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[(EtOH)NH;][NOs] — azotan etanoloamoniowy

[DCA] - anion dicyjanoamidowy

[EMIM] [BF,4] — tetrafluoroboran 1-etylo-3-metyloimidazoliowy
[EMIM] [DCA] - dicyjanoamid 1-etylo-3-metyloimidazoliowy
[EtNH3][NO;s] — azotan etyloamoniowy

[NTf,] — anion bis(trifluorometanosulfonylo)imidkowy

[OTf] - anion trifluorometanosulfonowy

AgDCA - dicyjanoamid srebra

APB - Autonomiczne Platformy Bezzatogowe

CAGR - roczny skumulowany wskaznik wzrostu, ang. Compound Annual Growth
Rate

CO, - dwutlenek wegla, ang. carbon dioxide

DABCO - 1,4-diazabicyklo[2.2.2]oktan

DCM —dichlorometan

DMA - dynamiczna analiza mechaniczna, ang. Dynamic Mechanical Analysis
DMSO - dimetylosulfotlenek

DSSC - ogniwo stoneczne uczulane barwnikiem, ang. Dye-Sensitized Solar Cell
EtOAc - octan etylu

HB - klasa palnosci, ang. Horizontal Burning

HDT - temperatura ugiecia pod obcigzeniem, ang. Heat Deflection Temperature
ILs — ciecze jonowe, ang. lonic Liquids

IR — promieniowanie podczerwone, ang. Infrared

LCA - analiza cyklu zycia, ang. Life Cycle Analysis

LiNTf, — bis(trifluorometanosulfonylo)imidek litu

LOI - graniczny indeks tlenowy, ang. Limiting Oxygen Index

MDG - Milenijne Cele Rozwoju, ang. Millennium Development Goals

MeOH - metanol
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MLC - kalorymetria stozkowa utraty masy, ang. Mass Loss Cone test lub Mass Loss
Calorimetry

MULTIKOMP - akronim projektu “Innowacyjne, wielofunkcjonalne uktady
kompozytowe z przeznaczeniem na elementy konstrukcyjne autonomicznych
platform bezzatogowych

ONZ - Organizacja Narodéw Zjednoczonych

PANI - polianilina

pHHR - szczyt szybkosci wydzielania ciepta, ang. peak of heat release rate
phr—czesci na sto czesci zywicy, ang. parts per hundred resin

PILs — protonowane ciecze jonowe, ang. Protic lonic Liquids

PVD -fizyczne osadzanie z fazy gazowej, ang. Physical Vapour Deposition

RT - temperatura pokojowa, ang. Room Temperature

SDG - Cele Zréwnowazonego Rozwoju, ang. Sustainable Development Goals
SEM - skaningowa mikroskopia elektronowa, ang. Scanning Electron Microscopy
SILP — materiaty typu SILP, ang. Supported lonic Liquid Phase

Ts«, — temperatura odpowiadajgca 5% utraty masy probki

Tso%— temperatura odpowiadajgca 50% utraty masy probki
Tenaset — temperatura konca polimeryzacji

Ts—temperatura zeszklenia

Tmax — SZCzYt temperaturowy

Tonset — temperatura poczatku polimeryzacji

UL-94 —test poziomego spalania

UV - promieniowanie ultrafiolitewe, ang. Ultraviolet Radiation
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Niniejsza rozprawa doktorska koncentruje sie na syntezie, charakterystyce oraz
zastosowaniu cieczy jonowych i ich mieszanin jako wielofunkcyjnych modyfikatoréw i
utwardzaczy dla zywic epoksydowych oraz kompozytéw wzmocnionych wtéknami. Praca
sktada sie z dwdéch gtéwnych czesci: teoretycznej analizy oraz przewodnika po cyklu
siedmiu publikacji naukowych, ktére szczegétowo opisujg badania nad nowymi
formulacjami cieczy jonowych oraz ich wptywem na wtasciwosci badanych materiatéw
kompozytowych.

W czesci teoretycznej przedstawiono szczegdtowy przeglad literatury dotyczacej
historii cieczy jonowych, poczynajac od syntezy pierwszych zwigzkéw przez Paula
Waldena, az po wspodtczesne badania nad ich wtasciwosciami i zastosowaniami.
Omowiono klasyfikacje cieczy jonowych oraz ich unikalne wtasciwosci fizykochemiczne,
takie jak niska preznosé par, niepalnos¢, szerokie okno elektrochemiczne, wysoka
stabilnos¢ termiczna oraz przewodnictwo elektryczne. Szczegélng uwage poswiecono
wtasciwosciom cieczy jonowych w potaczeniu z zywicami epoksydowymi.

W czesci stanowigcej przewodnik po cyklu publikacji skupiono sie na przytoczeniu
najwazniejszych wynikéw otrzymanych podczas badan, dzielac je na trzy rozdziaty: (i)
synteze cieczy jonowych, (ii) proces polimeryzacji zywicy epoksydowej oraz (iii)
wtasciwosci struktur kompozytowych. Pierwsza praca [A1] byta poswiecona cieczom
jonowym na bazie bicyklicznej aminy, 1,4-diazabicyklo[2.2.2]oktanu, oraz badaniom nad
mozliwosciami zastosowania otrzymanych, nowych zwigzkéw z zywicami
epoksydowymi, z naciskiem na inicjowanie procesu utwardzania i poprawe wtasciwosci
utwardzonej zywicy. Druga publikacja [A2] przedstawiata synteze nowych cieczy
jonowych na bazie heksametylenotetraminy, ktére zostaty uzyte do opracowania
systemoéw utwardzajgcych z glikolem etylenowym, wykazujgc wysoka aktywnosé¢ tych
cieczy w procesach sieciowania. Trzecia praca [A3] opisywata synteze i przygotowanie
formulacji modyfikujacych opartych na cieczach jonowych, bedacych pochodnymi
aniliny, oraz ich wptyw na wtasciwosci zywic epoksydowych, podkreslajgc efektywnosé
omawianych cieczy jonowych w procesach utwardzania, jak réwniez wtasciwosci
mechaniczne kompozytéw wzmacnianych wtdéknami. Czwarta publikacja [A4] z cyklu
dotyczyta opracowania nowych systeméw modyfikujgcych, wykorzystujgcych ciecze
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jonowe do zmiany wtasciwosci zywic epoksydowych i kompozytéw. Przeprowadzono
testy termiczne, mechaniczne i odpornosci ogniowej, wykazujgc, ze prawidtowo
zaprojektowane ciecze jonowe mogg petnié wiele funkcji w materiale kompozytowym. W
pigtym artykule [A5] badano mieszaniny cieczy jonowych z anionem dicyjanoamidowym
jako srodki utwardzajgce i modyfikujgce kompozyty epoksydowe wzmacniane wtdoknem
lnianym, co znaczgco wptyneto na wtasciwosci termiczne i mechaniczne tych
kompozytéw. Szdsta publikacja cyklu [A6] wprowadzita materiaty SILP jako nos$niki
wypetnienia krzemionkowego i utwardzacze dla kompozytéw epoksydowych
wzmocnionych wtéknem weglowym i lnianym, poprawiajgc parametry uzytkowe
materiatdw. Siddmy artykut cyklu [A7] skupit sie na zastosowaniu celulozy rozpuszczonej
w cieczach jonowych jako wypetniacza generowanego in situ w biokompozytach
epoksydowych, co badano pod katem wptywu na proces utwardzania oraz wtasciwosci
mechaniczne koncowych materiatow.

Badania wykazaty, ze ciecze jonowe sg wszechstronnymi i efektywnymi
modyfikatorami zywic epoksydowych oraz kompozytéw. Ich zastosowanie umozliwia
kontrolowane procesy sieciowania, poprawe wtasciwosci mechanicznych, termicznych
oraz polepszenie odpornosci ogniowej. Wyniki te otwierajg nowe mozliwosci w dziedzinie
materiatdw kompozytowych, umozliwiajgc lepsze zrozumienie dziatania cieczy jonowych
oraz dostarczajgc wiedze o doborze optymalnych struktur tych zwigzkéw pod katem
pozadanych cech zaréwno procesu sieciowania, jak i wtasciwosci koncowych
kompozytow.
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This doctoral dissertation focuses on the synthesis, characterization, and
application of ionic liquids and their mixtures as multifunctional modifiers and hardeners
for epoxy resins and fiber-reinforced composites. The work consists of two main parts: a
theoretical analysis and a guide to a series of seven scientific publications that detail the
research on new formulations of ionic liquids and their impact on the properties of
composite materials.

In the theoretical part, a detailed literature review is presented, covering the
history of ionic liquids from the synthesis of the first compounds by Paul Walden to
contemporary research on their properties and applications. The classification of ionic
liguids and their unique physicochemical properties, such as low vapor pressure, hon-
flammability, wide electrochemical window, high thermal stability, and electrical
conductivity, are discussed. A section of the chapter is also dedicated to the properties
of ionic liquids in combination with epoxy resins.

The guide to the series of publications focuses on presenting the most important
results obtained during the research, divided into three chapters: (i) synthesis of ionic
liquids, (ii) epoxy resin curing process, and (iii) properties of composite structures. The
first paper [A1] was dedicated to ionic liquids based on bicyclic amine, 1,4-
diazabicyclo[2.2.2]octane, and the exploration of the application possibilities of the
obtained new compounds with epoxy resins, emphasizing the initiation of the curing
process and the improvement of the cured resin properties. The second publication [A2]
presented the synthesis of new ionic liquids based on hexamethylenetetramine, which
were used to develop curing systems with ethylene glycol, demonstrating high activity of
these liquids in curing processes. The third paper [A3] described the synthesis and
preparation of modifying formulations based on ionic liquids derived from aniline and
their impact on the properties of epoxy resins, highlighting the effectiveness of ionic
liguids in curing processes as well as the mechanical properties of fiber-reinforced
composites. The fourth publication [A4] in the series concerned the development of new
modifying systems using ionic liquids to alter the properties of epoxy resins and
composites. Thermal, mechanical, and fire resistance tests were conducted, presenting
that properly designed ionic liquids can perform multiple functions in composite

11115



/1/_STRESZCZENIE W JEZYKU ANGIELSKIM

material. In the fifth article [A5], mixtures of ionic liquids with a dicyanamide anion were
investigated as curing and modifying agents for flax fiber-reinforced epoxy composites,
significantly affecting the thermal and mechanical properties of these composites. The
sixth publication [A6] introduced SILP materials as carriers for silica fillers and hardeners
for carbon fiber- and flax fiber-reinforced epoxy composites, improving the performance
parameters of the materials. The seventh article [A7] focused on the use of cellulose
dissolved in ionic liquids as an in situ generated filler in epoxy biocomposites, studied in
terms of its impact on the curing process and the mechanical properties of the final
materials.

The research demonstrated that ionic liquids are versatile and effective modifiers
for epoxy resins and composites. Their application enables controlled curing processes,
improved mechanical and thermal properties, and enhanced fire resistance. These
results open new possibilities in the field of composite materials, allowing for a better
understanding of the action of ionic liquids and providing knowledge on the selection of
optimal structures of these compounds for the desired characteristics of both the curing
process and the final properties of the composites.

/111.16
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Ponizsza czeS¢ pracy to ankieta dorobku naukowego oraz wykaz opublikowanych prac
naukowych, a takze informacje o osiggnieciach naukowych, wspdtpracy naukowej oraz
popularyzacji nauki.

WYKAZ PUBLIKACJI STANOWIACYCH OSIAGNIECIA NAUKOWE

Wykaz publikacji stanowigcych osiggniecie naukowe, o ktérym mowa w art. 13 ust.
2 ustawy o stopniach naukowych i tytule naukowym oraz o stopniach i tytule w zakresie
sztuki, w rozprawie doktorskiej pt. ,Badanie kierunkéw potencjalnego zastosowania
cieczy jonowych w procesach wytwarzania i modyfikacji kompozytéw epoksydowych oraz
ocena ich wtasciwosci”.

Na koncu niniejszej pracy zatgczono oswiadczenia wspotautorow nizej
wymienionych prac wraz z informacja o zakresie ich zaangazowania w powstanie
poszczegdlnych artykutow.

Wykaz publikacji:

[A1] Zielinski, D., Szpecht, A., Hinc, P., Maciejewski, H. & Smiglak, M. Mono N-
Alkylated DABCO-Based lonic Liquids and Their Application as Latent Curing Agents
for Epoxy Resins. ACS Appl. Polym. Mater. 3, 5481-5493 (2021). [IF = 4,855, MNiSW
=20]

[A2] Zielinski, D., Szpecht, A., Hinc, P. & Smiglak, M. Synthesis and Behavior of
Hexamethylenetetramine-Based lonic Liquids as an Active Ingredient in Latent
Curing Formulations with Ethylene Glycol for DGEBA. Molecules 28, 892 (2023).
[IF=4,2, MNiSW = 140]

[A3] Zielinski, D., Szpecht, A., Nadobna, P., Palacz, M. & Smiglak, M. Behavior,
synthesis, and effectiveness of an activity of anilinium-based lonic Liquids (AnlLs)
as a hardeners and modifiers for epoxy-coatings of flax biocomposites. Progress in
Organic Coatings 189, 108353 (2024). [IF = 6,5, MNiSW = 100]
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[A4] Zielinski, D. et al. Multifunctional Modifying Systems Based on lonic Liquids
for Epoxy Resin Systems and Composites. Applied Sciences 13, 10661 (2023).
[IF=2,5, MNiSW =100]

[A5] Zielinski, D., Szpecht, A. & Smiglak, M. Dicyanamide ionic liquid mixtures for
curing and modifying flax-fiber reinforced epoxy resin composites. Journal of
Molecular Liquids 408, 125340 (2024). [IF = 5,3, MNiSW = 100]

[A6] Zielinski, D. et al. Supported lonic Liquid-Phase Materials (SILP) as a
Multifunctional Group of Highly Stable Modifiers and Hardeners for Carbon and Flax
Epoxy Composites. ChemPlusChem 89, 202400193 (2024). [IF = 3, MNiSW = 100]

[A7] Zielinski, D., Szpecht, A., Maciejewski, H. & Smiglak, M. Cellulose dissolved in
ionic liquids as in situ generated filler in epoxy biocomposites with simultaneous
curing initiated by ionic liquids. Cellulose 31, 6747-6760(2024). [IF = 4,9,
MNiISW =100]

WYKAZ POZOSTALYCH PUBLIKACII

Monografie

Kosla K., Zielinska D., Chmal-Fudali E., Wrzesien A., Wanczyk A., Zielinski D.,
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Muzo.fm, RMF FM, Radiu Afera oraz telewizyjne wystgpienia w Telewizji WTK.
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Ksigzki oraz artykuty naukowe
poswiecone historii cieczy jonowych (ILs,
ang. lonic Liquids) praktycznie jednogtos$nie

- uznaja Paula Waldena za naukowca, od
ktérego rozpoczety sie badania nad tymi
zwigzkami [1-5]. Uzycie terminu "prawie

WA D Z E jednogtosnie" nie jest przypadkowe —istniejg

- bowiem pewne wyjatki wsréd badaczy,

ktérzy wskazujg na inne, wczesniejsze prace

lub odkrycia w tej dziedzinie. Warto

zauwazyé, ze choé wiekszos¢ literatury

przypisuje Waldenowi pionierska role,

niektdrzy naukowcy podkreslajg znaczenie

innych badan, takich jak obserwacje

podczas reakcji Friedla-Craftsa w drugiej potowie XIX wieku, w czasie ktorej

zaobserwowano powstawanie odrebnej ciektej fazy po dodaniu do reakcji zawierajacej

chlorek amylu, niewielkich ilo$ci bezwodnego chlorku glinu. Prawie wiek pézniej okazato

sie, ze obserwacje z reakcji przeprowadzonej w 1877 roku to nic innego jak moment

tworzenia cieczy jonowej, a czerwony olej to alkilowany pierscien aromatyczny

stanowigcy kation i anion chloroglinianowy [6]. Z kolei w 1888 roku, Siegmund Gabriel

oraz James Weiner zaprezentowali prace, w ktdrej opisano azotan etanoloamoniowy, dla

ktérego raportowano temperature topnienia wynoszacg 52 - 55°C, co jednoczesnie czyni

ten zwigzek pierwsza odkryta solg organiczng o temperaturze topnienia ponizej 100°C [7-
10].

Mimo tych réznych historycznych perspektyw, to wtasnie synteza azotanu
etyloamoniowego przez Waldena w 1914 roku jest powszechnie wspominana za punkt
wyjscia dla wspoétczesnych badan nad cieczami jonowymi, ktére trwaja juz od ponad 100
lat. Co wiecej, zardwno azotan etanoloamoniowy odkryty przez Gabriela i Weinera jak i

azotan etyloamoniowy Waldena, dzisiaj naleza do tej samej klasy cieczy jonowych, czyli
reprezentujg protonowane ciecze jonowe (PlLs, ang. Protic lonic Liquids).
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1.1.  ,,CIECZE JONOWE”

W 1961 roku Harry Bloom po raz pierwszy wykorzystat termin ,ionic liquids”
podczas swojego wyktadu poswieconego stopionym solom (ang. molten salts). Tak
wtasnie okreslenie ,ciecze jonowe” padto pierwszy raz w dyskusji o zwigzkach
sktadajgcych sie gtéwnie z jonéw. Dzisiaj ciecze jonowe sg definiowane jako organiczne
sole, ktdre pozostajg w stanie ciektym w temperaturze ponizej 100°C, cho¢ temperatura
topnienia nie jest jedynym kryterium klasyfikujacym te zwigzki. Ponadto, sktadajg sie w
catosci z jonéw [11]. ILs charakteryzuje posiadanie unikalnych wtasciwosci
fizykochemicznych, takich jak: (i) niska preznos$¢ par, (ii) niepalnosé, (iii) szerokie okno
elektrochemiczne, (iv) wysoka stabilno$¢ termiczna oraz (v) przewodnictwo elektryczne
[11]. Ciecze jonowe mogg by¢ dostosowywane przez zmiane sktadu jonowego, w tym
rodzaju kationéw (np. imidazoliowe, pirydyniowe czy fosfoniowe) i anionéw oraz grup
funkcyjnych czy dtugoscitaricuchdéw alkilowych, co pozwala na precyzyjne dostosowanie
ich wtasciwosci do konkretnych zastosowan. Dzieki tym wtasciwosciom, ILs sg czesto
okreslane jako ,,designer solvents" (projektowalne rozpuszczalniki, ttumaczenie wtasne)
[11-13]. Zwykle sa to sole organiczne lub organiczno-nieorganiczne [7], a wtasciwosci
fizykochemiczne ILs wynikaja z obecnosci duzych, niesymetrycznych jonéw, ktére tworza
struktury o niskiej symetrii, réznigce sie od tradycyjnych soli, takich jak np. chlorek sodu.
Tak jak wspomniano, struktura i ostateczne wtasciwosci cieczy jonowej mogg byé
optymalnie i precyzyjnie dostosowywane przez odpowiedni dobér kombinacji kationéw i
anionéw oraz funkcjonalizacje ich struktur, a dzieki temu sg przedmiotem intensywnych
badan, oferujgc potencjat do szerokiego zastosowania w wielu dziedzinach przemystu i
réznych technologiach, petnigc rozmaite funkcje [3,11-14].

1.2.  KLASYFIKACJA

Ciecze jonowe moga by¢ klasyfikowane pod réznymi wzgledami. Z uwagi na rodzaj
kationu, mozna spotka¢ imidazoliowe ILs, pirydyniowe ILs, amoniowe ILs czy np.
fosfoniowe ILs. Z kolei na podstawie ogélnych wtasciwosci wyrézni¢ mozna hydrofilowe
czy hydrofobowe ILs. Za najbardziej precyzyjny podziat mozna jednak uzna¢ klasyfikacje
strukturalno-funkcjonalng, ktérg przedstawiono w Tabeli 1. Warto zaznaczy¢, ze jedna
ciecz jonowa moze mie¢ cechy klasyfikujgce jg do kilku grup [15,16].

Tabela 1. Klasyfikacja strukturalno-funkcjonalna cieczy jonowych (opracowanie na
podstawie [7,14-19]).

Nazwa angielska Nazwa polska Cecha
Task Specific lonic Liquids = Ciecze jonowe do ILs zaprojektowane do jak
dedykowanych najlepszego dziataniaw
zastosowan konkretnych

zastosowaniach.
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Nazwa angielska
Chiral lonic Liquids

Switchable Polarity Solvent
lonic Liquids

Bio-lonic Liquids

Poly-lonic Liquids

Polymerizable lonic
Liquids

Energetic lonic Liquids

Neutral lonic Liquids

Protic lonic Liquids

Metallic lonic Liquids

Magnetic lonic Liquids

Basic lonic Liquids
Surface Active lonic
Liquids

Nazwa polska
Chiralne ciecze jonowe

Ciecze jonowe 0 zmiennej
polarnosci

Biociecze jonowe

Polimeryczne ciecze
jonowe

Polimeryzowalne ciecze
jonowe

Energetyczne ciecze
jonowe
Neutralne ciecze jonowe

Protonowane ciecze
jonowe
Metaliczne ciecze jonowe

Magnetyczne ciecze
jonowe

Zasadowe ciecze jonowe
Ciecze jonowe
powierzchniowo czynne

/11_1_WPROWADZENIE

Cecha

ILs zawierajace centra
chiralne w kationach,
anionach lub obu.

ILs, ktére mogg zmieniac
swojg polarnos¢ w
zaleznosci od
zastosowanego
aktywatora.

ILs pochodzace ze
zwigzkoéw naturalnych,
takich jak cukry,
aminokwasy, cholina czy
kwasy organiczne.
Polimery, ktére zawieraja
jednostki monomeryczne
ILs.

ILs zawierajace
polimeryzujgce grupy w
strukturach kationu lub
anionu.

ILs o wysokiej gestosci
energetycznej.

ILs z bardzo stabymi
interakcjami
elektrostatycznymi miedzy
kationami i anionami.

ILs zawierajgce protyczna
grupe kwasowag

ILs zawierajace jony
metali, ktére nadajg im
wtasciwosci kwasowosci
Brgnsteda lub Lewisa.
ILs, ktére wykazuja
wtasciwosci magnetyczne
dzieki obecnosci jonow
metali przejsciowych wich
strukturze.

ILs dziatajace jako zasady.
ILs zawierajgce grupy
nadajgce im wtasciwosci
surfaktantow.
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1.3. ZASTOSOWANIA CIECZY JONOWYCH

Do chwili obecnej wydano ponad 125 000" publikacji naukowych i ztozono ponad
40 000" wnioskéw patentowych zwigzanych z cieczami jonowymi. Ta dziedzina przeszta
przez typowy cykl zachwytu, ktéry obejmowat poczgtkowe przeszacowanie mozliwosci,
faze rozczarowania, a obecnie znajduje sie na Sciezce ku dalszemu rozwojowi i
dojrzewaniu. Choé ciecze jonowe jeszcze nie zdobyty zastosowan na ogromng skale,
istnieje wiele oznak wskazujacych, ze ciecze jonowe maja potencjat do komercyjnego
sukcesu w przysztosci [20].

