4. Glass transition temperatures at 10°C/min of tfferéint formulations as function of storage
time after stage 1 which was performed under theeseonditions of Figure 3. Fin&}, after stage 2 are

shown as dashed lines.
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Table 1. Composition of S3:AC:TMPTA formulations used inghwork. Acrylate conversions and glass transitempgeratures after stage 1 and stage 2. Theoratichl

experimental conversions at gelation. Thermal digjfan data of the materials.

Stage 1 Stage 2
Formulation® DBN®  S3 AC TMPTA Acrylate WS ad ghere Acrylate  Tg®  Tso'
(phr)  (Wt%)  (Wt%) (Wt%) conv. (%) (°C) (%) (%) conv. (%) (°C)  (°C)
S3:AC:TMPTA1:0:1 0.1 57.4 0.0 42.6 ~100 -13 54 50 ~100 13 356
S3:AC:TMPTA3:1:4 0.2 47.2 6.0 46.8 ~75 -19 47 43 97 0 348
S3:AC:TMPTA1:1:2 0.4 349 133 51.8 ~50 -39 43 35 94 17 322
S3:AC:TMPTA1:3:4 075 196 223 58.1 ~25 54 get 25 92 43 308
S3:AC:TMPTA 0:1:1 2 0.0 33.9 66.1 ~0 -78 - - 95 83 259

@ Composition in molar ratio of SH:acetoacetate gmetacrylate double bondSDBN added in parts per hundred (phr) of the tataight of monomers’ Glass transition
temperatures determined by DSC at 10°C/fhixperimental conversions of acrylate groups atgislepoint, calculated as the conversions reachdTiR at the gel times
determined by TMA, using 0.2 phr of DMAP instead@BN in all formulations? Theoretical conversions of acrylate groups atgékepoint calculated assuming ideal
random step-wise reactionTemperature at 5% weight loss determined by thgranametric analysis at 10°C/min in nitrogen atniese.

15



From Table 1, it can be observed that both curing stages pthaean orthogonal
fashion reaching near-complete conversions. Incetaginal acrylate conversion can be
explained by the lower reactivity of the secondteaeetate hydrogen and by topological
restrictions due to the high functionality and lequivalent weight of both TMPTA and
AC, leading to a strongly hindered network struetuirheTy after thiol-Michael addition
decreases with increasing AC content, due to thstiplzing effect of the acetoacetates
and acrylates in excess. On the contrary, by isangathe content of AC, a significant
increase inly after stage 2 is observed, related with the hifinectionality and rigidity
of AC in comparison with S3. For all formulatiors,significant increase ity takes
place after completion of stage 2 due to the reaadf acrylate and acetoacetato groups
remaining after stage 1, leading to a significactease in crosslinking.

The effect of acrylate structure can be demonsirbtecomparing S3:AC:TMPTA
1:1:2 (Table 1) and S3:AC:HDDA 1:1:2 (proof of concept) materiads it is expected,
the Ty increases from -70°C to -39°C (stage 1) and fratte 17°C (stage 2) when
flexible HDDA with a functionality of 2 is replacely less flexible TMPTA with a
functionality of 3, leading to more densely crasiséid networks.

Figure 5 compares the taband storage modulus of S3:AC: TMPTA final materials
In agreement withlTy's shown inTable 1, the relaxation curves are shifted towards
higher temperatures with increasing AC content. bteadth of the tad peaks and the
storage moduli at the relaxed state also increaserdingly, as commonly observed in
thermosets with increasing crosslinking densityisTWas expected given the higher
functionality and lower molecular weight of AC coarpd to S3. The shape of the &an
becomes also somewhat bimodal with increasing AQtert, suggesting some

heterogeneity in the network structure of AC-TMPii&work.
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Gelation during thiol-Michael reaction was studledisothermal FTIR/TMA combined
experiments at 30°C for S3:AC:TMPTA formulationsngs0.2% by weight of DMAP as

catalyst and the results are summarizedTable 1. The theoretical conversion at

theor

gelation, a,*, and the experimental ones,.’, follow the same trend, increasing with

the S3 content, bur®? is higher tharna™*. S3:AC:TMPTA 1:3:4 should have gelled at

gel gel
complete thiol conversion but did not. Intramolecubop formation causing a delay in
gelation could explain these discrepancies [20plzserved in off-stoichiometric thiol-

epoxy formulations using S3 as thiol crosslinkel][2

1 10000
—S3:AC:TMPTA 1:0:1
—S3:AC:TMPTA 3:1:4
—S3:AC:TMPTA 1:1:2
0.8 + — S3:AC:TMPTA 1:3:4
— S3:AC:TMPTA 0:1:1 L 1000
0.6 —~
o &
S 100 =
= _
0.4 + (1]
- 10
0.2 +
O T T 1 l
-50 0 50 100 150

Temperature (°C)

Figure 5. Storage moduli and tad curves as functions of temperature of dual cur8BdAS:TMPTA

formulations using DBN as catalyst.

The thermal stability of the thermosets was studigdhermogravimetric analysis.
Table 1 shows that AC-rich materials degrade at lower &naures possibly due to the
loss of ethylene formed bf-elimination process of ethoxycarbonyl groups capfiom

the acetoacetates.
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4. Conclusions

Three novel strategies for preparing a new familyhal-acetoacetate-acrylate dual-
curing thermosets, based on two sequential andlisdling base-catalyzed Michael
addition reactions, have been developed.

The curing sequence and the latency of the formaumatat the beginning of both
stages of curing can be overseen with the choiceatdlysts, temperature and curing
methodology.

Formulations containing a photobase generator seguliwhen latency is necessary
and for UV cured coatings. Strong bases, such all,fan be used in applications
where latency is not necessary, UV-irradiation @ available or thick parts are to be
produced.

The resulting materials exhibit a wide array ofgadies depending on the relative
contribution of the thiol-Michael and acetoacetateylate Michael reactions and on the
structure of the monomers, making them custom+tle and adaptable to a wide array

of processing and application requirements.
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Highlights
A new dual-curing procedure for thiol/acetoacetate/acrylate mixturesis proposed.
Acetoacetate-acrylate and thiol-acrylate Michael additions are the curing stages.
A photobase generator can be used when high latency is necessary.

By changing the contribution of each curing stage, properties can be tuned