Duze zainteresowanie naukowcoéw tg grupa zwigzkéw przyniosto liczne
doniesienia o ich zastosowaniach. ILs majg znaczacy wptyw nha technologie
energetyczne: jako elektrolity w bateriach (litowo-jonowych, litowo-tlenowych,
aluminiowych, redoksowych) poprawiajg stabilnos¢ termicznag i bezpieczenstwo, w
superkondensatorach umozliwiaja magazynowanie energii przy wysokiej mocy i dtugiej
zywotnosci, a w ogniwach paliwowych, szczegdlnie w membranach wymiany protonéw,
zwiekszajg przewodnictwo i stabilnosé termiczng [11]. W technologii ogniw stonecznych
ILs stosowane sg jako elektrolity np. w DSSC (ang. dye-sensitized solar cell), zapewniajac
wysokg przewodnos$¢ i stabilnos¢ elektrochemiczng [21-23]. Jako srodki smarne ILs
moga by¢ uzywane samodzielnie lub jako dodatki do tradycyjnych smaréw, poprawiajgc
wtasciwosci smarne i zmniejszajgc tarcie oraz zuzycie [24]. Natomiast jako inhibitory
korozji chronig metale przed utlenianiem i korozjg, co jest kluczowe w przemysle
petrochemicznym i morskim [25]. Dzieki mozliwosci wprowadzenia do ich struktury
dtugich tancuchow alkilowych, ciecze jonowe dziatajg jako surfaktanty w detergentach,
farbach i kosmetykach[11]. Ponadto, sg réwniez katalizatorami w reakcjach organicznych
(alkilacja [26-29], acylacja [30,31], polimeryzacja [32,33]), zastepujac tradycyjne, mniej
ekologiczne katalizatory, oraz jako s$rodowisko reakcyjne i stabilizatory w syntezie
chemicznej [34,35]. Dzigki stabilizowaniu enzymoéw, ILs sg wykorzystywane w reakcjach
enzymatycznych, umozliwiajgac przetwarzanie trudno rozpuszczalnych substratow
[11,36]. Ich zdolno$é rozpuszczania biomasy (ligniny, celulozy) jest uzyteczna w
procesach jej dalszego przetwdrstwa [37-39]. Ciecze jonowe uzyte do opracowania
sensorow moga wspiera¢ wykrywanie gazéw dzieki wysokiej przewodnos$ci jonowe;j i
niskiej preznosci par, sg uzywane w czujnikach chemicznych i biosensorach do
wykrywania zwigzkéw chemicznych i biologicznych, a takze w czujnikach wilgotnosci
[40]. W procesach oczyszczania wody, ILs usuwaja metale ciezkie, fenole i inne
zanieczyszczenia, aich zdolnos¢ do selektywnego usuwania CO, z gazéw przemystowych
ma kluczowe znaczenie dla redukcji emisji gazéw cieplarnianych [11]. Mogg selektywnie
wydzielaé i przetwarza¢ radionuklidy z odpadéw nuklearnych, poprawiajac
bezpieczenstwo i efektywnos¢ zarzadzania odpadami radioaktywnymi [41,42].

“Wedtug bazy Web of Science [dostep: 26 sierpnia 2024 roku]
TWedtug bazy patentéw Espacenet [dostep 26 sierpnia 2024 roku]

/11_34



/11_1_WPROWADZENIE

1.4. SYNTEZA CIECZY JONOWYCH

Z uwagi na fakt, ze ciecze jonowe charakteryzuja sie duzg elastycznoscig struktur i
liczbg kombinacji kationdw i anionéw, ciezko wskazaé jedng, standardowg metode ich
syntezy, a ich jakos$¢ opiera sie wytgcznie na wewnetrznym doswiadczeniu kazdej grupy
badawczej. Co wiecej, kazda metoda syntezy ma zaréwno wady, jak i zalety, a wybor
odpowiedniej metody do otrzymania pozgadanego zwigzku powinien by¢ uzalezniony od
planowanego zastosowania, uwzgledniajgc, czy IL ma byé ultraczysta, czy synteza
powinna by¢ tania, czy tez szybka [43].

Synteza ILs jest procesem, ktdry mozna przeprowadzaé za pomocag réznych metod
konwencjonalnych i niekonwencjonalnych. Konwencjonalne techniki obejmuja dwa
gtéwne etapy: tworzenie pozadanych kationéw oraz wymiane anionéw. Proces tworzenia
kationébw moze zachodzi¢ poprzez reakcje Menshutkina aminy czy tez fosfiny z
halogenkiem alkilowym lub protonowanie wolnym kwasem, podczas gdy reakcje
wymiany anionéw moga przebiegaé przez reakcje halogenkdéw z kwasami Lewisa lub
reakcje metatezy. W reakcji metatezy, typowo stosowane sa sole srebra, sodu lub potasu,
zawierajgce pozgdany anion [16].

Metody niekonwencjonalne, takie jak techniki mikrofalowe i ultradzwiekowe,
zyskujg na popularnosci dzieki swojej ekonomicznosci i braku koniecznosci stosowania
rozpuszczalnikdw. Technika mikrofalowa jest ceniona za szybkos$é¢, selektywnosc¢ i
przyjaznos$¢ dla srodowiska, umozliwiajgc osigganie wyzszych szybkosci reakcji dzieki
efektowi przegrzewania. Jej wada jest ograniczenie tylko do matej skali syntezy. Natomiast
metoda ultradzwiekowa, od dawna stosowana w syntezie réznych zwigzkdw, pozwala na
szybkie, efektywne przyspieszenie reakcji i konwersje reagentéw bez potrzeby uzywania
rozpuszczalnikdw, ale jest to zadanie niezwykle trudne i wymagajgce [15,16].

1.5.  ZASTOSOWANIE CIECZY JONOWYCH W OBSZARZE ZYWIC EPOKSYDOWYCH

W 2003 roku, na tamach czasopisma Polimery, naukowcy z
Zachodniopomorskiego Uniwersytetu Technologicznego opublikowali przetomowa prace
dotyczgca zastosowania cieczy jonowych w zywicach epoksydowych. Profesorowie
Kowalczyk i Spychaj wykazali, ze tetrafluoroboran 1-butylo-3-metyloimidazoliowy moze
efektywnie stuzyé jako inicjator sieciowania dla komercyjnej zywicy epoksydowej.
Dodatkowo, stwierdzono, ze kompozycja tej zywicy z cieczg jonowg zachowuje statg
lepkos$é przez okres do szesSciu miesiecy podczas przechowywania w temperaturze
pokojowej. Mimo, ze autorzy nie przeprowadzili szczegétowych analiz mechanizmu
utwardzania, a badaniom poddano jedynie jedna ciecz jonowa, ich artykut stanowi
pierwsze w literaturze doniesienie o wykorzystaniu IL jako inicjatora sieciowania zywicy
epoksydowej [44]. Po 6 latach, w czasopismie Macromolecules ukazata sie kolejna praca
poswiecona tej aplikacji cieczy jonowych. Rahmathullah i wspodtautorzy, omowili
zastosowanie dicyjanamidu 1-etylo-3-metyloimidazoliowego jako termicznie latentnego
czynnika utwardzajgcego zywice epoksydowe. Wykazali, ze IL moze skutecznie inicjowaé
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polimeryzacje epoksydéw, oferujgc doskonatg mieszalnos¢ i dtugoterminowa stabilnosé
w temperaturze pokojowej. Przy stezeniu okoto 3,3% wagowych, konwersja grup
epoksydowych nie zachodzita przez godzine w temperaturze 80°C, ale wzrost temperatury
do 165°C zakonczyt reakcje w ciggu 20 minut. Przy pomocy analizy spektroskopowej w
bliskiej podczerwieni, po raz pierwszy zbadano mechanizm utwardzania, ktory polegaé
miat na reakcjach miedzy grupami epoksydowymi a dicyjanamidem, co prowadzi do
powstania stabilnej sieci polimerowej. Wzrost stezenia IL obniza temperature zeszklenia
(Tg) i modut sprezystosci, co wynika ze zmniejszenia gestosci sieciowania polimeru.
Prébki utwardzane cieczg jonowa wykazujg stabilno$¢ termiczng poréwnywalng do
prébek utwardzanych aminami [45]. ILs skutecznie dziatajgc sieciujgco tylko w
podwyzszonej temperaturze, nazywane sg czesto utajonymi lub latentnymi inicjatorami
utwardzania. Pozostajg wzglednie nieaktywne w temperaturze pokojowej, umozliwiajac
przechowywanie gotowe] mieszanki zywicznej przez dtuzszy czas, w pordéwnaniu z
klasycznymi utwardzaczami, ktére rozpoczynajg reakcje w niedtugim czasie po
zZmieszaniu z zywica. W ciggu ostatnich lat zaobserwowano znaczny wzrost
zainteresowania naukowego w dziedzinie cieczy jonowych oraz zywic epoksydowych, a to
zainteresowanie utrzymuje sie do dzis. Ponad dwadziescia lat po pierwszych
doniesieniach, nasza wiedza na temat mechanizméw dziatania cieczy jonowych
znaczgco sie pogtebita. Dodatkowo, zidentyfikowano liczne nowe obszary zastosowan
zywic epoksydowych, w tym w kompozytach epoksydowych, wykraczajgce poza samo
inicjowanie procesu sieciowania [3]. Jednym z kluczowych zastosowan cieczy jonowych
pozostata ich rola jako inicjatorow sieciowania zywic epoksydowych [3,46-49].
Tradycyjne metody sieciowania epoksyddw, takie jak uzycie amin, bezwodnikéw
kwasowych czy izocyjanianéw, osiggnety swoje technologiczne limity w zakresie
projektowania procesu sieciowania, w tym sterowania temperaturg tego procesu jak
réwniez sg ograniczane przez nowe regulacje prawne i Srodowiskowe. ILs oferujg
nowatorskie podejscie do tego procesu. Dziatajg one jako nowe inicjatory lub
funkcjonalne bloki budulcowe, co prowadzi do powstania sieci epoksydowych o
ulepszonych wtasciwosciach fizycznych [3,50].

1.5.1. Imidazoliowe ciecze jonowe

Reakcja miedzy prepolimerem epoksydowym a imidazolem (i jego pochodnymi)
jestdobrze udokumentowana. Poczatkowo, imidazol dziata jako nukleofil, co prowadzi do
tworzenia adduktow epoksydowo-imidazolowych, ktére sg pierwszym etapem procesu
utwardzania. Nastepnie, nadmiar epoksydu powoduje powstawanie centrow wzrostu, po
czym rozpoczyna sie propagacja polimeru przez dodanie nowej czasteczki epoksydu.
Proces konczy sie przez N-dealkilacje lub eliminacje 8 podstawionej grupy N z rosngcego
polimeru. W trakcie tego procesu mogg takze powstawaé etery lub ketony oraz
regenerowac sie addukty 1:1 lub imidazol [3,51-53]. Dzieki tak obszernej wiedzy na temat
dziatania imidazolu, mechanizm dziatania imidazoliowych ILs nalezy do najlepiej
poznanych. Imidazoliowe ILs dziataja jako inicjatory polimeryzacji anionowej poprzez
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kilka mechanizmow: (i) Sciezka karbenowa, (ii) Sciezka imidazoliowa, w wyniku degradac;ji
IL do produktéw dealiklowanych, (iii) wptyw anionu towarzyszacego ze wzgledu na jego
nukleofilowosé lub zasadowosé [54-56]. W pierwszej $ciezce dochodzi do formowania
karbenow, ktoére sg bardzo reaktywnymi posrednikami. Karbeny atakujg pierscien
epoksydowy, co prowadzi do otwarcia pierscienia i inicjacji polimeryzacji anionowej.
Sciezka imidazoliowa, polega na dealkilacji kationu IL do imidazolu. Imidazol dziata jako
nukleofil, ktéry atakuje epoksyd, inicjujgc otwarcie pierscienia epoksydowego i dalszg
propagacje polimeru [3,54].

1.5.2. Fosfoniowe ciecze jonowe

Fosfoniowe ciecze jonowe dziatajg jako katalityczne $rodki sieciujgce epoksydy
poprzez nieco inny mechanizm niz imidazoliowe ILs. Po pierwsze, gtéwnym czynnikiem
inicjujgcym jest anion, np. dicyjanoamidowy [57], fosfinianowy lub fosforanowy [58],
ktéry dziata jako nukleofil, atakujgc pierscien epoksydowy i inicjujgc jego otwarcie.
Powoduje to rozpoczecie polimeryzacji anionowej, gdzie to wtasnie anion katalizuje
reakcje, prowadzac do tworzenia sieci polimerowej. Po drugie, podczas polimeryzaciji
moga powstawac wigzania jonowe miedzy kationami fosfoniowymi, ktdre stracity swoje
aniony, a nierozprzezonymi grupami alkoholowymi powstatymi podczas otwarcia
pierscienia epoksydowego. Te wigzania jonowe stabilizujg sie¢ polimerowsg i wptywajg na
jej wtasciwosci mechaniczne [3,59]. Trzeci potencjalny szlak dziatania fosfoniowych ILs
polega na ich roli jako wspoétutwardzaczy w reakcji, co wptywa na kinetyke i temperature
sieciowania. Takie zjawisko badano w uktadzie zywicy epoksydowej z klasycznym
aminowym utwardzaczem (Jeffamine®D2000), do ktérego dodano bis(2,4,4-trimetylo-
pentylo)fosfinian triheksylo(tetradecylo)fosfoniowy. Zaobserwowano, ze obecnosé¢ IL
wptyneta na zwiekszenie konwersji grup epoksydowych oraz drugorzedowych grup
aminowych obecnych w utwardzaczu, obnizajgc konwersje pierwszorzedowych grup
aminowych. Wykazano, ze IL moze dziata¢ jako inicjator polimeryzacji anionowej,
promujac reakcje eteryfikacji w konkurenciji z reakcjg epoksydu z aming, a w utwardzonej
zywicy potwierdzono obecnos$¢ nieprzereagowanych grup aminowych, zaréwno
pierwszorzedowych jak i drugorzedowych. W zaleznosci od rodzaju anionu, fosfoniowe
ILs moga przyspiesza¢ reakcje polimeryzacji poprzez aktywacje grup epoksydowych,
prowadzac do szybszego utwardzania i modyfikacji wtasciwosci kornicowych materiatu
[57,58].

1.5.3. Inne wiasciwosci

Ze wzgledu na ré6znorodnos¢ struktur kationdw i aniondw cieczy jonowych, mozna
wprowadzi¢ do materiatu zywicznego takie ciecze jonowe, ktére bedg zdolne do petnienia
réznych funkcji [3,50,59]. Nalezy jednak pamietaé¢, ze nieodpowiedni dobdr struktur
cieczy jonowych moze prowadzié¢ do pogorszenia niektdrych wtasciwosci materiatu, przy
jednoczesnym polepszeniu innych. Na przyktad, niektére wysoce stabilne ciecze jonowe
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moga nie byé w stanie efektywnie inicjowaé¢ polimeryzacji ze wzgledu na koniecznos$é
dostarczenia bardzo wysokiej temperatury do uktadu [3]. Wiadomo réwniez, ze nie
wszystkie ciecze jonowe sg kompatybilne i mieszalne z zywicami [60]. Jednakze, ciecze
jonowe majg zdolnos¢ do poprawy wtasciwosci mechanicznych i termicznych sieci
epoksydowych. Modyfikowane cieczami jonowymi sieci epoksydowe charakteryzujg sie
zwiekszong wytrzymatoscia na rozcigganie, lepszg stabilnoscig termiczng oraz
zwiekszong odpornoscig na dziatanie ognia [3,50,59]. Wynika to z unikalnych interakgji
pomiedzy cieczami jonowymi a matrycg epoksydowa, ktdére prowadzg do powstania
bardziej zwartych i jednorodnych struktur polimerowych. Dodatkowo, ciecze jonowe
moga dziataé jako plastyfikatory, poprawiajgc elastyczno$¢ materiatéw epoksydowych i
zmniejszajgc ich kruchosé, co jest szczegdlnie istotne w aplikacjach wymagajacych
wysokiej wytrzymatosci mechanicznej [3]. Znane sg réwniez zastosowania cieczy
jonowych jako stabilizatoréw czy dyspersantéw dla wypetnien w matrycy epoksydowej
[61]. Co wiecej, odpowiednio dobrane ciecze jonowe mogg wptywaé na parametry
elektrochemiczne zywicy epoksydowej, na przyktad w statych elektrolitach [62,63].

1.6.  ANALIZA BIBLIOGRAFICZNA

Do przeprowadzenia analizy bibliograficznej wykorzystano narzedzie badawcze
jakim jest VOSviewer. Postuzyto ono do analizy wspétwystepowania stéw kluczowych w
publikacjach, co pozwolito na zobrazowanie specyficznych domen badawczych. Mapa
wzajemnych powigzan (Rysunek 1) zostata stworzona na podstawie 210 artykutéw
naukowych zawierajgcych stowa kluczowe "lonic liquid", "curing" oraz "epoxy". Dla tej
mapy, VOSviewer zidentyfikowat 302 stowa kluczowe, a po ustawieniu progu
wspotwystepowania na poziomie 2, do wizualizacji wybrano 89 stéw kluczowych
podzielonych na 8 klastréow.

Wizualizacja ukazuje sie¢ wzajemnych powigzan stéw kluczowych w ramach 8
klastrow. Intensywnos$é ciemnych odcieni zétci oraz czerwieni sugeruje, ze najwieksze
zageszczenie tych stow wystepuje po roku 2018, czyli 15 lat po pierwszych doniesieniach
literaturowych o zastosowaniu cieczy jonowej z zywicg epoksydowg. Na podstawie
intensywnosci koloréw mozna okresli¢ sredni rok, w ktérym dane stowo kluczowe
najczesciej sie pojawiato w doniesieniach literaturowych. W okolicach roku 2013, gtéwna
uwaga badaczy byta skierowana na kinetyke procesu sieciowania, stabilno$é mieszanek
zywicy z cieczami jonowymi oraz morfologie tych uktadéw. Wczesniej, okoto roku 2010,
popularnosé¢ zyskato stowo kluczowe ,crosslinking”, co pokrywa sie z istotng praca
opublikowang przez Rahmathullaha i wspétautoréw w roku 2009. Rok 2014 byt okresem
intensywnych badan nad nanokompozytami i nanorurkami w potgczeniu z cieczami
jonowymi i zywicami epoksydowymi. Z kolei w latach 2016-2020 badania skoncentrowaty
sie na wtasciwosciach elektrochemicznych, takich jak przewodnictwo elektryczne i
statych elektrolitach na bazie ILs i zywic epoksydowych. Wizualizacja pokazuje, ze lata
2018-2022 charakteryzuja sie najwiekszym skupieniem wokét badan nad wtasciwosciami
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uniepalniajgcymi cieczy jonowych wzgledem zywic epoksydowych oraz kompozytéw
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Rysunek 1. Wizualizacja sieci wspotwystepowania stéw kluczowych opracowana przy
uzyciu oprogramowania VOSviewer.

Podziat stéw kluczowych na az 8 klastréw moze wskazywaé na wysoki stopien
specjalizacji poszczegélnych domen badawczych. Wspétwystepowanie tych stéw nie
tylko podkresla réznorodnos$é tematéw badawczych, ale takze pomaga zidentyfikowac
multidyscyplinarny charakter oraz kierunki dalszego rozwoju w danej dziedzinie.
Uzupetnieniem wizualizacji jest Tabela 2, w ktérej przedstawiono 15 pierwszych stéw
kluczowych wedtug rankingu VOSviewer.

Kazde przedstawione stowo kluczowe zostato zdefiniowane poprzez site
potaczenia (ang. Link), czyli wartos¢ liczbowa okreslajgca potgczenie lub relacje miedzy
dwoma stowami kluczowymi na mapie. Im wyzsza wartosé, tym silniejsze jest potaczenie,
co moze wskazywaé na czestsze wspétwystepowanie tych stéw kluczowych w
publikacjach naukowych. Catkowita sita wszystkich potgczen (ang. Total link strength) w
badaniu stéw kluczowych, odnosi sie do catkowite] sity wszystkich potgczen danego
stowa kluczowego z innymi stowami kluczowymi. Oznacza to sume wartosci sit potaczen
danego stowa kluczowego ze wszystkimi innymi stowami kluczowymi [64]. Dalej
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przedstawiono liczbe wystgpien stéw kluczowych w artykutach naukowych z badanego
zbioru oraz sredni rok wystepowania. Tabela pokazuje, ze stowa kluczowe ,,/onic Liquids”
oraz ,polymerization”, jak réwniez ,lonic liquid” i ,composites”, majgc najwiekszg site
potaczen czesto pojawiajg sie razem w publikacjach naukowych, co moze sugerowac, ze
sgone silnie powigzane tematycznie lub sg czescig tej samej dziedziny badan. Ich wysoka
catkowita sita potgczen oznacza, ze kazde z nich jest powigzane z wieloma innymi
stowami kluczowymi i te powigzania sg silne. Moze to sugerowad, ze te stowa kluczowe

odgrywajg centralna role w literaturze naukowej dotyczgcej badanej dziedziny.

Tabela 2. Lista 15 stéw kluczowych uszeregowanych wedtug rankingu istotnosci na
podstawie analizy bazy publikacji w programie VOSviewer.

. Catkowita sita Liczba < .
Stowo kluczowe Ttumaczenie S . wszystkich wystapien Sl TOIf
potaczenia P wystapien
potaczen stowa

ionic liquids ciecze jonowe 66 159 24 2020
polymerization polimeryzacja 56 108 15 2021
ionic liquid ciecz jonowa 55 100 16 2018
composites kompozyty 55 108 15 2021
epoxy resin zywice epoksydowe 50 96 14 2019
behavior sposo6b dziatania 49 79 11 2021
epoxy epoksyd 44 69 9 2020
temperature temperatura 47 68 8 2019
resin zywica 43 67 8 2021
kinetics kinetyka 38 60 7 2021
network sieé 35 56 7 2020
mechaq/cal W{aSCIWF)SCI 36 55 5 2020
properties mechaniczne

curing agent $rodek utwardzajacy 35 54 7 2020
performance dziatanie 39 51 6 2019
mechanism mechanizm 33 50 8 2020

Podsumowaniem analizy bibliograficznej jest przygotowane na podstawie
przytoczonych wczesniej rozdziatdbw w monografiach oraz artykutéw naukowych,
kalendarium osiggnie¢ w dziedzinie cieczy jonowych, od ich wynalezienia przez
przetomowe doniesienia literaturowe, az po terazniejszo$¢. Kalendarium przedstawiono
na Rysunku 2. W miejscach, gdzie istniejg rozbieznosci w zaleznosci od doniesien
literaturowych, wprowadzono kilka dat dotyczgcych danego osiagniecia.
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1.7.  CIECZE JONOWE W KONTEKSCIE CELOW ZROWNOWAZONEGO ROZWOJU

Konwencjonalne rozwigzania w dziedzinie kompozytéw epoksydowych cechujg
sie licznymi zagrozeniami srodowiskowymi zwigzanymi z produkcja komponentéw: zywic
epoksydowych czy utwardzaczy oraz modyfikatoréw. Sg to produkty pochodne ropy
naftowej otrzymywane na bardzo duza skale w procesach generujacych tony
niebezpiecznych produktéw ubocznych i odpaddéw. Poswiecono wiele prac badawczych
podkreslaniu potrzeby rozwoju technologii kompozytowych w kierunku bardziej
zrébwnowazonego rozwoju [65] i nowych, pochodzgcych ze Zrédet naturalnych lub
biodegradowalnych komponentéw. W $lad za nimi idg szeregi prac poswieconych
nowoczesnym biozywicom epoksydowym czy nowoczesnym katalizatorom ich
polimeryzacji [66-70], np. bazujacym na strukturach protoporfirynowych [71] czy
aminokwasach [72,73]. Nieuniknione byto réwniez zainicjowanie prac zwigzanych z
cieczami jonowymi jako wielofunkcyjnymi komponentami dedykowanymi do zywic
epoksydowych, ale czy majg one szanse staé sie komercyjnym rozwigzaniem? Do roku
2024 roku ztozono ponad 40 000 wnioskéw patentowych dotyczacych cieczy jonowych,
co stanowi optymistyczny sygnat wskazujacy na wzrastajgce zainteresowanie
komercyjne tg domeng badawczg. Jest to szczegdlnie znaczgce w kontekscie kluczowych
prognozowanych wskaznikdw rynkowych, oméwionych w kolejnych czesciach tego
rozdziatu. Juz dzis znane sg komercyjne i pilotazowe technologie wykorzystujgce ciecze
jonowe. W obszarze rozpuszczalnikéw warto wskazaé chociazby na dimeryzacje olefin
(Difasol process, Axens) czy chlorowanie (BASF). Z kolei katalizatory na bazie ILs uzywane
sa w reakcjach alkilowania opracowanych przez Chevron/Honeywell UOP (technologia
ISOALKY™). Natomiast 3M oraz BASF wdrozyli technologie dodatkéw antystatycznych na
bazie cieczy jonowych do polimerdw [20].

W 2015 roku Organizacja Narodow Zjednoczonych (ONZ) przyjeta rezolucje zwang
Agenda 2030, ktéra obejmuje 17 Celdw Zréwnowazonego Rozwoju (ang. Sustainable
Development Goals, SDGs, Rysunek 3). Zawarte w dokumencie cele stanowig ambitny i
uniwersalny plan dziatania, majgcy na celu eliminacje ubdstwa, ochrone $rodowiska oraz
zapewnienie pokoju i dobrobytu dla wszystkich ludzi na swiecie do 2030 roku. Z uwagi na
ich wzajemne powiazania, realizacja tych celéw wymaga szeroko zakrojonej wspotpracy
miedzynarodowej, zaangazowania  spotecznos$ci lokalnych oraz wdrazania
innowacyjnych rozwigzan w réznych dziedzinach. Osiggniecie SDGs jest kluczowe dla
zréwnowazonego rozwoju globalnej spotecznosci i wymaga integracji dziatan na poziomie
politycznym, spotecznym i gospodarczym. Prace nad Agenda 2030 rozpoczeto w 2012
roku, w trakcie Konferencji Narodéw Zjednoczonych organizowanej w Rio de Janeiro, a
opracowywane cele miaty zastgpi¢ i zarazem rozszerzy¢ Milenijne Cele Rozwoju (ang.
Millennium Development Goals, MDGs), obowigzujgce do 2015 roku.
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Rysunek 3. Globalne cele zrownowazonego rozwoju. [Zrédto: https://www.un.org.pl]

Z perspektywy 2024 roku, odniesienie prowadzonych badan naukowych do SDGs
przynosi liczne korzysci, zaréwno dla samych naukowcow, jak i dla spoteczenstwa. Po
pierwsze, analiza wtasnych badan w swietle SDGs pozwala dostrzec w nich bezposredni
wptyw na poprawe jakosci zycia ludzi oraz ochrone srodowiska. Wtaczajgc aspekty
zréwnowazonego rozwoju, naukowcy mogg przyczyniaé sie do rozwigzania globalnych
problemoéw, takich jak zmiany klimatyczne, ubdstwo, brak dostepu do czystej wody i
edukacji. Co wiecej, wiele instytucji finansujgcych, w tym rzady, organizacje
miedzynarodowe i fundacje prywatne, preferuje wspieranie projektéw badawczych, ktére
wspierajg cele zrdwnowazonego rozwoju. Projekty zgodne z SDGs mogg tatwiej uzyskaé
finansowanie i wsparcie, a same SDGs zachecajg do podejscia interdyscyplinarnego, co
sprzyja wspotpracy miedzy roznymi dziedzinami nauki. Takie dziatanie umozliwia bardziej
kompleksowe i innowacyjne rozwigzania problemow, ktdre czesto sg wieloaspektowe i
wymagajag wspotdziatania specjalistow z réznych obszaréw. Po drugie, zwiekszenie
znaczenia i widocznosci badan. Projekty badawcze powigzane z SDGs sg czesto bardziej
doceniane, zarowno w srodowisku akademickim, jak i poza nim. Przyciggaja uwage
mediow, decydentdw oraz opinii publicznej, co zwieksza ich wptyw i znaczenie. Cele
Zrownowazonego Rozwoju nadajg badaniom dtugoterminowy kontekst i cel,
umozliwiajgc wywieranie trwatego, pozytywnego wptywu na przyszte pokolenia.
Witaczenie SDGs do badan naukowych pozwala réwniez na myslenie globalne i dziatanie
lokalne, co sprzyja lepszemu zrozumieniu i rozwigzaniu probleméw dotykajgcych
spotecznosci na catym Swiecie. Dodatkowo, taka integracja podkresla etyczny wymiar
pracy naukowej, promujac zasady zrownowazonego rozwoju, takie jak odpowiedzialne
zarzadzanie zasobami, sprawiedliwos$¢ spoteczna i ochrona srodowiska.

W ramach uzupetnienia badan przedstawionych w pracy, przeanalizowano
wszystkie 17 Celow Zrownowazonego Rozwoju oraz zadania przypisane kazdemu z nich,
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identyfikujac jednoczesnie te z nich, w realizacji ktérych badania te mogg okazac sie
uzyteczne. W wyniku tej analizy, wybrano 6 SDGs, w ktérych badania nad zastosowaniem
cieczy jonowych jako inicjatoréw sieciowania zywic epoksydowych oraz ich wptywem na
wtasciwosci kompozytéw wzmacnianych wtéknami sie wpisuja.

Cel 8: Wzrost gospodarczy i godna praca

Zastgpienie powszechnie stosowanych w produkcji materiatéw —

kompozytowych, utwardzaczy na bazie amin czy bezwodnikéw GOSPODARCZY
IGODNAPRAGA

kwasowych, a takze dodatkéw funkcyjnych, ktérymi sg w duzej mierze
zwigzki organiczne, przez ciecze jonowe, moze W znaczacy sposob m

wptynaé na bezpieczenstwo pracy w zaktadach przemystowych.

Zadanie 8.8 (,,Chroni¢ prawa pracownicze oraz promowac bezpieczne

Srodowisko pracy dla wszystkich, w tym dla pracownikéw, w tym pracownikéw -
migrantéw, w szczegdlnosci dla kobiet migrantek i osdéb majgcych niepewne
zatrudnienie”). Ciecze jonowe majg bardzo niskg preznos$¢ par, co oznacza, ze w
normalnych warunkach praktycznie nie paruja. Dzieki temu ryzyko wdychania
szkodliwych oparéw przez pracownikéw jest znacznie mniejsze w poréwnaniu z lotnymi
zwigzkami organicznymi. Réwniez ze wzgledu na tg niskg lotnos¢ i ich wtasciwosci
chemiczne, ciecze jonowe sg zwykle niepalne lub majg znacznie wyzsza temperature
zaptonu w poréwnaniu do wielu rozpuszczalnikéw organicznych. To zmniejsza ryzyko
pozarow i eksplozji w miejscach pracy. Ponadto, sg czesto chemicznie stabilne oraz moga
by¢ uzywane w szerokim zakresie temperatur i warunkdw, co zmniejsza ryzyko
niekontrolowanych reakcji chemicznych.

Cel 9: Innowacyjnosc, przemyst i infrastruktura

Zastosowanie cieczy jonowych w wytwarzaniu materiatow : :
[} INNUWA

kompozytowych, w szczegdlnosci ich zdolnos¢ do petnienia wiecej niz PRZEMYSE.
jednej funkcji w kompozycie, np. (i) inicjowanie sieciowania zywicy ol
epoksydowej, (ii) uniepalnienie czy (iii) modyfikacji wtasciwosci hﬂ‘
mechanicznych/reologicznych moze prowadzi¢ do opracowania .§ ’

nowych, bardziej wydajnych i zréwnowazonych kompozytéw, ktére

znajda szerokie zastosowanie w przemysle motoryzacyjnym, lotniczym i budowlanym.
Innowacje w materiatach kompozytowych, wynikajace z zastosowania cieczy jonowych,
mogag znaczgco podniesé wydajnos¢ oraz ekologicznosé¢ proceséw produkcyjnych, co
jest zgodne z ideg zréwnowazonych technologii. Zastosowanie cieczy jonowych jako
inicjatoréw sieciowania zywic epoksydowych ma potencjat do zwiekszenia efektywnosci
oraz zmniejszenia ekologicznego sladu produkcji, w szczegélnosci poprzez eliminacje
koniecznosci wytwarzania i stosowania organicznych utwardzaczy czy modyfikatorow.
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Cel 12: Odpowiedzialna konsumpcja i produkcja

Opisywane w pracy badania moga przyczyni¢ sie do

1 ODPOWIEDZIALNA
KONSUMPCJA
IPRODUKCJA

zmniejszenia ilosci odpadow i toksycznych emisji dzieki zastosowaniu
cieczy jonowych, ktére mimo wszystko sg bardziej ekologiczne niz
tradycyjne rozpuszczalniki czy zwigzki organiczne wykorzystywane

O

procesow sieciowania zywic epoksydowych z uzyciem cieczy jonowych moze prowadzi¢

przy produkcji klasycznych inicjatoréw sieciowania czy dodatkow

funkcyjnych dedykowanych zywicom epoksydowym. Optymalizacja

do bardziej zréwnowazonej produkcji materiatéw kompozytowych, co wpisuje sie w ramy
odpowiedzialnej konsumpcji i produkcji. Zmniejszenie odpaddw i emis;ji jest kluczowym
elementem tego celu i ma bezposrednie znaczenie dla ochrony srodowiska.

Cel 13: Dziatania w dziedzinie klimatu

W analizie Celow Zréwnowazonego Rozwoju dostrzezono, ze
poprawa efektywnosci energetycznej procesdw sieciowania oraz 13 evZEAz%EA#ZIﬁu[
redukcja emisji zwigzanych z produkcja klasycznych komponentéw do AL
zywic epoksydowych, moga przyczyni¢ sie do ograniczenia globalnego

sladu weglowego. Badania nad bardziej efektywnymi i mniegj

energochtonnymi metodami produkcji wspierajg dziatania w dziedzinie
klimatu, co jest kluczowe w walce ze zmianami klimatycznymi. Co wiecej, nieustannie
prowadzone sg badania nad optymalizacjg metod wytwarzania cieczy jonowych, ktére to
z kazdym rokiem stajag sie coraz bardziej przyjazne srodowisku. W przypadku klasycznych
komponentdéw analogiczne dziatania nie sa realizowane z takg samg intensywnoscia.

Cel 15: Zycie na ladzie

Pomimo trwajgcych badan nad toksycznosciag cieczy jonowych 1 eI

oraz poszukiwaniu balansu miedzy zachowaniem ich wtasciwosci, a NALADZIE

strukturg mozliwie jak najbardziej sktadajaca sie ze zwigzkéw
naturalnych, mozna z pewng doza niepewnosci uznac, ze stosowanie
cieczy jonowych, ktore beda mniej toksyczne i bardziej

biodegradowalne, moze zmniejszy¢ negatywny wptyw na ekosystemy
ladowe i wodne. Omawiane badania moga wiec wspiera¢ ochrone bioréznorodnosci oraz
zapobiegaé degradaciji sSrodowiska naturalnego, co jest zgodne z celem ochrony zycia na
ladzie.
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Cel 17: Partnerstwa na rzecz celow

Badania nad cieczami jonowymi jako inicjatorami sieciowania

17 PARTNERSTWA

oraz modyfikatorami zywic epoksydowych moga promowac wspotprace NARZECZ CELOW
miedzy instytucjami naukowymi a przemystem, wspierajgc rozwoj
zréwnowazonych technologii i praktyk. Tego rodzaju partnerstwa sa

niezbedne dla realizacji celéw zréwnowazonego rozwoju, gdyz tgcza

wiedze i zasoby réznych sektordw, co prowadzi do bardziej efektywnych
i innowacyjnych rozwigzan.

1.8.  SZANSE KOMERCJALIZACJI WYNIKOW BADAN

Jednoznaczne okreslenie wielkosci rynku cieczy jonowych to wyzwania dla wielu
agencji zajmujacych sie przygotowywaniem raportéw rynkowych. Kazda z globalnie
rozpoznawalnych agencji dostarcza innych informacji o prognozach wzrostu wielkosci
rynku, jego wartosci i wielkoscirocznego skumulowanego wskaznika wzrostu (CAGR, ang.
Compound Annual Growth Rate). Global Market Insights oszacowat warto$¢ rynku ILs w
roku 2023 na 2,38 mld dolaréw. Jednoczesnie podajgc wartosé CAGR (w prognozie na lata
2024 - 2032) na poziomie 13,5%, prowadzgc do osiggniecia wartosci rynku w 2032 roku
na poziomie 7,76 mld dolarébw. Domene katalizy wskazano jako kluczowa w rozwoju
branzy ILs, a wsréd pieciu najwiekszych przedsiebiorstw majgcy wptyw na rynek
wymienia: (i) BASF SE, (ii) Tokyo Chemical Industry, (iii) Solvionic, (iv) loLiTec GmbH oraz
(v) Scionix. Do kluczowych gospodarek nalezg gospodarka amerykanska oraz niemiecka,
majgce w 2023 roku rynek cieczy jonowych o wielkosci odpowiednio 882 mln dolaréw i
768 mln dolaréw [74].

Nieco wyprzedzajgc szczegdétowe omowienie wynikéw badan w cyklu publikaciji,
przeanalizowano ogélne szanse komercjalizacji takich technologii, powstatych na bazie
prac naukowych [A1] - [A7]. Wydaje sie, ze kluczowym czynnikiem bedzie zwiekszenie
dostepnosci cieczy jonowych na rynku, szczegélnie w skali wielkotonazowej. Branza
kompozytowa zuzywa duze ilosci komponentéw i z reguty sg to substancje tanie, zatem
oprocz dostepnosci ILs, kluczowym bedzie takze optymalizacja kosztéw syntezy i
wprowadzenie dostepnosci produktdw o czystosci technicznej. Dzisiejsze obszary
aplikacji ILs wymagaja wysokiej czystosci, szczegdlnie zastosowania zwigzane z
elektrochemia, jednakze z punktu widzenia branzy kompozytowej, wysoka czystos¢ nie
jest niezbedna do utrzymania zatozonych parametrow materiatéw. W literaturze znane sg
doniesienia o skalowaniu syntezy cieczy jonowych [75-77], wiec mozna zatozy¢, ze w
najblizszych latach problemy z dostepnoscia zostang zaspokojone. Z kolei ceny cieczy
jonowych, zgodnie z zasadami rynkowymi, powinny obnizaé sie wraz ze wzrostem popytu
i podazy, co koreluje zwczesniejszym stwierdzeniem dotyczgcym dostepnosci. Jak zatem
mozna przekonaé przemyst do nowych rozwigzan? Zasadnym wydaje sie wykorzystanie
czynnika zréwnowazonego rozwoju i bezpieczenistwa jakie niosg ciecze jonowe. Nowe
rozwigzania technologiczne przechodzag ocene na podstawie analizy cyklu zycia (LCA,
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ang. Life Cycle Analysis), ktdra jest szczegétowym badaniem danej technologii, produktu
lub surowca i wszystkich elementéw z nig/nim zwigzanych. Jednakze w zyciu
codziennym, ciekawg alternatywa wydaje sie wykorzystanie narzedzi komputerowych do
rutynowej oceny procesdéw np. syntezy pod katem ich zréwnowazenia. Coraz wieksza
popularnoscia cieszg sie rozwigzania dostarczane przez liczne firmy, a jednym z nich jest
np. GREEN MOTION™ opracowane przez firme Mane, lidera w branzy produkcji substancji
zapachowych i smakowych. Niektére publikacje juz teraz wykorzystujg to
oprogramowanie do oceny raportowanych, nowych zwigzkéw chemicznych i proceséow
ich otrzymywania pod katem zréwnowazonego rozwoju [78,79], rdwniez cieczy jonowych
[75].

0 Hazard & Toxicity

0 Raw materials

Rysunek 4. Ocena syntezy cieczy jonowej - dicyjanoamidu
1-etylo-3-metyloimidazoliowego, dokonana przy uzyciu narzedzia GREEN MOTION™.

Jako przyktad, ze ciecze jonowe moga wykorzystywaé fakt zrownowazonego
rozwoju jako swojg przewage nad klasycznymi komponentami w branzy kompozytow,
wykonano analize procesu syntezy jednej z najlepiej poznanych cieczy jonowych,
dziatajacych jako inicjator sieciowania zywicy epoksydowej — dicyjanoamid 1-etylo-3-
metyloimidazoliowy. W tym celu wykorzystano narzedzie GREEN MOTION™, a wynik
oceny przedstawiono na Rysunku 4. Kryterium analizowanym byto spetnienie 12 zasad
zielonej chemii, a proces syntezy ewaluowano w skali 100 kg, zaktadajac czystos$é na
poziomie 85% i wykorzystujgc metode syntezy cieczy jonowych z anionem [DCA] z
uzyciem zywic jonowymiennych, ktéra obecnie rozwijana i optymalizowana jest w
Poznanskim Parku Naukowo-Technologicznym.

Podczas analizy wzieto pod uwage, miedzy innymi, wptyw produktéw na
srodowisko, zdrowie i bezpieczenstwo, szczegétowo ewaluujgc:

surowce;
rozpuszczalniki;
zagrozenia i toksycznos$cé reagentow;

wydajnos¢ i selektywnosé reakciji;
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efektywnosé procesu;
zagrozenia i toksycznosc¢ produktu koncowego;
odpady.

Kazdy z tych aspektdw jest oceniany wedtug okreslonych kryteriéw, ktdre sag
zestawiane w 0gdlny wynik od 0 do 100 punktéw. Im wyzszy wynik, tym bardziej "zielony"
jest dany proces lub produkt. Wynik powyzej 50 punktéw jest uznawany za "zielony" i
sugeruje, ze proces spetnia wyzsze standardy zréwnowazonego rozwoju. Uzyskano wynik
52, ktéry jest powyzej minimalnego progu. Analiza wykazata, ze choé niektére aspekty,
takie jak pochodzenie surowcéw petrochemicznych, obnizajg ogdlng ocene, to proces
jest oceniany jako zréwnowazony dzieki wysokiemu wynikowi w kategoriach odpadow i
procesu.

Podsumowujac tg czes¢ pracy, wyniki badan opisywane w cyklu publikacji maja
szanse komercjalizacji, jednak potrzeba czasu niezbednego do zapewnienia
odpowiedniej dostepnosci komponentéw w postaci cieczy jonowych i osiggniecia
akceptowanego w branzy materiatdw kompozytowych putapu cenowego. Réwnolegle
nalezy wykorzystywa¢é przewage ILs w postaci osiggania celéw zrownowazonego rozwoju
i monitorowaé zmieniajgce sie regulacje prawne, ktére w wielu nowych technologiach
okazujg sie bodZzcem do wdrozenia, wymuszajgc na przemysle pewne zmiany i dziatania
na rzecz srodowiska.
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Celem niniejszej pracy doktorskiej

byto opracowanie, synteza oraz
charakterystyka cieczy jonowych jako
utwardzaczy, wielofunkcyjnych
modyfikatoréw i nosnikéw wypetnienia dla

zywic epoksydowych oraz kompozytéw
wzmocnionych wtéknami. Praca ta dazytado

zrozumienia i zoptymalizowania wptywu
cieczy jonowych na proces sieciowania

zywic epoksydowych oraz wtasciwosci

mechaniczne i termiczne zywic oraz
kompozytéw. Badania miaty na celu
rozwiniecie nowatorskich systemoéw

modyfikujgcych czy sposéb wprowadzania

do kompozytéw wypetnienia, ktére bedag

mogty znalezé zastosowanie w przemysle,
zwiekszajgc efektywnos$é i funkcjonalno$é materiatdow kompozytowych. Sformutowano
réwniez cele szczegodtowe:

synteza cieczy jonowych, stanowigcych pochodne réznych amin, w tym:
1,4-diazabicyklo[2.2.2]oktanu, urotropiny oraz aniliny oraz charakterystyka
ich wtasciwosci;

zbadanie cieczy jonowych oraz ich mieszanin jako srodkéw sieciujgcych w
rozwoju zaawansowanych systemoéw zywic epoksydowych i kompozytdw;

zbadanie cieczy jonowych oraz ich mieszanin jako modyfikatorow w
uktadach zywic epoksydowych oraz struktur kompozytowych w celu
stworzenia wysokowydajnych, trwatych i wszechstronnych kompozytéw
odpowiednich do szerokiego zakresu zastosowan przemystowych;
zbadanie cieczy jonowych oraz ich mieszanin jako nosnikéw wypetnienia w
uktadach zywic epoksydowych i kompozytéw oraz identyfikacja
optymalnych obszaréw zastosowania w dziedzinie materiatow
kompozytowych, w ktérych ciecze jonowe stanowi¢ moga konkurencje lub
posiada¢ przewage nad rozwigzaniami konwencjonalnymi;
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zbadanie wptywu cieczy jonowych oraz ich mieszanin na wtasciwosci
mechaniczne struktur kompozytowych.

Uzupetnieniem celu pracy byty postawione hipotezy badawcze, na ktére

odpowiedz miata przyniesé niniejsza praca. Sformutowano ponizsze hipotezy.

/1150

Ciecze jonowe skutecznie petnig role modyfikatoréw zywic epoksydowych,
poprawiajgc ich wtasciwosci mechaniczne i termiczne bez koniecznosci
stosowania dodatkowych substancji modyfikujacych;

Nowo zsyntetyzowane ciecze jonowe na bazie trzech réznych amin: (i) 1,4-
diazabicyklo[2.2.2]oktanu (DABCOQO), (ii) urotropiny oraz (iii) pochodnych
aniliny jako struktur wyjsciowych w projektowaniu kationdw mogg by¢
skutecznymi inicjatorami utwardzania zywic epoksydowych, umozliwiajac
kontrolowane procesy sieciowania i tworzenie stabilnych uktadow
kompozytowych. Aniony takie jak: (i) dicyjanoamid [DCA], (ii)
trifluorometanosulfonian [OTf] oraz (iii)
bis(trifluorometanosulfonylo)imidek [NTf,], rowniez majg istotny wptyw na
proces sieciowania zywicy epoksydowej, poprzez czynny udziat w
powstawaniu sieci polimerowej;

Zastosowanie cieczy jonowych osadzonych na krzemionce jako
modyfikatoréw i utwardzaczy kompozytéw epoksydowych wzmocnionych
wtdéknem weglowym i lnianym, zwiekszy ich wytrzymato$s¢ mechaniczna.
Ponadto, jest to skuteczny sposdb wprowadzania do uktadu
kompozytowego wypetnienia krzemionkowego, ktére poprzez obecnosé
inicjatora utwardzania na swojej powierzchni, inicjuje polimeryzacje
matrycy epoksydowej, mozliwie jak najblizej powierzchni wypetniacza,
uniemozliwiajgc powstawanie defektébw w strukturze utwardzonego
polimeru;

Mieszaniny cieczy jonowych z anionem dicyjanoamidowym bedg miaty
istotny wptyw na wtasciwosci termiczne i mechaniczne kompozytow
epoksydowych wzmocnionych wtéknem Llnianym, zwiekszajgc ich
potencjat aplikacyjny w specjalistycznych warunkach, w ktérych niektére
cechy materiatu sa pozgdane. Mieszaniny cieczy jonowych majg charakter
addytywny wzgledem nadawania wtasciwosci kompozytom;

Celuloza rozpuszczona w cieczach jonowych jako wypetniacz generowany
in situ, wptywa na proces utwardzania zywic epoksydowych oraz na
wtasciwosci mechaniczne koncowych materiatdw kompozytowych,
oferujgc ekologiczna alternatywe dla tradycyjnych wypetniaczy i nowatorski
sposoéb jego wprowadzania do uktadu zywicznego — ptynne wypetnienie;
Ciecze jonowe moga by¢ projektowane jako wielofunkcyjne modyfikatory,
ktére mogg jednoczesnie wptywaé¢ na kilka kluczowych parametrow
materiatowych, takich jak wytrzymatos$é, stabilnos¢ termiczna oraz
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odpornosé¢ ogniowa, co otworzy nowe mozliwosci zastosowania tych
materiatdw w réznych gateziach przemystu. Odpowiednio dobrane ciecze
jonowe mogg w rdézny sposéb modyfikowaé wtasciwosci struktur
polimerowych, w szczegélnosci wptywajgc na stopien usieciowania,

wartos$¢ temperatur zeszklenia czy temperatury procesu sieciowania.
Poprzez weryfikacje powyzszych hipotez, niniejsza praca doktorska dazy do
poszerzenia wiedzy na temat cieczy jonowych i ich zastosowan, a takze do opracowania
nowoczesnych materiatéw kompozytowych o ulepszonych wtasciwosciach, ktére
stanowi¢ mogg konkurencje dla komponentéw konwencjonalnych, szeroko stosowanych

w branzy kompozytéw.
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Niniejsza rozprawa doktorska
poswiecona jest syntezie i charakterystyce
cieczy jonowych bazujgcych na kationach
pochodnych: (i) 1,4-
diazabicyklo[2.2.2]oktanu, (ii) urotropiny, (iii)
aniliny oraz (iv) imidazolu i przeciwjonach w
formie przede wszystkim, ale nie tylko,
anionu: (i) dicyjanoamidowego, (ii)
trifluorometanosulfonowego oraz (iii)

bis(trifluorometanosulfonylo)imidkowego.
W pracy wskazano takze wielofunkcjonalne
zastosowanie cieczy jonowych, zaréwno w
formie czystych cieczy jonowych, jak
réwniez ich mieszanin, w obszarze zywic

epoksydowych i kompozytéw epoksydowych wzmacnianych wtéknami. Wszystkie

opisywane w kolejnych podrozdziatach wyniki badan zostaty szeroko przedstawione w

cyklu siedmiu publikacji naukowych przedstawionych ponizej.

3.1.  CYKL PUBLIKACII

[A1] Zielinski, D., Szpecht, A., Hinc, P., Maciejewski, H. & Smiglak, M. Mono N-
Alkylated DABCO-Based lonic Liquids and Their Application as Latent Curing
Agents for Epoxy Resins. ACS Appl. Polym. Mater. 3, 5481-5493 (2021).

[A2] Zielinski, D., Szpecht, A., Hinc, P. & Smiglak, M. Synthesis and Behavior of
Hexamethylenetetramine-Based lonic Liquids as an Active Ingredient in Latent
Curing Formulations with Ethylene Glycol for DGEBA. Molecules 28, 892 (2023).

[A3] Zielinski, D., Szpecht, A., Nadobna, P., Palacz, M. & Smiglak, M. Behavior,
synthesis, and effectiveness of an activity of anilinium-based lonic Liquids

(AnlLs) as a hardeners and modifiers for epoxy-coatings of flax biocomposites.
Progress in Organic Coatings 189, 108353 (2024).

[A4] Zielinski, D. et al. Multifunctional Modifying Systems Based on lonic Liquids for
Epoxy Resin Systems and Composites. Applied Sciences 13, 10661 (2023).
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[A5] Zielinski, D., Szpecht, A. & Smiglak, M. Dicyanamide ionic liquid mixtures for
curing and modifying flax-fiber reinforced epoxy resin composites. Journal of
Molecular Liquids 408, 125340 (2024).

[A6] Zielinski, D. et al. Supported lonic Liquid-Phase Materials (SILP) as a
Multifunctional Group of Highly Stable Modifiers and Hardeners for Carbon and
Flax Epoxy Composites. ChemPlusChem 89, e202400193 (2024).

[A7] Zielinski, D., Szpecht, A., Maciejewski, H. & Smiglak, M. Cellulose dissolved in
ionic liquids as in situ generated filler in epoxy biocomposites with simultaneous
curing initiated by ionic liquids. Cellulose 31, 6747-6760 (2024).

3.2. PROJEKT ,,MULTIKOMP”

Projekt ,Innowacyjne, wielofunkcjonalne uktady kompozytowe z przeznaczeniem
na elementy konstrukcyjne autonomicznych platform bezzatogowych - MULTIKOMP”, byt
realizowany w latach 2016 — 2021 przez konsorcjum, w sktad ktérego wchodzity cztery
instytucje:

Instytut Technologii Bezpieczenstwa ,,Moratex” w Lodzi (ITB ,,Moratex”);

Slaskie Centrum Naukowo-Technologiczne Przemystu Lotniczego Sp. z 0.0. w
Czechowicach-Dziedzicach (obecnie WB Centrum Kompozytéw sp. z 0. 0.);

Fundacja Uniwersytetu im. Adama Mickiewicza w Poznaniu;

oraz Akademia Sztuk Pieknych im. Wtadystawa Strzeminiskiego w todzi.
Celem projektu ,,MULTIKOMP” byto opracowanie nowatorskich rozwigzan

kompozytowych w zakresie zaawansowanych, wielofunkcyjnych materiatéw
przeznaczonych do wytwarzania kompozytowych konstrukcji powietrznych, ladowych i
morskich autonomicznych platform bezzatogowych (APB). Wdrozenie opracowanych
rozwigzan materiatowych ma potencjalny wptyw na rozwdj zdolnosci operacyjnych Sit
Zbrojnych RP oraz stuzb odpowiedzialnych za zapewnienie bezpieczenstwa publicznego.
Co wazne, przeprowadzone w ramach projektu badania stanowity fundament niniejszej
rozprawy doktorskiej, bedac inspiracjg do dalszych, pogtebionych zadan badawczych i
nowych projektow.

Z wielu zaplanowanych w projekcie zadan autor pracy byt bezposrednio
zaangazowany w dwa obszary. Opracowanie i skalowanie technologii: (i) zywic z cieczami
jonowymi oraz (ii) preimpregnatéw wtéknistych (prepregdéw) na bazie receptur zywic z
cieczami jonowymi i bazujgcych na nich wielofunkcjonalnych uktadéw kompozytowych
bedacych elementami konstrukcyjnymi APBAw.

3.2.1. Zadania zwigzane z cieczami jonowymi w projekcie ,,MULTIKOMP”

Projekt koncentrowat sie na zastosowaniu cieczy jonowych jako inicjatorow
sieciowania zywicy epoksydowej oraz optymalizacji tego procesu pod katem wytwarzania
preimpregnatéow wtdknistych (prepregéw). Jednym z celdw projektu byto zapewnienie
stabilnosci tych prepregdw w temperaturze pokojowej, co stanowitoby innowacje
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technologiczng w poréwnaniu do aktualnie produkowanych preimpregnatéw, ktore
wymagaja przechowywania i transportu w warunkach chtodniczych (zwykle w
temperaturze -19°C). Ponadto, planowano, ze ta stabilno$sé w temperaturze pokojowej
bedzie wydtuzona wzgledem stabilnosci w warunkach chtodniczych, dostepnych na
rynku prepregéw. Pierwotne zatozenia projektu przewidywaty, ze uktady cieczy jonowych
z zywicami epoksydowymi bedg kompatybilne z réznymi rodzajami tkanin
wzmachiajacych, w szczegélnosci z wtéknem weglowym oraz aramidowym, w szerokim
zakresie ich splotu i gramatury. Jednak w toku badan okazato sie, ze mimo licznych préb
kompatybilizacji, wytworzone uktady zywiczne nie nadajg sie do stosowania z wtéknem
aramidowym. Problemy napotkane podczas badan obejmowaty trudnosci w osiggnieciu
wymaganych poziomdéw przesycenia zywicg tkaniny oraz jednorodnosci roztozenia
matrycy zywicznej na powierzchni wtdkniny aramidowej. Zadanie byto o tyle utrudnione,
ze projekt nie zaktadat wprowadzania substancji polepszajacych adhezje czy
modyfikatoréw reologii na tym etapie, kierujac sie celem osiggniecia mozliwie jak
najprostszego sktadu surowcowego mieszanki zywiczne;j.

W pierwszym etapie okreslono warunki brzegowe dla cieczy jonowych oraz zywic
epoksydowych. Na podstawie analizy literatury, opracowano typoszereg cieczy
jonowych, sklasyfikowanych w ramach trzech grup: (i) cieczy jonowych alkilowanych, (ii)
cieczy jonowych protonowanych oraz (iii) mieszanin eutektycznych oraz typoszereg zywic
epoksydowych. Nastepnie rozpoczeto etap badan przesiewowych. Okreslono
maksymalne, graniczne stezenie cieczy jonowych w kompozycji na poziomie 4 phr (czesci
na sto czesci zywicy, ang. parts per hundred resin), temperature 120°C oraz czas
utwardzania wynoszacy 4 godziny. Badania w tym etapie miaty na celu przede wszystkim
wyeliminowanie tych ILs z typoszeregu, ktdre nie inicjowaty utwardzania zywicy w
zatozonych warunkach, co doprowadzito do redukcji pierwotnego typoszeregu z 44
pozycji do 15 cieczy jonowych/mieszanin, ktére zakwalifikowano do drugiego etapu
badan przesiewowych. Kontynuujac, prowadzono eksperymenty nie tylko pod katem
utwardzania, ale réwniez pod wzgledem miedzy innymi: (i) mieszalnosci i
kompatybilnosci z zywicami epoksydowymi, (ii) lepkosci, (iii) optymalizacji stezenia w
stosunku do zywicy epoksydowej oraz (iv) tendencji do samoutwardzania w temperaturze
pokojowej. Badania przesiewowe obejmowaty wytworzenie tgcznie 510 kompozyciji
cieczy jonowych i mieszanin z zywicami epoksydowymi, w tym 220 kompozycji w
pierwszym etapie oraz 290 kompozycji w drugim etapie, a rezultatem byto wytypowanie
dwdch najlepszych cieczy jonowych.

Walidacja uzyskanych wynikéw wprowadzita projekt w faze optymalizacji i
modyfikacji, ktéra miata na celu przede wszystkim poprawe wtasciwosci prepregéw, a w
konsekwencji takze struktur kompozytowych. Wychwycone problemy na réznych
etapach przetwdrstwa mieszanki zywicznej, pozwolity okresli¢ kierunek modyfikacji w
postaci doboru substancji pomocniczych, wspierajacych proces utwardzania w
spetnieniu  warunkéw brzegowych. Ostatecznie wytypowany uktad zywiczny
scharakteryzowano przy uzyciu technik analizy termicznej oraz przeprowadzono analize
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podstawowych wtasciwosci mechanicznych utwardzonej mieszanki modyfikowanej, w
tym badania wytrzymatosci przy statycznym rozcigganiu oraz wytrzymatosci przy
zginaniu. Analizy te uzupetnione zostaty poprzez badania wytrzymatosci mechanicznej
dla wytworzonych struktur kompozytowych, wzmacnianych wtéknem weglowym.

3.2.2. Efekty projektu

Projekt ,MULTIKOMP” osiggnat znaczace rezultaty w zakresie technologii
kompozytéw stosowanych w konstrukcjach powietrznych, ladowych i morskich
autonomicznych platform bezzatogowych. Opracowano usystematyzowane podejscie
projektowe przy wykorzystaniu metodologii Design Thinking do projektowania nowych
uktadéw kompozytowych dla APB. Metodologia ta pozwala na lepszg implementacje
innowacji oraz integracje uzytkownikéw koncowych w proces projektowy. Z uwagi na
specyfike tego projektu oraz objecie wynikéw poufnosciag, nie zostaty one przytoczone w
przewodniku na rzecz ogélnego zarysu i zakresu. Z tego samego powodu, wyniki prac
badawczych w projekcie ,,MULTIKOMP” nie mogty by¢ swobodnie publikowane w
artykutach naukowych. Projekt byt inauguracjg i wskazaniem przysztych kierunkow
badan, ktérych wyniki bedg omawiane w niniejszej pracy.
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Jednym z waznych elementéw badan
zaprezentowanych w pracach [A1], [A2],

YNTEZA [A3], [A4] oraz [A5] byta synteza cieczy
jonowych. W ramach tych badan
przeanalizowano ich wtasciwosci jako

inicjatoréw i  modyfikatoréw  zywicy

epoksydowej, zaréwno w formie czystych

cieczy jonowych, jak i w postaci mieszanin.

Ponadto, szczegbdtowo zbadano ich

wtasciwosci termiczne. Wiekszos$é

otrzymanych zZwigzkow chemicznych,

przedstawionych w tych pracach jest nowa,

a ich petna charakterystyka ma istotne

znaczenie dla dostarczenia cennej wiedzy

innym naukowcom. Dla wszystkich zwigzkéw okreslono podstawowe parametry
jakosciowe, takie jak czysto$¢ oraz zawarto$sé wody. Szczegdétowa metodologia tych
badan jakosciowych oraz wyniki otrzymane dla poszczegélnych substancji zostaty
przedstawione w odpowiednich pracach, sktadajgcych sie na te rozprawe. W kolejnych
podrozdziatach zostanie ogdlnie omoéwiony proces syntezy, tworzenia mieszanin cieczy

jonowych oraz ich wtasciwosci termiczne, ktérego szczegdty zawarte sg w cyklu prac
naukowych wchodzgcych w sktad rozprawy.

4.1. STRUKTURY OTRZYMANYCH ZWIAZKOW CHEMICINYCH

Na Rysunkach 5 — 8 przedstawiono wszystkie struktury zwigzkéw chemicznych,
ktére zostaty otrzymane na drodze syntezy w pracach [A1], [A2], [A3], [A4] oraz [A5], wraz
Z przypisanymi im numerami, co utatwi dalszg interpretacje wynikéw. Ponadto, na koncu
niniejszej pracy ponownie zamieszczono wykaz struktur, aby w kazdej chwili mozliwe byto
odwotanie sie do doktadnej struktury omawianej w akapicie.
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Rysunek 5. Struktury zwigzkéw chemicznych, pochodnych DABCO otrzymanych na
drodze syntezy w pracy [A1].
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Rysunek 6. Struktury zwigzkéw chemicznych, pochodnych urotropiny otrzymanych na
drodze syntezy w pracy [A2].
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Rysunek 7. Struktury zwigzkéw chemicznych, pochodnych aniliny otrzymanych na
drodze syntezy chemicznej w pracy [A3].
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Rysunek 8. Struktury zwigzkdw chemicznych otrzymanych na drodze syntezy w pracach
[A4]i[A5].

4.2. METODY SYNTEZY CIECZY JONOWYCH

Pierwsza grupa badanych cieczy jonowych to pochodne 1,4-
diazabicyklo[2.2.2]oktanu. Ta bicykliczna amina, czesto wykorzystywana w syntezie
organicznej, stanowi doskonate zrdédto pozyskiwania cieczy jonowych. Dzieki swojej
unikalnej strukturze, omawiany zwigzek chemiczny podlega zaréwno monoalkilowaniu,
jak i dialkilowaniu [80-82]. Taka wtasciwo$¢ DABCO umozliwia synteze cieczy jonowych,
ktére w swojej strukturze zawierajg dwa czwartorzedowe atomy azotu oraz dwa aniony.
Kierunek reakcji substytucji nukleofilowej DABCO moze by¢ sterowany poprzez
temperature oraz rozpuszczalnik, ktére odpowiednio dobrane pozwalajg uzyskacé
pozadang strukture produktu. Dla przyktadu, proces prowadzony w temperaturze
pokojowej oraz octanie etylu, prowadzi do uzyskania produktu monopodstawionego [80].
Dzieje sie tak, poniewaz produkt reakcji DABCO z wybranym halogenkiem, najczesciej
bromkiem, wydziela sie z uktadu reakcyjnego, przez co nie ulega drugiej substytuciji. Z
kolei aby uzyskaé dipodstawiong pochodng, reakcje nalezy prowadzi¢ w podwyzszonej
temperaturze oraz acetonitrylu, ktéry skutecznie rozpuszcza monopodstawiong
pochodng i umozliwia jej dalsza reakcje [80,83,84]. Co istotne, mozliwe jest uzyskanie
podstawienia DABCO réznymi grupami funkcyjnymi, poprzez potgczenie procesu
monosubstytucji, a nastepnie rozpuszczenie pochodnej w acetonitrylu i dalsza
substytucja nukleofilowa, z uzyciem innego czynnika alkilujacego. Ponadto, umiejetne
zaplanowanie syntezy prowadzi do uzyskania pochodnych, sktadajgcych sie z réznych
przeciwjondéw [80]. W pracy [A1] przeprowadzono synteze monopodstawionych
pochodnych DABCO poprzez reakcje tej aminy z odpowiednim bromkiem alkilowym.
Portfolio zwigzkdw zaplanowano w taki sposéb, aby poszczegélne pochodne réznity sie
dtugoscia tancucha alkilowego, uwzgledniajgc parzystg oraz nieparzystg liczbe atomow
wegla w tancuchu. Przedstawiona na Schemacie 1 reakcja, uwzglednia takze drugi etap
syntezy, czyli metateze, prowadzaca do wymiany anionu bromkowego na anion
dicyjanoamidowy. Reakcje metatezy przeprowadzono w sposdb szeroko stosowany w
literaturze, a wszystkie otrzymane zwiazki scharakteryzowano spektroskopowo oraz
okreslono ich czystos¢ z wykorzystaniem chromatografii jonowej. Szczegétowe
informacje dotyczgce syntezy jak i charakterystyki otrzymanych substancji chemicznych
sg zawarte w pracy [A1].
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Schemat 1. Schemat reakcji otrzymywania pochodnych DABCO w pracy [A1].

W toku prac badawczych, podczas badan przesiewowych, zaobserwowano duzg
aktywnos$¢ utwardzajgca kationu DABCO, zawierajgcego tancuch alkilowy sktadajacy sie
z sze$ciu atoméw wegla. Uzupetniajgc badania, zdecydowano sie otrzymadé serie
pochodnych, sktadajgcych sie z tego kationu oraz ré6znych przeciwjonéw, ktére otrzymano
zaréwno na drodze metatezy z odpowiednim reagentami i warunkami, jak réwniez
przeprowadzajgc reakcje Menschutkina z uzyciem 1-chloroheksanu, prowadzacg do
otrzymania czwartorzedowej soli chlorkowej. Otrzymane zwiazki przedstawiono na
Rysunku 9. Celem tych badan byto przede wszystkim okreslenie wptywu anionu na
zdolnos$¢ cieczy jonowej do inicjowania polimeryzacji zywicy epoksydowej, ale takze
lepsze poznanie grupy zwigzkéw chemicznych na bazie DABCO. Tylko jedna z badanych
pochodnych, zawierajgca anion trifluorometanosulfonowy, wykazywata zdolnos$é
utwardzania zywicy epoksydowej w okreslonych w pracy warunkach brzegowych.
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Rysunek 9. Struktury otrzymanych, dodatkowych pochodnych DABCO zawierajgcych
inne aniony w strukturze.

W roku 2015 Natalia V. Plechkova oraz Kenneth R. Seddon w jednej z prac, podczas
opisywania urotropinowych cieczy jonowych, uzyli zwrotu, ze z uwagi na wysoka
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predyspozycje tej aminy do tworzenia czwartorzedowych soli, w bardzo tagodnych
warunkach, a przez to mnogos¢ potencjalnych struktur, urotropina wydaje sie by¢
niedostatecznie zbadanym zZrédtem cieczy jonowych [85]. Ponadto, jest to substancja
wyjatkowo tatwo dostepna i tania. Jej znaczenie w syntezie chemicznej to przede
wszystkim otrzymywanie amin pierwszorzedowych poprzez reakcje Delépine’a, w ktorej
w poczatkowym etapie urotropina, ulegajgca reakcji z czynnikiem alkilujacym, prowadzi
do powstania produktu posredniego, czwartorzedowej soli, reagujac dalej i prowadzgc do
powstania pierwszorzedowej aminy. Urotropina jest w tej reakcji donorem azotu, z ktérego
w ostatnim etapie powstaje grupa aminowa w miejscu, w ktérym w czynniku alkilujgcym
znajdowat sie atom halogenkowy [86]. Pierwszy etap reakcji Delépine’a przebiega w
temperaturze pokojowej, zwykle w chloroformie, a czwartorzedowa sél wydziela sie z
mieszaniny wraz z postepem reakcji, w formie osadu, przez co izolacja tego produktu jest
stosunkowo prosta. Wtasnie ten | etap (Schemat 2) wykorzystano do otrzymania
pochodnych urotropiny 27 — 41 opisanych w pracy [A2].

N TN ‘I
AgDCA LN
\ 7)
woda @ @ \\N
N N/|§N RT
N\/@“ Br \NS>J
N oo ©%%r 30
CF3
LiNTf. klN\)N 0\\5
. ! 2 7 \
urotropina 27-31 woda / DCM © N 0
RT
o’ CF3
37-41

Schemat 2. Schemat otrzymywania pochodnych urotropiny opisywanych w pracy [A2].

Urotropina pozwala wtatwy sposdéb otrzymac bardzo zaawansowane struktury soli
czwartorzedowych, jednakze zwigzki te majg jedng zasadniczg wtasciwosé.
Czwartorzedowe sole urotropiny nalezg do zwigzkéw o niskiej stabilnosci termicznej.
Dzieje sie tak prawdopodobnie dlatego, ze zmiana jej uporzadkowanego i symetrycznego
uktadu wigzan poprzez wprowadzenie tancucha alkilowego, powoduje destabilizacje
struktury. Ta wtasciwosé sprawia, ze czwartorzedowe sole halogenkowe urotropiny
ulegaja rozpadowi przecietnie w przedziale okoto 120-160°C [87] i jest to uzaleznione od
stopnia rozbudowania struktury. Niektére, co bardziej rozbudowane ugrupowania,
przesuwajg temperature dekompozycji nawet w okolice 100°C, a najprostsze tancuchy
alkilowe, przytaczone do atomu azotu urotropiny zwykle rozpadaja sie ponizej 200°C [87-
90]. Ta cecha urotropiny jest jeszcze bardziej uwidoczniona w przypadku jej soli, ktére sa
ptynne w temperaturze pokojowej lub przeciwjon wzgledem kationu pochodzi od silnego
kwasu, ktory katalizuje jej rozpad. W praktyce, destabilizacja struktury objawia sie
stopniowa zmiang koloru zwigzku w strone intensywnie czerwonego lub
pomaranczowego, oraz wydzielaniem silnego, draznigcego zapachu amoniaku. Réwniez
w przypadku tej grupy zwigzkéw dokonano charakterystyki spektroskopowej i analizy
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czystosci z uzyciem chromatografii jonowej, a szczegdtowe wyniki zestawione sg w pracy
[A2]. Z uwagi na niska stabilnos$¢ otrzymanych zwigzkdw, ich dalsze badania z zywicami
epoksydowymi prowadzono w uktadach z glikolem etylenowym, ktéry w literaturze
opisywany jest jako zwigzek zwiekszajgcy stabilnos¢ cieczy jonowych poprzez tworzenie
uktadéw pseudoeutektycznych [91].

Trzecig grupe otrzymanych cieczy jonowych, opisanych w pracy [A3], stanowig
pochodne dimetyloaniliny oraz dietyloaniliny. Wybdr tej grupy prekursoréw byt
determinowany przez kilka czynnikdw: (i) znane wtasciwosci aniliny oraz jej pochodnych
jako czynnikéw utwardzajgcych zywice réznego typu, w tym winylowe czy epoksydowe
[92-94], (ii) zdolno$¢ pochodnych aniliny do tworzenia struktur polimerowych [95,96]
oraz (iii) nieliczne doniesienia literaturowe dotyczace tego typu cieczy jonowych oraz
ogbélnie czwartorzedowych soli amoniowych zawierajgcych grupe fenylowg. W pierwszym
etapie syntezy otrzymano sole bromkowe pochodnych dimetylo- i dietyloaniliny,
uzyskujac trzy zwiazki chemiczne zawierajace w strukturze kationu kolejno: (i) trzy grupy
metylowe oraz grupe fenylowa, (ii) trzy grupy etylowe oraz grupe fenylowag oraz (iii) dwie
grupy metylowe, grupe fenylowa oraz grupe benzylowa. Nastepnie, pochodne poddano
reakcji metatezy w celu wymiany anionu bromkowego na anion dicyjanoamidowy oraz
anion trifluorometanosulfonowy, wykorzystujgc znane w literaturze metody syntezy
[97,98]. Droge syntezy przedstawiono na Schemacie 3.
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Schemat 3. Schemat otrzymywania pochodnych aniliny w pracy [A3].

Otrzymane pochodne 42 — 49 zostaty scharakteryzowane metodami spektrosko-
powymi, a takze okreslono ich czystos¢ z uzyciem chromatografii jonowej. Wyniki analiz
otrzymane dla poszczegdlnych substancji zawarto w pracy [A3].

Przedstawiona w niniejszym podrozdziale metoda syntezy cieczy jonowych z
anionem dicyjanoamidowym, wykorzystujgca sole srebra, jest szeroko opisywana w
literaturze. Jednakze z punktu widzenia optacalnosci ekonomicznej moze stanowié
wyzwanie dla komercjalizacji wynikdbw w proponowanym obszarze zastosowania. W
opisywanych pracach wykorzystano jg miedzy innymi z uwagi na selektywnosé, szybkos¢
i mozliwos¢ otrzymania produktéw o wysokiej czystosci, ale jednoczes$nie rozpoczeto
prace nad optymalizacjg syntezy tej grupy zwigzkéw. Obecnie na ukonczeniu sg badania
wtasne nad wykorzystaniem zywic jonowymiennych do syntezy dicyjanoamidowych
cieczy jonowych. Ta metoda charakteryzuje sie wysoka wydajnoscia, jest tania oraz
przyjazna Ssrodowisku i pozwala na otrzymanie ILs o czystosci powyzej 90%, ktéra w
proponowanej aplikacji powinna by¢ wystarczajaca.
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4.3. MIESZANINY CIECZY JONOWYCH

Prace [A4] oraz [A5] skupiaty sie juz nie tylko na badaniu poszczegdlnych cieczy
jonowych, ale takze na opracowaniu mieszanin ILs, ktére beda poza inicjowaniem
utwardzania zywicy epoksydowej, nadawaé¢ materiatom dodatkowych cech, wptywajac
nawtasciwosci mechaniczne struktur kompozytowych. W ramach tych prac, czes¢ cieczy
jonowych zostata otrzymana na drodze reakcji Menschutkina (zwigzek 51) jak réwniez
dwuetapowo, gdzie po | Etapie otrzymywania soli halogenkowej, przeprowadzono
metateze, prowadzaca do ostatecznej struktury cieczy jonowej (zwigzek 50 i 52). W celu
otrzymania tych zwigzkéw zastosowano analogiczne metody syntetyczne jak opisane
powyzej, a szczegdtowe dane dotyczgce procesu syntezy jak i wtasciwosci otrzymanych
substancji zawarto w pracach [A4] oraz [A5].

Sktady poszczegdlnych mieszanin zostang przedstawione w kolejnych
rozdziatach, a ich wytworzenie polegato na doborze optymalnych stosunkéw
poszczegdlnych sktadnikdw mieszaniny, uwzgledniajac pozgdana funkcje w kompozycie
przygotowywania mieszanin prowadzono w podwyzszonej temperaturze, a szczegétowy
opis zawarto w odpowiednich pracach z cyklu publikaciji.

44. WLASCIWOSCI TERMICZNE

Wszystkie otrzymane zwigzki scharakteryzowano takze pod katem ich wtasciwosci
termicznych, wykorzystujac w tym celu miedzy innymi skaningowa kalorymetrie
réznicowg. Wyniki otrzymane dla wybranych, najwazniejszych w $wietle badan
opisywanych w niniejszej rozprawie zwigzkéw chemicznych, przedstawiono na wykresie.
Graficzne przedstawienie danych liczbowych zebranych w pracach [A1], [A2] oraz [A3]
znajdujace sie na Rysunku 10, pozwala przeanalizowa¢ jak w przypadku poszczegélnych
pochodnych dochodzi do przemian fazowych oraz w jakich zakresach temperatur
wystepujg one w stanie ciektym lub szklistym. Warto zaznaczyé, ze dla pochodnych
urotropiny zaznaczono takze wartosci temperatur powyzej ktérych ta grupa zwigzkéw
ulega dekompozycji. Najwiekszym zakresem fazy ciektej charakteryzuja sie pochodne
DABCO, dla ktérych podczas badan DSC zidentyfikowano jedynie temperatury
zeszklenia. Znaczna wiekszos¢ badanych zwigzkéw zachowata stabilno$é termiczng w
warunkach analizy, ktéra byta prowadzona od -80°C do 250°C.

Zebrane podczas analiz wyniki, pozwalajg scharakteryzowaé otrzymane
substancje poprzez okreslenie zakreséw temperatury, w ktérych wystepujg one w danym
stanie skupienia. Dla obszernej grupy zwigzkéw badanej w ramach pracy [A1], ktérych
rdzen kationu stanowi DABCO, zaobserwowano wystepowanie duzego zakresu
temperatur fazy ciektej oraz przejsScie fazowe w stan szklisty w niskich temperaturach.
Taka wtasciwosé sugeruje duze predyspozycje wykorzystania otrzymanych zwigzkéw w
réoznych domenach aplikacyjnych, w ktérych wymagane jest zachowanie stabilnosci
termicznej oraz szeroki zakres wystepowania w stanie ptynnym.
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Rysunek 10. Zakres temperatur przemian termicznych dla wybranych, otrzymanych w
cyklu publikaciji, cieczy jonowych.

Ciecze jonowe, bedace pochodnymi urotropiny, opisywane w pracy [A2],
zawierajgce w swojej strukturze przeciwjon [DCA], wykazujg bardzo niewielkie okno
wystepowania w stanie ciektym, po ktérym nastepuje dekompozycja zwigzkéw, co jest
zjawiskiem spodziewanym, w odniesieniu do obecnego stanu wiedzy i doniesien
literaturowych. Co ciekawe, wymiana anionu [DCA] na anion [NTf,] zwieksza zakres
temperatur fazy ciektej, zachowujac zblizong wartos¢ gérnej granicy temperatury, po
ktérej nastepuje dekompozycja.
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We wszystkich badaniach

naukowych, przedstawionych w cyklu

P R E publikacji, analizowano proces utwardzania
zywicy epoksydowej z zastosowaniem cieczy

jonowych. Badania te przeprowadzono przy

uzyciu skaningowej kalorymetrii réznicowej,
UTWA R - kazdorazowo okreslajgc temperatury
charakterystyczne dla procesu: (i) poczatku

polimeryzaciji, (ii) szczytu temperaturowego,

oraz (iii) konica polimeryzacji. Szczyt
DZANIA temperatury procesu stanowi kluczowy
moment, w ktérym reakcja utwardzania
osigga maksymalng intensywnosgé,

[ |
wyrazajgcg sie  najwyzszg  wartoscia
temperatury oraz wydzielang energia.

Parametr ten ma istothe znaczenie =z

technologicznego punktu widzenia, gdyz
EPO KSY_ przekroczenie tej granicznej temperatury,
wynikajgce z nadmiernego dostarczenia

ciepta, moze prowadzi¢ do niepozadanych

efektéw, takich jak przegrzanie mieszaniny

D 0 W Ej zywicznej, niekontrolowana reakcja
polimeryzacji, a nawet samozapton. Z tego

wzgledu, precyzyjne monitorowanie

temperatury jest niezbedne dla zapewnienia

bezpieczenstwa podczas pracy z zywicami epoksydowymi, zwtaszcza w kontekscie
zastosowania specjalistycznej infrastruktury, takiej jak autoklawy prézniowe.
Uzupetnieniem charakterystyki temperaturowej procesu jest pomiar catkowitej entalpii,
ktéra stanowi miare energii wydzielonej przez uktad w trakcie sieciowania, wyrazongw J/g.

Ponadto, zastosowanie metody dwdch cykli temperaturowych umozliwito wyznaczenie
zakresu temperatury zeszklenia dla utwardzonej zywicy epoksydowej. W niniejszym
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rozdziale skupiono sie gtéwnie na podstawowej charakterystyce procesu utwardzania,
obejmujgcej temperature szczytu termicznego oraz entalpig, jednakze szczegétowe dane
sg dostepne w pracach [A1] -[A7].

5.1. CIECZE JONOWE

Badania opisane w publikacjach [A1] oraz [A3] koncentrowaty sie gtéwnie na
charakterystyce procesu sieciowania. Na Rysunku 11 przedstawiono wartosci szczytu
termicznego oraz entalpii procesu dla analizowanych substancji. Wartos¢ drugiego piku
termicznego, jesli wystgpit w danej probce, zaznaczono kolorem szarym. Dla wiekszos$ci
cieczy jonowych, zawierajgcych kationy o rdzeniu DABCO lub pochodnej aniliny oraz
anion [DCA], obserwowano stabilne wartosci szczytu temperaturowego na poziomie 180-
200°C. Jednoczes$nie zauwazono tendencje do obnizania sie entalpii procesu sieciowania
wraz ze wzrostem dtugoscitaricucha alkilowego w kationie IL, lub w zaleznos$ci od rodzaju
rdzenia. W przypadku zamiany anionu na anion [OTf], zaobserwowano znaczacy wzrost
entalpii procesu oraz nizsze wartosci szczytu temperaturowego. Zwigzki oznaczone
numerami od 10 do 18 oraz 23, badano w uktadach z zywicg epoksydowag EnviPOXY® 530
i ilosci 4 phr, natomiast zwigzki od 44 do 49, w uktadach z zywicg Epidian 53, w ilosci 2

phr.
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Rysunek 11. Wykres wartosci szczytu temperaturowego oraz entalpii dla uktadéw
badanych w pracy [A1] oraz [A3].

Laleinos¢ wtasciwosci sieciujgcych od temperatury rozpadu cieczy jonowej

Pierwsze badania prowadzone nad zastosowaniem ILs jako inicjatorow
utwardzania zywicy epoksydowej zaktadaty bezposredniag korelacje pomiedzy
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temperaturg rozpadu cieczy jonowej, a temperaturg utwardzania. Zaktadano, ze ciecz
musi ulec rozpadowi, np. dealkilacji, aby powstaty rodniki zdolne do wchodzenia w
reakcje z zywicg epoksydowg. Takie podejscie miato otworzy¢ droge do wyboru
optymalnego inicjatora w postaci IL na podstawie danych, dotyczgcych stabilnosci
temperaturowej cieczy jonowych.

W pracy [A3] charakterystyke otrzymanych zwigzkéw uzupetniono o analize
termograwimetryczng (TGA), aby podczas ewaluacji wynikdéw z procesu utwardzania,
odnies$¢ je do temperatury rozpadu cieczy jonowych. Zebrane w Tabeli 3 dane, dotyczgce
analizy TGA oraz temperatury poczatku polimeryzacji, ukazujg jednak brak jednoznacznej
korelacji miedzy tymi wartosciami. Analogiczne obserwacje mozna dostrzec takze
podczas odnoszenia wartosci stabilnosci termicznej TGA np. dicyjanoamidu lub octanu
1-etylo-3-metyloimidazoliowego do parametrow proceséw sieciowania zywicy
epoksydowej przez te zwigzki. Prawdopodobnie dzieje sie tak, ze wzgledu na réznag
stabilnos¢ ILs w zaleznosci od matrycy, w ktdrej sie znajdujg, i tak czysta ciecz jonowa
wykazujgca duzg stabilno$¢ termiczng, moze w uktadzie z zywicg epoksydowsg ulegac
rozpadowi znacznie szybciej i w nizszych wartosciach temperatury.

Tabela 3. Wartosci danych stabilnosci termicznej dla zwigzkdw opisanych w pracy [A3] z
odniesieniem do temperatury poczatku polimeryzacji epoksydowej inicjowanej przez ta
grupe substanciji.

IL Tse® Ts0%° Tonset®
[numer zwigzku] [°C] [°C] [°C]
44 376 440 143
45 376 443 147
46 356 439 136
47 293 369 151
48 255 352 114
49 254 362 123

aTss — temperatura odpowiadajgca 5% utraty masy probki, °Tses — temperatura
odpowiadajgca 50% utraty masy probki, °Tonse: — temperatura poczatku polimeryzacji.

5.2. CIECZE JONOWE STABILIZOWANE GLIKOLEM ETYLENOWYM

Zwigzki oznaczone numerami od 32 do 41 badano w uktadach z modelowa
czgsteczka eteru diglicydylowego bisfenolu A, w ilosci 4 phr. Graficzne przedstawienie
wartosci szczytu temperaturowego oraz entalpii procesu na Rysunku 12 wskazuje na
zachodzenie dwdch szlakéw polimeryzacji dla zwigzkdw zawierajgcych anion [NTf,], przy
czym dla pierwszego szczytu obserwuje sie stabilne wartosci na poziomie 150 - 170°C.
Nalezy w przypadku tej grupy zwigzkéw wskazaé na obnizenie wartosci entalpii dla
zwigzkdéw z anionem [NTf,] wraz ze wzrostem dtugosci tancucha alkilowego w kationie,
powyzej dwdch atomoéw wegla. Co wiecej, w odniesieniu do wczesniej omawianych
zwigzkéw, w pracy [A2] wykazano, ze niska stabilno$¢ cieczy jonowych na bazie
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urotropiny, moze korzystnie wptywaé na obnizenie parametrow utwardzania zywicy,
przesuwajgc wartosci poszczegdlnych temperatur ku nizszym warto$ciom.
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Rysunek 12. Wykres przedstawiajacy wartosci szczytu termicznego oraz entalpii
procesu utwardzania dla mieszanin badanych w pracy [A2].

5.3. MIESZANINY CIECZY JONOWYCH

W badaniach opisanych w pracach [A4] oraz [A5] skupiono sie na analizie
mieszanin cieczy jonowych, od ktérych oczekiwano petnienia wiekszej liczby funkcji w
kompozycie niz jedynie inicjowanie procesu utwardzania. Zaprojektowane uktady cieczy
jonowych miaty na celu poprawe wtasciwosci mechanicznych kompozytéw, jak to
omoéwiono w pracach [A4] oraz [A5], oraz redukcje palnosci tych materiatéw, co
szczegétowo opisano w pracy [A4]. Realizacja tych celéw byta mozliwa dzieki
wprowadzeniu okreslonych cech do cieczy jonowych, takich jak:

dtugie tancuchy alkilowe wptywajace na wtasciwosci mechaniczne struktur
kompozytowych;

wprowadzenie fosfoniowych cieczy jonowych w potgczeniu z dtugimi tanncuchami
alkilowymi, wptywajgcych na wtasciwosci mechaniczne oraz obnizenie palnosci
struktur kompozytowych;

wprowadzenie cieczy jonowych zawierajgcych atom krzemu, jako wptywajacych

na obnizenie palnosci struktur kompozytowych.

W pracy [A4] opracowano mieszaniny na bazie cieczy jonowej, dicyjanoamidu 1-
etylo-3-metyloimidazoliowego, znanej z literatury jako zwigzek o dobrze poznanych
wtasciwosciach sieciowania. W pierwszym etapie, ta IL zostata zastosowana do
stworzenia uktadu zywica epoksydowa:ciecz jonowa, a nastepnie, do tego uktadu dodano
mieszaniny cieczy jonowych o wtasciwosciach modyfikujacych, wprowadzajgc zwigzki
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54-58, ktére, jak pokazano na Rysunku 13, moga dziata¢ jako donory fosforu, oraz ciecz
jonowa 51, petnigcg role donora krzemu. Proporcje poszczegdlnych sktadnikéw sg
przedstawione w Tabeli 4. Z kolei w pracy [A5] badano dwie mieszaniny, sktadajgce sie z
zwigzkéw 14, 50 oraz 52. Punktem odniesienia dla analiz mieszanin w pracy [A4] byta
prébka zawierajgca wytgcznie zwigzek 53, natomiast w pracy [A5] analizowano probki
zawierajgce poszczegdlne ILs wchodzace w sktad mieszanin.

Ciecz jonowa o wtasciwosciach utwardzajacych

N
!‘I
®_N
[\ © \\\N
N
\
53
Imidazoliowe ciecze jonowe zawierajace atomy fosforu w anionie
Il I _ I\ /\/\
® @o,g\o/ ® @o,g\o/\ [ \>® o o (0]
Lo h Lo h N
N N \
\ \
54 55 56

Fosfoniowe ciecze jonowe z dtugimi tarnicuchami

Rysunek 13. Struktury cieczy jonowych wykorzystanych do wytworzenia mieszanin
badanych w pracy [A4].
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Tabela 4. Sktad molowy i jakosciowy poszczegdlnych, badanych w pracach [A4] oraz [A5]
mieszanin cieczy jonowych.

YFeererfing EEsE Sktadrlel , Stosunek molowy
[numery zwigzkow] [mol:mol]

M1 54:51

M2 55:51

M3 [A4] 56:51 1:1

M4 57:51

M5 58:51

M6 50:14 2:1

[A5]
M7 50:14:52 3:2:1

Tak jak wspomniano, proces inicjowania sieciowania badano przy uzyciu techniki
DSC, koncentrujac sie gtéwnie na wptywie mieszanin modyfikujacych na temperatury
procesu oraz entalpie. W probkach opisanych w pracy [A4] uzyto zywicy epoksydowej
EnviPOXY® 525, dodajac 2 phr cieczy jonowej 53 oraz 11 phr mieszaniny modyfikujgce;.
Natomiast w pracy [A5] zastosowano mieszanine modyfikujgco-utwardzajgcg w ilosci 4
phr. Graficzne przedstawienie zaleznosci szczytu termicznego oraz entalpii dla
poszczegdlnych probek zaprezentowano na Rysunku 14. Stwierdzono, ze aby utrzymacé
odpowiednie parametry sieciowania zywicy, korzystniejsze jest wprowadzenie cieczy
jonowej odpowiedzialnej za inicjowanie procesu w pierwszym etapie, a dopiero potem
dodanie uktadu modyfikujgcego. Wyniki dla mieszanin M1-M5 wskazujg na utrzymanie
wysokiej wartosci entalpii procesu utwardzania, podczas gdy dla mieszanin M6 i M7
wartosc¢ ta ulega obnizeniu. Nalezy jednak uwzglednié¢ aktywnos¢ sktadnikéw mieszanin
M6 i M7 jako inicjatoréw sieciowania, w poréwnaniu do zwigzku 53, ktory jest jednym z
najlepszych utwardzaczy na bazie cieczy jonowych znanych w literaturze. Badania
ilustrujg ciekawy przyktad wptywu uzytej zywicy epoksydowej na wtasciwosci cieczy
jonowej jako inicjatora sieciowania. Zwigzek 14, zastosowany w pracy [A1] z zywica
epoksydowg EnviPOXY® 530 w ilosci 4 phr, wykazywat szczyt termiczny na poziomie
188°C oraz analogicznie w pracy [A5] z zywicg LH 289 w tej samej ilosci, osiggnat 189°C,
jednoczesnie notujgc spadek wartosci entalpii procesu z 121 J/g w pracy [A1] do 68 J/g w
pracy [A5].
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Rysunek 14. Wykres przedstawiajacy wartosci szczytu termicznego oraz entalpii
procesu utwardzania dla mieszanin badanych w pracach [A4] oraz [A5] oraz zwigzkdéw
odniesienia.

5.4. UKLADY ZAWIERAJACE WYPELNIENIE

Kolejnym podejsciem do osiggniecia wielofunkcyjnosci cieczy jonowych w
uktadach z zywicami epoksydowymi byty badania opisane w pracach [A6] oraz [A7], ktére
skupity sie na potaczeniu funkcji utwardzacza z funkcjg nos$nika wypetnienia do
kompozytu. Wybrano dwa niezalezne podejscia do realizacji tego celu:

wykorzystanie materiatéw typu SILP (ang. Supported lonic Liquid Phase) jako
sposobu wprowadzenia do kompozytu wypetnienia krzemionkowego;

wykorzystanie zjawiska rozpuszczania celulozy w cieczach jonowych jako sposobu

wprowadzenia do kompozytu wypetnienia celulozowego.

W pracy [A6] wytworzono szereg materiatéw typu SILP na bazie trzech krzemionek,
réznigcych sie wielkoscig porédw oraz trzech ILs, ktérych struktury przedstawiono na
Rysunku 15, w kilku stezeniach. Materiaty SILP wykorzystano do wytworzenia uktadéw z
zywicag epoksydowa EnviPOXY® 530 w stezeniu 3 phr. Z kolei w pracy [A7] wykorzystano
wczesniej przebadang mieszanine rozpuszczajgca celuloze, w ktérej zmieniono jedng z
cieczy jonowych na bardziej aktywna jako inicjator utwardzania zywicy epoksydowej,
zachowujac w mieszaninie dimetylosulfotlenek (DMSO) jako substancje zmniejszajaca
lepko$é mieszaniny ILs. Struktury wykorzystanych cieczy przedstawiono na Rysunku 15.
Po wytworzeniu mieszaniny, rozpuszczono w niej celuloze mikrokrystaliczng w ilosci 5%
wagowych, a nastepnie wykorzystano do przygotowania uktadéw z zywicg epoksydowa
LH 301, w stezeniu 4 phr.
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Rysunek 15. Struktury cieczy jonowych wykorzystanych w badaniach przedstawionych
w pracach [A6] oraz [A7].

Na wykresie przedstawiajagcym wyniki badan DSC wspomnianych uktadow
(Rysunek 16), zestawiono wartosci szczytu temperaturowego dla zwigzkdéw odniesienia,
czyli w przypadku pracy [A6] cieczy jonowych nieosadzonych na powierzchni krzemionki,
oznaczonych numerami: 59 - 61. Natomiast w przypadku pracy [A7], wartoscig
odniesienia jest mieszanina cieczy jonowych z DMSO bez rozpuszczonej w niej celulozy.
Mieszanina M8 sktadata sie ze zwigzkéw 53 oraz 61, jak réwniez DMSO w stosunkach
molowych 15:35:50.

500 1500
400+

1400

300 1300

Entalpia [J/g]

200 1200

Temperatura [°C]

100+ 1100

59 w1 w2 60 w3 w4 W5 61 we w7 ws M8 w9

Numer zwigzku/mieszaniny

pierwszy szczyt temperaturowy | drugi szczyt temperaturowy —*— entalpia procesu sieciowania

Rysunek 16. Wykres przedstawiajacy wartosci szczytu termicznego oraz entalpii
procesu utwardzania dla uktadéw badanych w pracach [A6] oraz [A7] oraz zwigzkéw
odniesienia.

Ciecze jonowe 59 oraz 60, niezaleznie od uzytej do przygotowania na ich bazie
materiatdbw typu SILP krzemionki jak i stezenia, zachowaty wartosci szczytu
temperaturowego na podobnym poziomie, niekiedy wykazujac dwa szczyty termiczne,
szczegoblnie w przypadku zwigzku 59. Z kolei w przypadku zwigzku 61, zanotowano wptyw
krzemionki na wzrost wartosci szczytu temperaturowego, co moze sugerowaé, ze
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osadzona na powierzchni krzemionki ciecz jonowa zwiekszyta swojg stabilnos¢
termiczna. Uktady W2, W4 oraz W7 powstaty z wykorzystaniem krzemionki Davisil Grade
635 i jako jedyne zachowaty wysokie wartosci entalpii procesu co sugeruje, ze to wtasnie
ten rodzaj krzemionki pozwala osiggngé wysoka jakosé procesu utwardzania, przy
jednoczesnym skutecznym wprowadzeniu do uktadu wypetnienia. Natomiast opisana w
pracy [A7] mieszanina, zawierajaca celuloze, utrzymata w badaniach DSC zblizong
wartos¢ szczytu temperaturowego co probka odniesienia, notujac nieznaczny spadek
wartosci entalpii procesu.
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Badania opisane w pracach [A1] -
[A7] obejmuja szerokie spektrum
analizowanych wtasciwosci otrzymanych
materiatdw. W zaleznosci od specyficznego
celu kazdego artykutu, wybierano
réoznorodne  metody badawcze, aby
doktadnie scharakteryzowaé otrzymane
materiaty i struktury. W pracach [A1] i [A2]
skupiono sie gtéwnie na procesie
utwardzania zywicy epoksydowej, nie
wytwarzajgc dalszych struktur
kompozytowych. W tych badaniach
szczegblng uwage poswiecono ocenie
twardosci  usieciowanej zywicy jako
podstawowego parametru  wtasciwosci
materiatu.

Pozostate prace [A3] - [A7] zawieraja
rowniez etap wytwarzania materiatow
kompozytowych, ktére wzmacniano réznymi
typami wtdkien: (i) wtéknem weglowym, (ii)
wtéknem Llnianym, oraz (iii) kombinacja

wtékien weglowych lub lnianych z dodatkiem wypetniaczy na bazie krzemionki lub

celulozy. W zaleznosci od oczekiwanych efektdw modyfikacji, dobrano réznorodne

techniki badawcze, ktére pozwolity na uzyskanie jak najbardziej kompletnych danych o

wtasciwosciach materiatbw badanych w poszczegdélnych pracach. Szczegétowe

informacje o przeprowadzonych badaniach oraz metodach badawczych zostaty zebrane

i przedstawione w Tabeli 5.
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Tabela 5. Techniki badan wtasciwosci materiatéw otrzymanych w pracach [A1] - [A7].

Praca

[A1]

[A2]

[A3]

[A4]

[AS]

[A6]

[A7]

/1118

Obszar badan

ciecze jonowe

ciecze jonowe z
glikolem
etylenowym

ciecze jonowe

mieszaniny
cieczy jonowych

mieszaniny
cieczy jonowych

materiaty typu
SILP oraz ciecze
jonowe jako
odniesienie

mieszanina
cieczy jonowych
zDMSO z

Struktury
kompozytowe

nie

nie

wzmacniane
wtéknem lnianym
(180g/m?, UD)

wzmachniane
wtéknem weglowym
(600g/m?, 2x2)

wzmacniane
wtéknem lnianym
(200g/m?, 2x2)

wzmachniane
wtéknem lnianym
(180g/m?, UD)
wzmachniane
wtéknem weglowym
(200g/m?, 2x2)
wzmachniane
wtéknem lnianym
(200g/m?, 2x2)

Techniki badawcze

twardos¢ Shore’a
(PN-EN ISO 868:2005)

twardos¢ Shore’a
(PN-EN ISO 868:2005)

wytrzymatosé na
rozcigganie

dynamiczna analiza
mechaniczna (DMA, ang.
dynamic mechanical
analysis)

badania palnosci

UL-94 (ASTM D3081 oraz ASTM
D635)

LOI* (ASTM D2863)

MLCP (ISO 13927)
wytrzymatosé na
rozcigganie

(EN ISO 527-4)
wytrzymatosé na zginanie
(EN1SO 178)

dynamiczna analiza
mechaniczna
temperatura ugiecia pod
obcigzeniem (HDT, ang.
heat deflection

temperature)
(PN-EN ISO 75-2)

wytrzymatosé na
rozcigganie

dynamiczna analiza
mechaniczna
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rozpuszczong temperatura ugiecia pod
celulozg oraz obcigzeniem
mieszanina bez (PN-EN ISO 75-2)

celulozy jako temperatura mieknienia
odniesienie metodag Vicat’a

(PN-EN ISO 306, A120)
udarnos¢ metoda
Charpy’ego
(PN-EN ISO 179-1)
@ Ol - ograniczony indeks tlenowy (ang. Limiting Oxygen Index), * MLC - kalorymetria
stozkowa utraty masy (ang. Mass Loss Cone test lub Mass Loss Calorimetry).

6.1. CIECZE JONOWE

W pracach [A1] oraz [A2] nie wytwarzano struktur kompozytowych wzmacnianych
wtéknami, wiec za parametr réznicujgcy poszczegélne utwardzone uktady zywiczne
wybrano twardo$é Shore’a w skali D. Na Rysunku 17 przedstawiono wyniki dla
poszczegdlnych ILs. W pracy [A1], uzyto systemdow utwardzania opartych na DABCO z
réznymi dtugosciami tancuchoéw alkilowych. Wyniki wskazujg, ze twardo$sé materiatéw
utwardzanych wzrosta srednio o 20% w poréwnaniu do materiatdw referencyjnych
(zywica utwardzana standardowym utwardzaczem na bazie trietylenotetraaminy, 79D),
osiggajac najwyzsze wartosci przy krétszych tancuchach alkilowych, takich jak 90D dla
taricucha propylowego i butylowego w zwigzkach 11 oraz 12.

Numer zwigzku

101
1MF
121
13|
141
15|
16 |
17
18
23|
32
341
36
37F
381
391
40

89
90
90
85
86
85
86
86
84
85
87
89
80
78
80
76
81

Twardosé¢ Shore’a D

\4

80

Rysunek 17. Wykres przedstawiajgcy twardos¢ w skali Shore'a D dla utwardzone;j

cieczami jonowymi zywicy epoksydowe;j.
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W drugiej pracy, [A2], przeanalizowano twardosé zywic epoksydowych
utwardzanych ILs na bazie urotropiny z réznymi anionami. Wyniki wskazuja, ze systemy z
anionami [DCA] osiggnety wyzsze wartosci twardosci (Srednio 85D) w pordwnaniu do
systemoéw z anionami [NTf;] (§rednio 79D). Ponadto, zauwazono, ze wydtuzenie tancucha
alkilowego w strukturze kationu zwiekszato krucho$¢ materiatu, co w niektérych
przypadkach uniemozliwiato pomiar twardosci.

W pracy [A3] otrzymane struktury kompozytowe wzmacniane wtéknem lnianym
poddano badaniu pod katem wytrzymatosci na statyczne rozcigganie, ktérego wyniki
zebrano i przedstawiono w Tabeli 6. Ciekawe wyniki uzyskano dla powtok epoksydowych
utwardzanych ILs z anionami [OTf], ktére wykazaty znaczgcg wytrzymatosé na rozcigganie
oraz wysoki stopien sieciowania, szczegélnie w systemach zawierajacych zwigzek 47 i 49.
Powtoki te charakteryzowaty sie stopniowym uszkadzaniem struktury pod wptywem
obcigzen, co sugeruje obecnos¢ dodatkowego wzmocnienia w trakcie utwardzania. Ta
obserwacja zainicjowata rozwazania nad mozliwym powstawaniem matych taricuchoéw
polianilinowych (PANI) podczas utwardzania. W pracy [A3] zaproponowano whiosek, ze
pozostatosci anilinowe po polimeryzacji zywicy mogg tworzy¢ krétkie tancuchy PANI,
wptywajac na wtasciwosci mechaniczne powtok. Obserwacja nie byta widoczna na
pochodnych z kationem zawierajacym trzy grupy etylowe.

Tabela 6. Wyniki badan wytrzymatosci narozcigganie prébek kompozytéw epoksydowych
utwardzanych cieczami jonowymi na bazie aniliny.

© s
s € R £ €
N ) = 0 O © 'S 0
N (3} o | 0 = ; ") c
S =) o = o €& - ~ 0 ‘c @
s St E§g G®wmE Q= 38 =S2g
S ¥:F §8¥ E®e Sz gEs sam
] e = 'y = SN0 2 E s o= 2 o
£ Qg 3 S N NS oy 5 n 2
= 2 > s - ] n 5
z = S 3 ~

(7} (7}
44 53 1.2 26 246 2.1 55
45 52 1.2 32 324 2.6 69
46 55 1.2 36 453 3.0 78
47 51 1.8 43 432 24 93
48 53 0.9 37 466 3.9 80
49 54 1.5 41 526 2.7 88

6.2. MIESZANINY CIECZY JONOWYCH

W pracy [A4] przedmiotem badan byt wptyw mieszanin modyfikujacych na bazie
cieczy jonowych na wtasciwosci epoksydowych struktur kompozytowych wzmacnianych
wtéknem weglowym. Wyniki analizy z wykorzystaniem DMA, przedstawione w Tabeli 7,
dla mieszanin M1 — M5, ktérym poswiecona byta praca [A4], pokazujg znaczgcy wzrost
temperatury zeszklenia w poréwnaniu do materiatu referencyjnego (niezawierajgcego
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mieszanin cieczy jonowych), co sugeruje zwiekszong gestosé sieciowania w polimerze.
Modyfikacje z uzyciem cieczy jonowych, takie jak systemy M1, M2 i M3, wykazaty wzrost
Ts o prawie 50%, a system M5 wykazat wzrost o 75%. Wykazano, ze ciecz jonowa
stabilizuje rotacje wigzan, co prowadzi do usztywnienia i wzmocnienia materiatu. Z kolei
dla mieszanin ILs opisanych w pracy [A5] zanotowano dwie wartosci temperatur
zeszklenia co sugeruje niejednorodnos$é polimeru (M6) lub bardzo niskg wartos¢ dla M7,
co Swiadczy o tym, ze kompozyt przechodzi w stan bardziej elastyczny w niskich
temperaturach, tracac przez to swojg sztywnos$¢ i ogranicza to jego praktyczne
zastosowanie. Uzupetnieniem badan przy uzyciu DMA byto w przypadku M6 oraz M7
badanie temperatury ugiecia pod obcigzeniem. Warto$¢ HDT dla mieszaniny M6 to
44.6°C, natomiast dla M7 uzyskano zatozone odksztatcenie w temperaturze pokojowej
(RT, ang. Room Temperature). Wyniki wskazujg, ze te mieszaniny cieczy jonowych
wptynety na parametry sztywnos$ci struktur kompozytowych w podwyzszonej
temperaturze, obnizajgc je. Ogranicza to zastosowanie tych dwdch mieszanin w
aplikacjach wymagajacych stabilnosci w temperaturze.

Tabela 7. Wyniki badan z uzyciem dynamicznej analizy mechanicznej dla mieszanin
cieczy jonowych opisywanych w pracach [A4] oraz [A5].

Temperatura zeszklenia Temperatura ugiecia

Mieszanina *Cl pod obciazeniem HDT
Modut stratnosci Tan [°C]
G” 4]
Referencja 89 94

M1 109 118 -

M2 114 113 -

M3 110 120 -

M4 71 84 -

M5 127 131 -

M6 51/114 59/109 44,7

M7 - 40 <RT

Badania wytrzymatosci prébek kompozytéw utwardzanych mieszaninami M6 oraz
M7 w podwyzszonej temperaturze, uzupetniono okresleniem wytrzymatosci przy
statycznym rozcigganiu i zginaniu, ktérej wyniki przedstawiono w Tabeli 8. W
temperaturze pokojowej, kompozyty z mieszaning M6 osiggnety wytrzymatos¢ na zginanie
wynoszgcg 28,6 MPa, przy umiarkowanej zdolnosci do deformacji i duzej sztywnosci
(modut przy zginaniu 1900,0 MPa). Natomiast kompozyty zawierajgce M7 wykazaty
znacznie nizszg wytrzymato$¢ na zginanie oraz wiekszg zdolnosé do odksztatcania i
nizszg sztywnosé. Podobne réznice zaobserwowano w przypadku wytrzymatosci na
rozcigganie. Kompozyty zawierajgce mieszanine M6 wykazaty wysoka wytrzymatosé¢ na
rozcigganie, osiagajac 55,0 MPa, oraz charakteryzowaty sie wysokim modutem Younga
(5,9 GPa), co wskazuje na dos$¢ duzg sztywnos$é materiatu. Wartos¢ wydtuzenia przy
zerwaniu wyniosta 1,6%, sugerujgc stosunkowo matg elastycznosé. Z kolei kompozyty

111_81



/11_6_ WEASCIWOSCI STRUKTUR KOMPOZYTOWYCH

zawierajgce uktad ILs M7 miaty nizszg wytrzymatosé na rozcigganie oraz nizszy modut

Younga.

Tabela 8. Wyniki badan wytrzymatosci na rozcigganie oraz zginanie kompozytéw
epoksydowych utwardzanych mieszaninami opisanymi w pracy [A5].

>
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M6 28,6 +7,2 5,7+0,6 9,4+0,9 1900,0 £422,0
M7 3,2+0,3 6,2+1,5 9,4+2,3 138,0 £ 28,0
‘©
c 9 R 8 -
‘O .9 = = \°
‘8 c %E % = S in
S e = € = C N N —
@ o0 c o RS =
£ 05 8 2= 8 3 a0
T b5 LR &g S
£ o g N 3" ERS
: : £ ic
= =
M6 55,0+1,3 54,9+1,3 1,6 £0,1 5,9+0,3
M7 40,4+5,0 39,2 15,7 2,4+0,1 1,7£0,1

Wtasciwosci uniepalniajace

Mieszaniny ILs zastosowane jako modyfikatory systemdw zywicznych w pracy [A4]
zbadano réwniez pod katem zdolnosci zmniejszania palnosci struktur kompozytowych
wzmachianych wtéknem weglowym. W tym celu przeprowadzono szereg analiz, w tym
miedzy innymi test UL-94, polegajacy na okresleniu klasy palnosci materiatu oraz
wyznaczono indeks tlenowy prébek. Wyniki testu UL-94 wykazaty, ze zadne z
modyfikowanych systemdw nie wykazaty znaczacych wtasciwosci uniepalniajgcych, a
wszystkie prébki otrzymaty ocene HB (ang. Horizontal Burning), czyli jedna z najnizszych
klas oceny w skali palnosci, wskazujagcg na niskg odporno$é materiatdw na
rozprzestrzenianie sie ognia. Niemniej jednak mieszanina M5 osiaggneta najwyzszy indeks
tlenowy na poziomie 30% V/V. Wartosci LOI dla wszystkich préobek przedstawiono na

Rysunku 18.

/11_82



/11_6_ WEASCIWOSCI STRUKTUR KOMPOZYTOWYCH

M5 30

2 M 27

=

@©

N

[,

2 us 27

=

&

[

g

> M2 29
M1 26

; - >
0 5 10 15 20 25 30
LOI [V/V%]

Rysunek 18. Wykres przedstawiajgcy wyniki pomiaru indeksu tlenowego dla struktur
kompozytowych modyfikowanych mieszaninami opisywanymi w pracy [A4]

Bardziej doktadne badanie palnosci przeprowadzono z uzyciem kalorymetrii utraty
masy, ktdéra pozwala ilosciowo scharakteryzowaé proces spalania danego materiatu.
Zaleznos$¢ szczytowej szybkosci wydzielania ciepta (pHHR, ang. peak of heat release rate)
od czasu dla mieszanin M1 — M5 przedstawiono na Rysunku 19. Zauwazono, ze M5
zwieksza pHRR o 34% w pordéwnaniu z probka referencyjng, przy jednoczesnym
przesunieciu czasu osiaggniecia pHRR z 32 do 36 sekund. Z kolei M1 wykazata wzrost
pHRR o 24%. Podczas badan nie zaobserwowano znaczgcego wptywu systemoéw
modyfikujgcych na ilo$¢ pozostatosci po spaleniu. Wyniki wskazujg, ze mimo pewnych
zmian w poszczegdlnych wartosciach, ilos¢ uzytych cieczy jonowych oraz catkowita
zawartos¢ w nich atomu fosforu i krzemu, nie byty wystarczajgce, aby znacznie opdznié
rozwoj ognia.

180

160

Max: 143

140

Max: 133
Max: 127

120

Max: 104
Max: 100

100

8a Mieszanina

60

40

Szczytowa szybko$¢ wydzielania ciepta [kW/m?]

20+

Czas [s]

Rysunek 19. Wykres zaleznosci szczytowej szybkosci wydzielania ciepta od czasu dla
prébek kompozytéw epoksydowych modyfikowanych mieszaninami opisywanymiw
pracy [A4].
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6.3. UKLADY ZAWIERAJACE WYPEENIENIE

Badania wytrzymatosci na statyczne rozcigganie przeprowadzone w pracy [A6]
dotyczyty zastosowania materiatdw typu SILP jako utwardzaczy i wypetniaczy w
kompozytach epoksydowych wzmacnianych wtéknami weglowymi i lnianymi. Wyniki
przeprowadzonych prac zebrano i przedstawiono w Tabeli 9. Kazdy uktad zawierajgcy
materiat typu SILP (W2, W4 i W7) odniesiono do materiatu referencyjnego, w ktérym
zastosowano samag ciecz jonowag, hienaniesiong na powierzchnie krzemionki.
Zaobserwowano tendencje do zmniejszenia wartosci wydtuzenia prébki w momencie
zerwania, wzrostu wartosci modutu sprezystosci oraz spadku wytrzymatosci na
rozcigganie w przypadku prébek zawierajgcych materiaty SILP. Mozna wywnioskowag, ze
dodatek krzemionki w kompozycie wptyngt na zwiekszenie sztywnosci i kruchosci
otrzymanych struktur kompozytowych. Cecha charakterystyczng dla kompozytow
wykorzystujacych materiaty typu SILP jest stochastyczne rozmieszczenie krzemionki na
powierzchni materiatu co pokazano w pracy [A6] wykorzystujgc skaningowg mikroskopie
elektronowa (SEM, ang. Scanning Electron Microscopy).

Tabela 9. Wyniki badan wytrzymatosci narozcigganie prébek kompozytéw epoksydowych
wzmachianych wtéknem weglowym oraz lnianymi, opisywanych w pracy [A6].
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59 45 1,4 131 1544 9,2 9
W2 48 1,0 121 1283 11,9 P g )
60 46 0,9 124 1313 13,3 3 ‘E %
w4 45 0,6 97 1183 15,2 § ° %
61 47 1,2 143 1428 12,2 £ § 3
W7 48 0,7 89 1204 12,7 E
59 56 1,5 43 541 2,8 o ®
W2 58 0,7 36 493 5,5 €3 o
60 55 1,7 48 556 2,9 < ES ch
w4 57 0,9 42 557 4,5 2 § s
61 58 1,6 39 488 2,4 §a-”
W7 59 0,7 36 490 4,9 <

Natomiast badania nad wprowadzaniem do uktadu celulozy poprzez
rozpuszczenie jej w mieszaninie cieczy jonowych, zdolnych do jednoczesnego
utwardzania zywicy epoksydowej, przyniosty obserwacje w postaci zjawiska generowania
sie celulozy lub tez jej rekonstytuowania podczas mieszania uktadu zywica: ciecz jonowa.
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Rekonstytuowana celuloza rézni sie morfologicznie od surowca rozpuszczanego
uprzednio w mieszaninie ILs co potwierdzity badania SEM, opisane w pracy [A7].
Wykazano, ze w trakcie mieszania z zywicg epoksydowg dochodzi do in situ generowania
wtékien celulozy. Wtékna te majag duzg dtugosc¢ i sa rGwnomiernie rozproszone w matrycy
zywicy, co zapewnia wysokg kompatybilnosé bez defektéw takich jak pecherzyki
powietrza czy czgsteczki wody. Obecnos$¢ tych wtdékien wptywa na wtasciwosci
mechaniczne kompozytéw, ktdre zebrano i przedstawiono w Tabeli 10. Zanotowano
miedzy innymi wzrost HDT do poziomu prawie 61°C, podczas gdy dla samej mieszaniny
ILs, struktura osiggneta zadane odksztatcenie w temperaturze pokojowej. Co wiecej,
celuloza spowodowata znaczacy wzrost temperatury mieknienia, co oznacza, ze w
praktyce, materiat moze by¢ uzywany w bardziej wymagajgcych warunkach termicznych
bez utraty swoich wtasciwosci mechanicznych. Jednoczesnie materiaty te byty bardziej
kruche co potwierdza sie w wynikach udarnosci.

Tabela 10. Wyniki badan wytrzymatosciowych struktur kompozytowych utwardzanych
mieszaning cieczy jonowych z oraz bez rozpuszczonej celulozy.

8 ©
©o E o
. 2 o c o
Temperatura zeszklenia T 5 0 0 &
[°C] S & S 89
Uktad s2o $280 £gf
8> 2§5§2> 8§52
56 E2> 32
Modut Modut o 'g |2 f,‘ (@]
stratnosci Tgn zachowawczy uE, o g
G” G’ Ll
M8 51 42 58 <RT 59,7+1,6 40,4 £ 3,6
wo 61 79 99 60,9+1,7 219,7+1,4 20,5%+3,2
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Rozdziat ten podsumowuje kluczowe
wyniki badan przeprowadzonych w ramach

niniejszego cyklu publikacji. Celem gtéwnym
byto nie tylko zbadanie, ale przede
wszystkim zrozumienie roli i eksploracja
wtasciwosci cieczy jonowych w uktadach z

zywicami epoksydowymi oraz ich wptyw na
- koncowe materiaty kompozytowe
wzmacniane wtdéknami. Eksplorowanie

ré6znych aspektéw zastosowania cieczy

jonowych z zywicami jonowymi jako takimi,
ale takze w kompozytach epoksydowych
wzmacnianych wtdéknami weglowymi lub

lnianymi, przeprowadzono w oparciu o cele
szczegbtowe badan.

Realizacja zaréwno celu gtéwnego jak i celow szczegdtowych uzupetniona zostata
takze badaniami nad syntezg, wtasciwosciami czy stabilnos$cig cieczy jonowych oraz ich
mieszanin. W trakcie analizy zgromadzonych danych udato sie osiggngé szereg istotnych
wnioskow, ktére majg potencjalnie szerokie znacznie zaréwno teoretyczne, jak i
praktyczne.

Whnioski wynikajace z badan przeprowadzonych w cyklu publikacii

W odniesieniu do celéw szczegbétowych mozna zidentyfikowaé wnioski wynikajace
z cyklu publikaciji, ktére zebrano ponizej.
Otrzymane z wysokg wydajnoscig pochodne DABCO, swiadczg o duzej
reaktywnosci tej aminy i szerokim potencjale do otrzymywania cieczy
jonowych w tagodnych warunkach.

Wykorzystanie | etapu reakcji Delépine’a jest efektywna metodg syntezy
czwartorzedowych soli halogenkowych urotropiny, wtagodnych warunkach
i z wysokg wydajnoscig oraz czystoscia.
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Synteza czwartorzedowych soli na bazie pochodnych aniliny zachodzi w
warunkach podwyzszonej temperatury i jej optymalizacja pozwolita na
osiggniecie wysokich wydajnosci procesu przy jednoczesnym zachowaniu
duzej czystosci zwigzkdw.

Otrzymano wszystkie zatozone pochodne w reakcjach metatezy, z
anionami [DCA], [OTf] oraz [NTf,] co $wiadczy o dobrze dobranych
warunkach reakcji.

Ciecze jonowe na bazie urotropiny to zwiazki o niskich temperaturach
rozpadu i charakteryzujgace sie niskg stabilnoscia w warunkach
przechowywania w temperaturze pokojowej.

ILs w catym cyklu prac okazaty sie skutecznymi latentnymi czynnikami
utwardzajacymi, umozliwiajgcymi kontrolowang polimeryzacje zywic
epoksydowych.

Temperatura utwardzania zywicy epoksydowej inicjowana przez ciecze
jonowe moze by¢ kontrolowana poprzez dobdr optymalnej struktury cieczy
jonowych.

ILs zapewniaty doskonatg stabilno$é przechowywania mieszanek zywic
epoksydowych z cieczami jonowymi, co pozwalato na wydtuzenie okresu
trwatosci bez przedwczesnego utwardzania.

Ciecze jonowe o bardzo dtugich tancuchach, jak np. zwigzek 52, obnizajg
temperature poczatku polimeryzacji w uktadach z zywicami
epoksydowymi, co wskazuje na wptyw dtugosci tancucha na proces
utwardzania.

Ciecze jonowe zawierajagce anion [DCA] to najbardziej aktywne inicjatory
utwardzania zywicy epoksydowej i to wtasnie ten anion powinien byé
obecny w strukturze ILs, aby zapewni¢ dobre wtasciwosci sieciujace.

Aniliniowe ciecze jonowe z anionami [OTf] charakteryzujg sie szybka
polimeryzacjg i silnym sieciowaniem wyrazonym poprzez wysoka entalpie
procesu. Sgto aniony, dla ktérych kontrolowanie procesu polimeryzacji jest
trudne i w przypadku nawet lekkiego podniesienia temperatury w kierunku
piku termicznego, moze doj$é do samozaptonu.

Wybér kationu i anionu znacznie wptywa na gestos¢ sieciowania i
zachowanie podczas polimeryzacji, co uwidocznity badania nad cieczami
jonowymi bedgcymi pochodnymi aniliny.

ILs moga by¢ praktycznym rozwigzaniem dla zastosowan wymagajgcych
op6znionego utwardzania i stabilnego przechowywania mieszanki zywicy z
utwardzaczem.

Mieszaniny cieczy jonowych charakteryzuja sie zmniejszeniem catkowitej
entalpii przemiany termicznej w stosunku do pojedynczych ILs, co
wskazuje na bardziej efektywny proces utwardzania.
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Ciecze jonowe w poréwnaniu do klasycznych utwardzaczy, stosuje sie w
znacznie mniejszej ilosci, wystarczajgcej do zapewnienia skutecznego
usieciowania zywicy epoksydowej. Zwykle stosunek aminy do zywicy
wynosi pomiedzy 10 a 15% wagowych, z kolei dla ILs wartosci te zawierajg
sie w przedziale od 2 do 5% wagowych. Wptywa to na efektywne
wykorzystanie surowcow.

Utwardzone zywice epoksydowe wykazywaty wysokie wartosci twardosci
Shore’a w stosunku do referencji co oznacza, ze moga by¢ stosowane w
bardziej wymagajgcych obszarach aplikacyjnych, w ktérych kluczowa jest
duza twardosc.

Rodzaj i stezenie ILs wptywajg na temperature zeszklenia i modut
zachowawczy kompozytow.

Dtugos$¢ tancucha alkilowego cieczy jonowych wptywa na efektywnosé
sieciowania i elastycznos$é¢ kompozytow.

Ciecze jonowe jako modyfikatory mogg zwiekszaé stopien sieciowania i
temperature przejscia szklistego kompozytéw epoksydowych.

Wolniejszy proces polimeryzacji, obserwowany dla cieczy jonowych z
anionem [DCA], wptywa korzystnie na wtasciwosci mechaniczne struktur
kompozytowych, umozliwiajagc powstawanie gestej sieci potgczen
wewnatrz matrycy epoksydowe;.

Struktura kationéw, w tym w szczegdlnosci dtugosci taricuchoéw alkilowych,
determinuja wtasciwosci mechaniczne otrzymanych struktur
kompozytowych.

Wykorzystanie mieszanin ILs poprawito wtasciwosci mechaniczne
kompozytéw, szczegdlnie w zakresie elastycznosci i odpornosci na
zginanie.

Wtasciwosci mechaniczne, takie jak wytrzymatosé na rozcigganie i
zginanie, poprawity sie dzieki mieszaninom cieczy jonowych w poréwnaniu
do systemow z pojedynczymi ILs.

Obecnosé atoméw fosforu i krzemu w strukturach cieczy jonowych moze
wptywaé na wtasciwosci uniepalniajgce mieszanin w strukturach
kompozytowych.

Kompozyty modyfikowane mieszaninami ILs wykazujg zwiekszonag
odpornosé na ogien, ale do znaczgcego uniepalnienia wymagane sg dalsze
badania.

Materiaty typu SILP skutecznie petnity podwdjng role utwardzaczy i
wypetniaczy.

Rodzaj cieczy jonowej osadzonej na krzemionce ma znaczenie w
kontekscie procesu polimeryzacji, w tym temperatur poczatku procesu i
szczytu.
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Rodzaj krzemionki ma istotne znaczenie we wtasciwosciach kompozytéw
epoksydowych oraz w samym procesie utwardzania, co przedstawiono na
przyktadzie trzech krzemionek w pracy [A6], gdzie dla krzemionki DG635
uzyskano najlepsze wyniki.

Wprowadzenie cieczy jonowej osadzonej na krzemionce, inicjowato
polimeryzacje zywicy bezposrednio przy powierzchni wypetniacza
krzemionkowego, co gwarantowato maksymalna redukcje szansy
powstawania defektéw strukturalnych w poréwnaniu do klasycznej metody
wprowadzania wypetniacza krzemionkowego.

Wypetnienie krzemionkowe wprowadzone do kompozytu przy pomocy
materiatu typu SILP wptyneto na zwiekszenie sztywnos$ci struktur
kompozytéw wzmacnianych wtéknem lnianym i weglowym.

Rozpuszczanie celulozy w ILs zapewnito skuteczng metode wprowadzania
celulozy jako wypetniacza w biokompozytach epoksydowych, stanowiac
nowe podejscie do zastosowania rozpuszczonej w ILs celulozy. Wykazano
znaczacy wptyw na wtasciwosci mechaniczne struktur kompozytowych, w
tym na zwiekszenie wartosci HDT oraz znaczacy wzrost temperatury
mieknienia.

Wtékna celulozowe generowane in situ, wprowadzone do uktadu
Zywicznego przy pomocy cieczy jonowych, poprawity statyczne
wtasciwosci mechaniczne, w tym wytrzymatos$é na rozcigganie i modut
elastycznosci.
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ABSTRACT: Research on ionic liquids is constantly providing
information on their new and more advanced applications. Undoubtedly,
the use of latent curing agents for epoxy resins is one of the most
interesting applications of this group of compounds. In this work, a
detailed description of the synthesis and physicochemical studies of

DABCO-based (1,4-diazabicylo[2.2.2] octane) ionic liquids is presented. R ——\
Their most valuable feature is that they can be latent curing agents for co
polymerization of epoxy resins, which in turn can be used, when " ""‘""“ﬂ\“ oy )

Codurtity lysfem]

combined with fibers, as composites with special, new properties. The | g i & c‘ / §
research includes detailed discussion of synthesis of new DABCO-ILs, N &% ™ DS

5 A 3 & 63
focusing on obtaining pure compounds and expanding current sy e
knowledge on the subject. Thermal (DSC) and chromatographic (IC)

Tees)

properties have been discussed for all presented salts. Furthermore, ionic

liquids with dicyanamide and triflate anion have demonstrated the ability

to initiate polymerization of epoxy resins. Subsequently, all mixtures were cured into cubical shape and were subjected to the Shore
hardness test (SHT). The main advantages of the obtained ILs are (i) the ability to store ionic liquids/epoxy resin mixture for
prolonged periods of time without deterioration of curing properties and (ii) a significantly lower quantity of ionic liquids used in the
process of curing epoxy resins.

KEYWORDS: ionic liquids, ion chromatography, DABCO, dicyanamide, epoxy resin, latent cure, initiators, polymerization mechanism

B INTRODUCTION Similarly, ILs for a past decade or so are successfully
implemented in epoxy composite technologies as a curing
18-22 . . s a0k
agent. Many classic amine-based hardeners initiate the
epoxy resin polymerization process at room temperature,
which is characterized by declining activity with an increasing
number of carbon atoms adjacent to the nitrogen in an
amine.”® In contrast, one of the reactions that amines undergo
is the alkylation reaction, leading to the quaternary ammonium
salts, which can decompose under the influence of temper-
ature. Amine derivative cations in ionic liquids have full and
effective hardening activity at elevated temperatures.”** In
particular, this is due to the need to supply energy capable of
initiating the process of the IL cation decomposition, with the
simultaneous release of the active amine.”’ Notwithstanding,
ionic liquids consist of a cation and an anion, and both of them
can initiate the curing process of the epoxy resin, using both

For many years, we observed a continuous interest in ionic
liquids’ (ILs) research. ILs owe their interest due to their
versatility and unique properties, which allowed them to find
wide utilization in various fields." A very low level of volatility,
an ionic structure in the liquid state below 100 °C, and a great
variety of combinations of cations and anions are just some of
them.” In addition to the common features that allow these
compounds to be called ionic liquids, they have various specific
properties which determine their applications, for example, in
electrochemistry,"i as catalysts,”® or as unique solvents in
chemical reactions’ or for dissolution of biomass, for example,
cellulose” or lignin.”'” On the other hand, ILs can successfully
increase the efficiency of enzymes such as f-galactosidase,'’
enable the immobilization of enzymes on cellulose carriers'” or
finally, can be combined with enzymes in order to create an
efficient extraction system for valuable organic compounds.'*

Many applications of ILs are embedded in agriculture where Received:  July 7, 2021

they are a useful bioactive chemical tool as, for example, Accepted:  September 15, 2021
adjuvants in pesticides'* and many more.” Consequently, Published: October 1, 2021
there are wide classes of task-specific ionic liquids, like

porous'®'” or polymerizable ILs," which are valuable chemicals

in formation of functional materials.

© 2021 American Chemical Society https://doi.org/10.1021/acsapm.1c00777
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the cationic and anionic polymerization mechanisms.”® For
this reason, it is observed that in the case of using the ILs-
based hardening system, the necessary curing agent amount is
mostly a couple of times lower than in the case of classic amine
systems. Simultaneously, the pot life of epoxy composition is
significantly extended.””*® In detail, many factors must be
taken into account for an ILs curing system, both the structure
of the cation and the matched anion but also the
decomposition temperature, which must be provided to
initiate the curing process.

At the same time, because of possible modifications of the
chemical structure, they bring to the final materials a number
of functionalities, such as flame retarda.ncy,”_“ wear and tear
self—heal'mg,ll better mechanical®*™* and thermal’""” proper-

. ; 33,39 39,40

ties, or increased strength and toughness. Moreover,
IL can act as a sizing agent, compatibilizer for aramid fibers,"'
with epoxy resins or filler functionalizing factor in production
of conducting polymer composites.”

One more interesting but largely unexplored amine is 1,4-
diazabicyclo[2.2.2]octan (DABCO). Recently presented routes
for the synthesis of quaternary salts of DABCO, both
monoalkylated” ™ and dialkylated,"** have made DABCO
an unexplored source of new ionic liquids (DABCO ILs) in the
field of their utilization. Thus, ionic liquids containing a
DABCO cation in their structure, have found application as
electrolytes for electrochemical,”*® catalysts,"” ™ surfac-
tants.”* ¢ They were used in synthesis of functionalized
magnetic nanoparticles,”” while deep eutectic solvents,
DABCO ILs, were used as the reaction medium.”® In biology,
they can be used in peptide coupling'” or as potent alkaline
phosphatase inhibitors.” They are also known in applications
such as herbicidal and deterrent compounds*™ or as potent
antimicrobial agents.”!

Herein, we would like to present the syntheses and
characterization of a series of DABCO ILs with dicyanamide
anion, substituted with alkyl chains with an even and odd
number of carbon atoms ranging from C, to C,,. All
compounds were first synthesized as bromide quatemary
ammonium intermediates. The methods of synthesis for
DABCO-based quaternary salts reported in the literature was
upgraded in the case of highly hygroscopic compounds. Then,
all obtained salts underwent a metathesis reaction to form
dicyanamide DABCO ILs. Furthermore, our research plan was
to show numerous dependencies between: (i) alkyl chain
length, (ii) even or odd number of carbon atoms in alkyl chain
and (iii) relationship between other anions. Ultimately, to
present a complete research concept, we proposed an
application for the obtained new compounds, confirming
their effectiveness and also emphasizing their advantage over
conventionally used amines, as hardening agents in the context
of epoxy resins.

B RESULTS AND DISCUSSION

The first objective was to obtain quaternary ammonium
bromide salts of DABCO with the highest possible yields and
the highest purity (Figure 1). In order to emphasize the
completeness of the research, alkylating agents with both even
and odd number of carbon atoms were selected. However, in
order to achieve the highest possible efficiency of the process
and the purity of the compounds, alkyl bromides as an
alkylating agents were selected. An equally important reason
for selecting bromide alkylating agents was the fact that N-

5482

R
N L0,
_Br
[Sj TR EtOAc [%j
N rt. N

R - alkyl chain

Figure 1. Reaction route to obtain mono N-alkylated bromide salts of
DABCO.

monoalkylated DABCO bromides salts are formed as
precipitate and could be easily isolated from the system.

The next step was to modify DABCO bromides and
transform them into dicyanamide ionic liquids, with the use of
a metathesis reaction. The choice of the dicyanamide anion
provides: (i) an increase in number of potential sources of
nitrogen atoms that are able to initiate epoxide polymerization
and (ii) additional data to compensate for insufficient literature
reports available on N-monoalkylated DABCO cations
combined with dicyanamide anion. Another advantage of this
choice is that most ILs with this anion are liquid at room
temperature, which makes them easier to mix with epoxy resin
without additional use of solvents. Furthermore, such
compounds can be easily obtained by the metathesis reaction
with high yields and purity. Above all, we present two ways of
obtaining dicyanamide ionic liquids with and without silver
salt. Lastly, on the basis of literature reports,”> we expected
that DABCO-based dicyanamide ILs will be able to initiate
curing process at satisfying temperatures because of anion
involvement in the curing process. In order to further
investigate the curing process and the anion influence, the
research plan also included synthesis of a series of quaternary
salts based on the most effective DABCO cation paired with
other typical anions used for ionic liquids. However, a N-mono
quaternization reaction was applied, using slightly modified
synthesis routes, as reported in the literature. 76208
Thereupon, nine N-mono alkylated bromide salts with alkyl
chain lengths from C, to C;, were prepared. Concurrently, to
obtain highly hygroscopic bromides (C4 to C,,), a reaction
between DABCO and the corresponding alkyl bromide was
carried out in neat. Thus, the goal was achieved by delivering a
series of bromide compounds with high yields, in the range
from 93% to 98% and a total purity above 96% (Table 1). All
compounds were purified by melt crystallization, according to
the procedure described in the literature.”” The progress of
each reaction was monitored by using ion chromatography. As
a result, using cationic analysis and comparing the ratio of
unreacted DABCO and N-monoalkylated product, the reaction
time was optimized for each of the obtained salts, respectively.
To illustrate the differences in susceptibility to quaternization
reactions, between DABCO and alkylating agents of different
chain length, a detailed experiment was carried out. For this
purpose, four reaction systems based on DABCO with (i) ethyl
bromide, (ii) propyl bromide, (iii) butyl bromide, and (iv)
decyl bromide were evaluated using ion chromatography by
collecting reaction samples after a specified period of time.
Thus, the necessity to extend the reaction time, depending on
the chain length of the alkylating agent, was confirmed. As a
rule, longer alkyl chains require longer reaction times, but the
exception is decyl bromide, for which the time required for
complete conversion differs from the rule and is comparable to
that for short alkyl chains (Figure 2).

Furthermore, there are no significant differences in reaction
time between even and odd number of carbons present in alkyl
chains. Ion chromatography was also used to determine the

https://doi.org/10.1021/acsapm.1c00777
ACS Appl. Polym. Mater. 2021, 3, 54815493
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Table 1. Synthesis Parameters and Purity of the Synthesized
Substances

N/\_/\\NQ(‘,,-HM,@ X
N/
DABCO-C, X
molecular reaction  yield  purity
no. compound mass [g/mol] time [h]  [%] [9%]
1 DABCO-C, Br 2211 7 98 98.4
2 DABCO-C; Br 2352 8 97 99.4
3 DABCO-C, Br 2492 14 96 96.8
4 DABCO-C; Br 2632 16 94 99.8
5 DABCO-C; Br 2772 16 98 97.4
6 DABCO-C; Br 2913 18 98¢ 99.3
7 DABCO-C; Br 3053 24 96 98.3
8 DABCO-C,, Br 3334 9 96 97.9
9 DABCO-C,, Br 3614 16 937 96.3
10 DABCO-C, DCA 207.3 6 92 97.2
11 DABCO-C; DCA 2213 6 91 98.7
12 DABCO-C, DCA 2353 6 9%  97.7
78¢ 86.0°
13 DABCO-C5 DCA 2494 6 88 96.3
14  DABCO-C, DCA 2634 6 8  97.1
15 DABCO-C; DCA 2774 6 92 99.0
16 DABCO-C; DCA 2915 7 81 98.1
17 DABCO-C;y DCA 319.5 6 83 97.8
18 DABCO-C;, DCA 347.6 7 79 965
19 DABCO-C, Cl 2329 12 95 98.3
20 DABCO-C,4 BF, 2842 3 98 99.1
21 DABCO-C, NTf, 4775 0.5 99 981
22 DABCO-C, OTs 368.6 2 97 98.6
23 DABCO-C, OTf 3464 2 97 98.6
24 DABCO-C4 MeSO, 292.5 2 96 99.1
25 DABCO-C, PE, 3423 3 99 992
26  DABCO-C, MeSO, 3083 2 97 982
“Reaction in neat with sodium dicyanamide.
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Figure 2. Optimization of the quaternization reaction using ion
chromatography; (1) DABCO-C, Br, (2) DABCO-C; Br, (3)
DABCO-C, Br, (8) DABCO-C,, Br.

purity of N-alkylated DABCO salts. In this case, both cationic
and anionic ion chromatography analyses were conducted, and
an overall purity of chemical compounds was determined as
reported in the literature.” In addition, DABCO bromides with
an odd number of carbons in alkyl chains are much purer than
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the compounds with an even number of carbons in alkyl
chains, obtained in the same way. Furthermore, for highly
hygroscopic salts with longer alkyl chain substituents (5—9),
no relationship between the synthesis route and the purity of
the compounds was found, but products obtained in neat
contain much less absorbed water in their structure and are less
susceptible to its absorption, which in tum facilitates their
isolation, purification, and vacuum drying. However, this effect
can be simply a result of using ethyl acetate as a solvent in
standard procedure, which itself contains some water and is
difficult to dry. Consequently, during the reaction between
DABCO and the alkylating agent in ethyl acetate at room
temperature, the present trace amount of water solvates the
hygroscopic quaternary ammonium product, making it difficult
to remove, even when applying high vacuum.

The next step was to carry out a series of metathesis
reactions to obtain N-mono alkylated DABCO ionic liquids
(DABCO 1ILs) with dicyanamide anion (DCA, Figure 2).
Metathesis reactions were conducted using two different
routes: (i) main reaction route with freshly prepared silver
dicyanamide (AgDCA) in distilled water and (ii) reaction with
sodium dicyanamide (NaDCA) in neat. To explain, the use of
silver salt allowed to obtain compounds of high purity, in a fast
and highly efficient way. Synthesized from corresponding
bromides, dicyanamides, in most cases present purity above
95%, without significant differences between even and odd
alkyl chains and with high yields (Table 1). Similarly, as with
the bromides, the progress of the both used metathesis
reactions was monitored using ion chromatography. Thus,
termination of all reactions was observed after about 6 h, with
about 50% conversion in the first hour. Because of the
amorphous form of silver dicyanamide, the reaction does not
fully develop in the first hour. In the first step, the exchange
takes place on the silver dicyanamide surface between the
dicyanamide and bromide, and then by continued stirring in
dark and the gradual washing of the silver bromide precipitate
by the water present in system, the reaction continues. In
addition, all synthesized compounds are liquid at room
temperature, with no signs of high hygroscopicity. However,
the neat method was used to present another route for the
synthesis of dicyanamides. For this purpose, 1-butyl-1,4-
diazabicyclo[2.2.2]octan-1-ium bromide was melted and
underwent a metathesis reaction with NaDCA without solvent,
with simultaneous ion chromatography progress controlling.
After a series of purification experiments with solvents
(tetrahydrofuran and dichloromethane), the final purity of 1-
butyl-1,4-diazabicyclo[2.2.2]octan-1-ium dicyanamide was
86%, contaminated with 14% of other ions, including bromide
and sodium (Figure 3).

In order to comprehensively investigate the application
potential of DABCO ILs, a series of metathesis reactions were
carried out to determine the influence of various anions on the
application activity of the N-alkylated DABCO cation. For this
purpose, we chose 1-hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium
cation core which, as shown in later sections dealing with the
curing properties of various DABCO derivatives, proved to be
the most effective cation derivative. For this purpose, the 1-
hexyl-1,4-diazabicyclo[ 2.2.2Joctan-1-ium bromide underwent a
metathesis reaction with lithium bis(trifluoromethanesulfonyl)-
imide [NTf]", potassium hexafluorophosphate [PF¢]~, and
sodium tetrafluoroborate [BF,]™. At the same time, the
procedure described in the literature” was used, and a number
of derivatives based on sulfur-containing anions p-toluenesul-

https://dol.org/10.1021/acsapm.1c00777
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Figure 3. General route of metathesis reaction.

fonate [OTs], trifluioromethanesulfonate [OTf]~, methyl
sulfate [MeSO,]”, and methanesulfonate [MeSO;]~ were
obtained. For a direct comparison of the different halogen
anions, 1-hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium chloride
was also obtained in the N-alkylation reaction of DABCO
with hexyl chloride. The progress of all experiments and the

purity of the products were determined using ion chromatog-
raphy. In addition, all solid products were purified by melt
crystallization. As a result, eight different DABCO salts with (i)
[NTE]7, (ii) [PE]7, (i) (BE,]7, (iv) [OTs]5, (v) [OTf],
(vi) [MeSO,]7, (vii) [MeSO;]7, and (viii) [Cl]”™ were
obtained with yields above 95% and purity in the range from
95% to 99% (Table 1). The ion chromatograms show the
absence of a bromide anion and a lack of formation of
dialkylated DABCO derivatives under mild reaction con-
ditions.

B THERMAL PROPERTIES

The second objective was to determine the thermal properties
(Table 2) of obtained substances using differential scanning
calorimetry (DSC). As a general rule, mono N-alkylated
DABCO bromide salts tend to decrease the melting point
(T,,) with increasing chain length. However, compounds with
an odd number of carbon atoms (2, 4, 6) in the alkyl chain
show slightly lower melting points with respect to the same
parameter for chains with an even number of carbon atoms (1,

Table 2. Thermal Properties of Compounds (DSC) and Water Content (KF)

no. compound alkyl chain anion
1 DABCO-C, Br G Br

2 DABCO-C; Br G Br

3 DABCO-C, Br C, Br

4 DABCO-C, Br Cq Br

s DABCO-C, Br Cs Br

6 DABCO-C. Br C Br

7 DABCO-C; Br Cq Br

8 DABCO-C,, Br Gio Br

9 DABCO-C,, Br Cis Br

10 DABCO-C, DCA (N DCA
11 DABCO-C, DCA Cy DCA
12 DABCO-C; DCA C, DCA
13 DABCO-C; DCA G DCA
14 DABCO-C, DCA C; DCA
15 DABCO-C, DCA (o% DCA
16 DABCO-C; DCA Cq DCA
17 DABCO-C,, DCA Cug DCA
18 DABCO-C, DCA Cp DCA
19 DABCO-C, CI Cs Cl

20 DABCO-C, BE, Gy BE,
21 DABCO-C, NTf, Cs NTf,
22 DABCO-C, OTs Cq OTs
23 DABCO-C; OTf Cs OTf
24 DABCO-C4 MeSO, (e MeSO,
25 DABCO-C; PFq Cy PFg
26 DABCO-C4 MeSO, Cs MeSO,

“Reaction in neat.

water content [%)] T (7€) T [°C] T [°C]
0.51 192.3 183.0
190.0-194.1%7¢
022 149.3 69.8
144.0-146.0"
026 126.7 432
128.0-130.0"
0.58 96.9 367 -
043 121.8 83.5 -
108.0-110.0%
1.08 94.3 367 -
098 89.9 36.5 -
84.0-86.0%
126 103.7 709
106.0~108.0°
097 587 211 2
081 -79.5
0.69 —74.1
0.86 - —60.7
0.17¢
043 —60.2
0.79 z —60.7
0.64 - —59.0
116 s —57.6
092 - —552
134 - - —54.7
0.13 98.1 409
97.0-99.0"
026 813
8407
0.04 343 -10.7
358™
0.18 89.2 789
0.10 62.8 62.0
0.09 53.6 02 2
021 133.0 1196
129.5-130.5""
0.16 - - -
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Table 3. Curing Process Properties (DSC)

no. compound alkyl chain anion
10 DABCO-C, DCA c DCA
11 DABCO-C, DCA C, DCA
12 DABCO-C, DCA C, DCA
13 DABCO-C; DCA Cs DCA
14 DABCO-C, DCA o) DCA
15 DABCO-C, DCA C, DCA
16 DABCO-C, DCA G DCA
17 DABCO-C,, DCA Cis DCA
18 DABCO-C,; DCA Cix DCA
23 DABCO-C, OTf ¢, orf
27 DABCO - -

Toner [°C] s [°C] Tena [°C) AH [J/g]
13.1 186.9 2468 113.6
119.2 165.0 215.1 29

182.1 115

94.3 127.1 2336 17.3

188.2 169.2

95.4 1293 239.1 79.5

1916 549

123.7 187.5 2264 121.3
1233 189.3 2281 140.4
133.0 185.5 2258 85.5
131.2 183.1 2274 534
124.5 188.7 277 118.6
88.4 190.1 2149 3174

63.5 104.7 169.8 3154

3, 5,7,8,9). Instead, 1-dodecyl-1,4-diazabicyclo[2.2.2]octan-
l-ium bromide shows the lowest melting point with
determined temperature 58.7 °C. In contrast, the highest
melting point, 192.3 °C, is observed for 1-ethyl-1,4-
diazabicyclo[2.2.2]octan-1-ium bromide. Similarly, there are
differences in the crystallization temperature (T), which is in
particular lower for substances with odd numbers of carbon
atoms than for their even counterparts. Crystallization
temperatures (during the cooling process) below S0 °C are
observed for the compounds with C,, C5, C;, Cg, and C,, with
the lowest value determined for Cy, (21.1 °C). Then, the same
thermal tests were carried out for dicyanamide DABCO ILs.
Because of the liquid form of the compounds, only the
appearance of the glass transition temperatures (T,) were
observed in the thermograms. In principle, for all dicyanamide
DABCO ILs, this value is very similar and ranges from —54.7
°C to =79.4 °C, with the overwhelming majority at the level of
—60 °C. Moreover, none of the salts exhibited any signs of
decomposition (exothermic peak in DSC analysis) over the
temperature range of DSC measurements (up to 200 °C). A
direct dependence of the length of the alkyl chain in the cation
on the glass transition temperature was observed. Regardless of
an even or odd number of carbons in the alkyl chain, there is a
dependency; the more carbon atoms in the alkyl chain, the
lower glass transition temperature. In addition, thermal
analyses were performed for organic salts of 1-hexyl-1,4-
diazabicyclo[2.2.2]octan-1-ium with different anions. The vast
majority of the melting points for the compounds obtained are
within the range below 100 °C, with one exception in the case
of 1-hexyl-1,4-diazabicyclo[2.2.2]octan-1-um hexafluorophos-
phate (133 °C). The lowest value was observed for
bis(trifluoromethanesulfonyl)imide anion (34.3 °C), aside
the lack of the observable meting transition for the
dicyanamide derivative (14) which only presents glass
transition at —60.7 °C. Large differences were also observed
in the case of the crystallization temperature (during cooling
process) of the obtained salts, in particular between bis-
(trifluoromethanesulfonyl)imide salt (—10.7 °C), methanesul-
fonate salt (0.2 °C), and the rest of the compounds. An
exception to all the synthesized substances was methyl sulfate,
without any recorded thermal transformation under the
condition of DSC experiment.

5485

B CURING PROCESS

The final goal of the research was (i) to examine the properties
of the obtained compounds in terms of their activity as
hardeners of commercially available epoxy resins (Epidian $3,
Ciech Sarzyna S.A.) and (ii) to determine the basic hardness
parameters of the obtained materials. The choice of resin was
dictated by proving the versatility of ionic liquids as hardeners
and their compatibility with modified epoxy raw material,
available on the market. Epidian 33 is typically used in
applications such as (i) bonding wood, metals, glass, and
plastics (except for PE and PP). Also, it is used in preparation
of epoxy-glass laminates, flooding and impregnation of various
materials. All obtained substances were tested for their curing
activity using DSC measurements. Also, neutral DABCO (10%
w/w) was used in the same experiment, to confirm its curing
activity as a pure amine (27). At the same time, ILs were used
in concentration 2.5 times lower than pure DABCO. The
correlation of curing temperature parameters with tested
compounds is summarized in Table 3. For dicyanamide
DABCO ILs, the starting temperatures of the polymerization
process are directly related to the length of the alkyl chain of
the liquid, and their values vary alternately. There was a
characteristic shift from higher values for short -ethyl and
-propyl alkyl chains to temperatures below 100 °C for -butyl
(94.3 °C) and -pentyl (954 °C) chains and then a further
increase in the polymerization start temperature for the -hexyl
and -octyl chains, reaching the maximum temperature
recorded for the Cg chain (133 °C). Finally, for -decyl and
-dodecyl alkyl chains, the polymerization initiation temperature
to lower values was again observed, reaching for C, (124.5°) a
similar value to C¢ (123.7 °C). Moreover, correlations between
the length of the alkyl chain in the cation and the maximum
temperature of the epoxy resin curing process were also
observed. Similarly, the lowest values were noticed for C, and
Cs alkyl chains; however, in the case of determining the
maximum temperature, no characteristic alternating shifts were
observed. Furthermore, for -propyl, -butyl and -pentyl alkyl
chains (11, 12, 13), two temperature peaks were observed on
DSC thermograms. This suggest that two different polymer-
ization processes occur during the first heating cyce (Figure
4). Next, temperatures for the end of the cross-linking process
were designated. The tested epoxy resin systems with DABCO
ionic liquids with DCA anion have, regardless of the chain
length, a similar value of the temperature of the end of the
hardening process, and it is in the range from 224 to 228 °C.

https://dol.org/10.1021/acsapm.1c00777
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Figure 4. DSC thermograms of polymerization process; (12)
DABCO-C, DCA, (13) DABCO-C; DCA, (14) DABCO-C, DCA.

However, 1-hexyl-1,4-diazabicylo[2.2.2]octane trifluorometha-
nesulfonate, as the only one among other tested anions (19—
26) combined with 1-hexyl-1,4-diazabicyclo[2.2.2]Joctan-1-ium
cation (with the exclusion of DCA), exhibits activity as an
initiator of epoxy resin polymerization. This suggests that the
epoxy resin polymerization was more frequently initiated by an
anion in ionic liquids rather than a cation. In addition, the
temperatures of the individual thermal transitions of the resin
system cured with this compound differ from those observed
for dicyanamides and are 88.36 °C at the start point of the
curing process, 190 °C at the maximum point, and 214.9 °C at
the end point. To summarize, all values collected were directly
pooled and referenced to the temperature reference values
recorded for the pure DABCO cured resin system, 63.5 °C at
the start point of the curing process, 104.7 °C at the maximum
point, and 169.8 °C at the end point. Thus, of all the
substances tested, all dicyanamide DABCO ILs and 1-hexyl-
1,4-diazabicyclo[2.2.2]octan-1-ium trifluoromethanesulfonates
are effective in the process of initiating the polymerization of
epoxy resin. In comparison with other research on ionic liquids
as curing agents, presented results exhibit higher maximum

temperature of polymerization. For example, simple ILs (1-
ethyl-3-methylimidazolium thiocyanate or acetate) have a
significantly lower maximum point (121, 114 °C, respec-
tively).b In addition, for phosphonium ionic-liquid-based
epoxy systems, the maximum temperature of the process is
closely related to the concentration of IL and is within the
range of 128—157 °C.”*

H INITIATION AND PROPAGATION OF EPOXY
POLYMERIZATION

Presented DABCO ILs can simultaneously initiate polymer-
ization of epoxy resin by three possible pathways (Figure 52,
which is similar to that suggested in a report by Binks et al.”*
Two of them present a cationic mechanism, which results in
obtaining adducts 1:1 and 1:2, using nitrogen atoms in a cation
structure. The cationic 1 polymerization pathway is based on
the use of a tertiary nitrogen atom in the cation of an ionic
liquid, already enabling a slow start of the polymerization
process at room temperature. Formation of adducts 1:1, 1:2,
and the following ends with branched polymer and IL as a
byproduct. However, the curing process initiated by tertiary
nitrogen atoms is very slow. Moreover, because of the nature of
an ionic liquid, their ability to undergo the dealkylation
reaction under increased temperature conditions, second
tertiary nitrogen atom may become available for the polymer-
ization process. Thus, suggesting that the second cationic
polymerization process (cationic 2) may also take place
simultaneously. As a result, direct formation of adduct 1:2 is
suggested. The cationic 2 pathway ends with similarly
branched polymer and pure DABCO as a byproduct, which
in itself is capable of initiating further polymerization of epoxy
resin. Furthermore, anionic polymerization is also possible. In
this case, epoxy resin molecule reacts with a nitrogen atom in a
dicyanamide anion, resulting in formation of adduct 1:1 and
then 1:2. This process ends with a similar branched polymer
and DCA anion molecule. Nitrogen atoms, depending on their
order, can initiate polymerization of epoxy resin with different
speed. Thus, why we suggest that increased number of
nitrogen atoms in hardener structure can promote better
curing activity. Hence, the simplest common anion with three
nitrogen atoms in the structure is dicyanamide. Its activity
relates to the commonly used commercial hardener 2-
cyanoguanidine (Dicy), which is similar in structure to DCA
anion. Nonetheless, as to triflate anion, its reactivity can be
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Figure 5. Proposed pathway of epoxy resin polymerization, initiated by DABCO ILs.
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explained by trifluoromethyl group present in its structure.
High temperature can promote generation of highly active
radical *CF3, which can also form adducts with epoxy resin
molecules. In addition, when energy is supplied to the system
in the form of heat, the anion curing processes take place first
(anionic polymerization, Figure 5), and in our research it is the
DCA anion due to its highly nucleophilic nature. In the case of
other tested anions, there nucleophilic character is not that
strong, thus, the curing process occurs through cationic
polymerization (Figure 5), which requires higher temperatures
to start decomposition of IL and formation of neutral amine.
To the best of our knowledge, one of the key elements
contributing to the lack of activity of ionic liquids with anion
other than DCA may be the very high stability of these
compounds and the lack of activity of the anion itself.
Nevertheless, our experience shows that such substances may
also be capable of initiating polymerization, but it requires a
significant increase in temperature and sometimes the
concentration of the ionic liquid (taking into account that
the active initiator will be only the cation after the
decomposition process). Our research had clearly defined
curing boundary conditions, which allowed us to select systems
that will be able to be used industrially in the future and will
prove to be the most interesting from a practical point of view.

B SHORE HARDNESS TEST (SHT)

For all cured samples based on DSC experiments, a Shore
hardness test was carried out. Properly prepared samples of the
hardened material (Figure 6), based on two different
commercially available epoxy resins (Epidian 53, Ciech
Sarzyna S.A.,, ER; and EnviPOXY 530, SPOLCHEMIE as.,
ER,) combined with dicyanamide DABCO ILs, were subjected

27/[ERy] 27/[ERz]
12/[ER2] 12/[ER]

13/[ER2

13/[ERi]

Figure 6. Shore samples of cured epoxy resins with dicyanamide
DABCO ILs (curing systems as described in Table 4).
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to hardness measurement in order to determine the influence
of the use of an ionic liquid on the basic parameters of the
material quality and to exclude the negative influence of ionic
liquids on the hardness of the products (Table 4). To Epidian

Table 4. Hardness of the Cured Materials (SHT)

no. compound ER, (D] ER, [D]
10 DABCO-C, DCA 88 89
11 DABCO-C, DCA 89 90
12 DABCO-C, DCA 95 90
13 DABCO-C; DCA 89 85
14 DABCO-C4; DCA 90 86
15 DABCO-C, DCA 88 85
16 DABCO-C; DCA 87 86
17 DABCO-C,, DCA 85 86
18 DABCO-C,, DCA 86 84
23 DABCO-C, OTf 86 85
27 DABCO 73 71
28 Commercial amine system 74 79

53, other epoxy resin was added to examine versatility of
synthesized DABCO curing agents. EnviPOXY resin is
typically used in casting and tooling, civil engineering, coatings,
adhesives, composites, encapsulation, and potting. The
reference material was cured with commercial amine
(triethylenetetramine, TETA) curing resin system (28) and a
pure DABCO cured system (27). A significant increase in the
hardness of the hardened materials was confirmed for all the
compounds obtained, compared with the reference materials.
This suggests that the DABCO based curing systems provide
better materials’ parameters in terms of their hardness, which
can translate into increased stiffness and crush and impact
resistance. The average recorded increase in material hardness
remains at the level of 20%, regardless of the type of epoxy
resin used. Namely, the highest results in terms of material
hardness were achieved with shorter alkyl chains, respectively
88D and 89D for -ethyl, 89D and 90D for -propyl and 95D and
90D for -butyl, for which this result is the highest among the
others. As the chain length increased, the material hardness
decreased and the result for -decyl (85D) chain was the lowest
among the tested compounds in case of ER,, while for -dodecyl
(84D) was the lowest among tested compounds in case of ER,.
Figure 3 presents samples of cured materials with DABCO ILs
and DABCO as reference. It can be observed that Epidian 53
systems show a tendency to color changing (from orange to
brown) during the polymerization process. This can be
explained by the anion influence on the polymerization process
(advantage of anionic pathway). Reference material stays
orange because only cationic polymerization occurs.

B CONCLUSIONS

A series of mono N-alkylated DABCO bromides and
dicyanamides with even and odd numbers of carbon atoms
in the alkyl chain have been synthesized and fully characterized
(NMR, IC, DSC). Furthermore, the group of tested
compounds has been extended by a series of anion
modifications for the 1-hexyl-1,4-diazabicyclo[2.2.2]octan-1-
ium cation. The method of synthesis of all compounds has
been precisely optimized through the use of ion chromatog-
raphy technique, bringing accurate information about the time
of chemical reactions and the purity of the compounds
obtained. Thus, thermal properties of the obtained compounds
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were discussed, showing differences in compounds with even
and odd numbers of carbon atoms in the alkyl chain.
Subsequently the synthesized substances were used as latent
curing agents for two commercial epoxy resins, the parameters
of the curing process were discussed in detail, indicating the
differences between the individual compounds. Finally, the
samples of epoxy resins cured with the compounds presented
in this paper were subjected to the Shore hardness test (SHT),
which showed an average increase in hardness of the cured
resins, of 20% in compared with the reference materials. 1-
Butyl-1,4-diazabicyclo[2.2.2]Joctan-1-ium dicyanamide and 1-
pentyl-1,4-diazabicyclo[2.2.2 ]octan-1-ium dicyanamide can be
considered as the best curing systems among the tested ones,
and they will be used in further works as hardeners in the
technology of producing prototype composite materials. For
carbon reinforced composites and prepregs, dedicated for
curing with large vacuum autoclaves, hardeners with lowest
activation temperature are desirable; thus, compounds 12 and
13 are suited the best. In addition, choice of systems with the
lowest activation temperatures guarantees higher security with
using vacuum autoclave and decrease risk of the uncontrollable
combustion of the curing material. The conducted research
shows that ionic liquids based on the DABCO cation are not
only effective as curing agents but also have a positive effect on
the hardness of the cured materials.

B EXPERIMENTAL SECTION

Materials. 1,4-Diazabicyclo[2.2.2]octane, DABCO (>99%), 1-
bromoethane (>99%), 1-bromopropane (99%), 1-bromobutane
(99%), 1-bromopentane (98%), 1-bromohexane (98%), 1-bromo-
heptane (99%), 1-bromooctane (99%), 1-bromodecane (98%), 1-
bromododecane (97%), 1-chlorohexane (99%), silver nitrate (>99%),
sodium dicyanamide (96%), potassium hexafluorophosphate (>99%),
sodium tetrafluoroborate (98%), lithium bis-
(trifluoromethanesulfonyl)imidate (>99%), methyl p-toluenesulfonate
(98%), methylmethanesulfonate (99%), dimethyl sulfate (>99%), and
methyl trifluoromethanesulfonate (>98%) were purchased from
Sigma-Aldrich (Sigma-Aldrich Co. LLC, St. Louis, U.S.A.) and used
without further purification. All organic solvents used were HPLC
grade. Styrene modified epoxy resin, Epidian 53 was purchased from
Ciech Sarzyna S.A. (Joint-stock company), epoxy resin containing no
modifiers, EPD certified significant savings in CO,, low crude oil
content, and high renewable content, EnviPOXY 530 was purchased
from SPOLCHEMIE Spolek pro chemickou a hutni vyrobu, as.
(Joint-stock company).

Methodology. Melt Crystallization. Tonic liquid was placed in a
glass vial and then put in a thermal block tightly adjacent to the vessel
walls. Thereafter, the block temperature was increased following a
temperature ramp of 1 degree. After the melting process was
observed, the sample was thermostated at a constant temperature for
a period of 60 min. Crystallization occurred on the walls of the vial
with simultaneous temperature decrease.

Differential Scanning Calorimetry (DSC). Pure lonic Liquids/
Organic Salts Samples. Melting point/glass transition analyses were
determined according to slightly modified method, as reported in
previous work." The first heating cycle was up to 130 °C, and the
second heating cycle was up to 200 °C.

lonic Liquid/Epoxy Resin System. All of the samples were freshly
prepared by mixing ionic liquids (0.2 g) with epoxy resin (5 g) ina
glass vial. Each sample (5—10 mg) was analyzed using differential
scanning calorimetry with a heat/cool cycle from 25 to 250 °C at 10
°C-min~". The data were collected by the same calorimeter as for
melting points.

lon Chromatography. Ion chromatography experiments were
carried out according to method reported in previous work.'
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Water Content Analysis. Water content was determined using Karl
Fischer type titration apparatus according to method reported in
previous work.

NMR Spectroscopy. NMR spectra were recorded using 400 and
500 MHz spectrometer in commercially available CDCI, solvent. The
value of standard measurement uncertainty did not exceed +0.02

m.
PPMerhod for Testing the Hardness of Cured Epoxy Resins—Shore
Test. To measure the hardness of cured materials, the Shore D
durometer was used. Prepared samples of the cured resin with
dimensions of 1.0 X 1.0 cm and a homogeneous surface were tested
by a series of hardness measurements at room temperature, while
maintaining the distance from the edge of the material (minimum 1.0
mm). The final result, expressed on the Shore D scale, is the average
of three repetitions. Before testing, all samples were conditioned at
room temperature for 24 h.

Synthesis of Compounds. General Procedure of DABCO
Bromides Salts’ Synthesis [A]. To obtain products 1—5, a solution
of 14-diazabicyclo[2.2.2.]octane (DABCO, 1.0 equiv) in ethyl acetate
was placed in a round-bottomed flask with simultaneous stirring on a
magnetic stirrer. Then corresponding alkyl bromide (1.0 equiv) was
added dropwise at room temperature. After that, product in a form of
precipitate or a new phase, was observed immediately. After the time
required to complete the reaction (controlled by ion chromatography,
Table 1), bromide salt was separated, then washed with ethyl acetate
(3 X 10.0 mL) and diethyl ether (3 X 10.0 mL). Product was dried
under vacuum (72 h).

Synthesis of 1-Ethyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bromide
(1). Compound 1 was obtained according to general procedure A with
the use of DABCO (11.2 g 0.1 mol), 1-bromoethane (10.9 g 0.1
mol), and ethyl acetate (150.0 mL). Reaction time was equal to 7.0 h,
and the reaction gave pure product as a white crystalline solid (21.7 g,
98%). Purity [IC]: 98.4%.

'H NMR (400 MHz, CDCl,) & 3.64 (t, J = 7.2 Hz, 6H), 3.50 (m,
2H), 3.23 (t,] = 7.6 Hz, 6H), 1.40 (t, ] = 7.3 Hz, 3H). >*C NMR (101
MHz, CDCl3) § 59.71 (s), 51.94 (s), 45.40 (s), 8.06 (s). IC" (min):
tp = 23.86, IC™ (min): t = 4.16. Water content (KF) = 0.51%.

Synthesis of 1-Propyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (2). Compound 2 was obtained according to general procedure
A with use of DABCO (11.2 g, 0.1 mol), 1-bromopropane (123 g, 0.1
mol), and ethyl acetate (150.0 mL). Reaction time was equal to 8.0 h,
and the reaction gave pure product as a white solid (22.8 g, 97%).
Purity [IC]: 99.4%.

"H NMR (400 MHz, CDCl;) § 3.66 (t, ] = 7.2 Hz, 6H), 3.44 (m,
2H), 324 (t, ] = 7.9 Hz, 6H), 1.82 (sextet, ] = 7.7 Hz, 2H), 1.00 (t, |
= 7.3 Hz, 3H). *C NMR (101 MHz, CDCl;) § 65.91 (s), 52.48 (s),
45.43 (s), 15.68 (s), 10.85 (s). IC* (min): tg = 22.83,IC”™ (min): tg =
4.13. Water content (KF) = 0.22%.

Synthesis of 1-Butyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (3). Compound 3 was obtained according to general procedure
A with use of DABCO (11.2 g 0.1 mol), 1-bromobutane (13.7 g, 0.1
mol), and ethyl acetate (150.0 mL). Reaction time was equal to 14.0
h, and the reaction gave pure product as a light yellow solid (23.9 g,
96%). Purity [1C]: 96.8%.

'H NMR (400 MHz, CDCL,) 5 3.6 (m, J = 7.2 Hz, 6H), 3.47 (m,
2H), 3.23 (t, ] = 7.9 Hz, 6H), 1.74 (pentet, ] = 7.5 Hz, 2H), 1.38
(sextet, | = 7.5 Hz, 2H), 095 (t, ] = 7.4 Hz, 3H). *C NMR (101
MHz, CDCL,) 5 64.36 (s), 5245 (s), 45.42 (s), 2394 (s), 19.74 (s),
13.69 (s). IC" (min): ty = 29.95, IC™ (min): tp = 4.14. Water content
(KE) = 0.26%.

Synthesis of 1-Pentyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (4). Compound 4 was obtained according to general procedure
A with use of DABCO (11.2 g, 0.10 mol), 1-bromopentane (15.1 g,
0.10 mol), and ethyl acetate (150.0 mL). Reaction time was equal to
16.0 h, and the reaction gave pure product as a white finely crystalline
solid (24.7 g 94%). Purity [IC]: 99.8%.

'H NMR (400 MHz, CDCl,) & 3.61 (t, ] = 7.7 Hz, 6H), 3.41 (m,
2H), 3.19 (t,] =7.3 Hz, 6H), 1.71 (m, 2H), 1.29 (m, 4H), 0.83 (1, ] =
6.9 Hz, 3H). '*C NMR (101 MHz, CDCly) 6 64.50 (s), 52.39 (s),
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45.39 (s), 28.34 (s), 22.17 (s), 21.72 (s), 13.80 (s). IC" (min): ty =
28.27, IC™ (min): ty = 4.15. Water content (KF) = 0.58%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (5). Compound § was obtained according to general procedure
A with use of DABCO (11.2 g 0.10 mol), 1-bromohexane (16.5 g,
0.10 mol), and ethyl acetate (150.0 mL). Reaction time was equal to
16.0 h, and the reaction gave pure product as a white solid (27.1 g,
98%). Purity [IC]: 97.4%.

"H NMR (400 MHz, CDCly) & 3.70 (t, ] = 7.4 Hz, 6H), 3.53 (m,
2H), 3.28 (t, ] = 7.4 Hz, 6H), 1.78 (m, 2H), 1.34 (m, 6H), 0.90 (¢, ] =
7 Hz, 3H). ®C NMR (101 MHz, CDCly) & 64.61 (s), 52.51 (s),
45.47 (s), 31.28 (s), 26.05 (s), 2240 (s), 22.11 (s), 13.90 (s). IC*
(min): tg = 37.23,IC” (min): ty = 4.15. Water content (KF) = 0.43%.

General Procedure of DABCO Bromides Salts’ Synthesis [B]. To
obtain products 6—9, 1,4-diazabicyclo[2.2.2.]Joctane (DABCO, 1.0
equiv) was placed in two-necked round-bottomed flask equipped with
drying tube (filled with calcium chloride) with simultaneous stirring
on magnetic stirrer. Then corresponding alkyl bromide (1.0 equiv)
was added dropwise at room temperature. After that, product in a
form of precipitate was observed. After time required to complete the
reaction (controlled by ion chromatography, Table 1), precipitate was
separated with diethyl ether as auxiliary solvent. Product was washed
with diethyl ether (3 X 10.0 mL) and dried under vacuum (72 h).

Synthesis of 1-Heptyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (6). Compound 6 was obtained according to general procedure
B with the use of DABCO (11.2 g, 0.10 mol) and 1-bromoheptane
(17.9 g 0.10 mol). Reaction time was equal to 18.0 h, and the
reaction gave pure product as a white solid (28.5 g, 98%). Purity [IC]:
99.3%.

'H NMR (400 MHz, CDCL,) & 3.69 (t, ] = 7.4 Hz, 6H), 3.53 (m,
2H), 3.28 (t, ] = 7.9 Hz, 6H), 1.78 (m, 2H), 1.31 (m, 8H), 0.89 (t, ] =
6.9 Hz, 3H). 3C NMR (101 MHz, CDC,) & 64.61 (s), 52.51 (s),
45.47 (s), 31.52 (s), 28.86 (s), 26.35 (s), 22.46 (s), 22.16 (s), 14.02
(s).IC* (min): ty = 3598, IC™ (min): ty = 4.18. Water content (KF)
= 1.08%.

(Sj/nthesis of 1-Octyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (7). Compound 7 was obtained according to general procedure
B with the use of DABCO (11.2 g, 0.10 mol) and 1-bromooctane
(19.3 g 0.10 mol). Reaction time was equal to 24.0 h, and the
reaction gave pure product as a white solid (29.3 g, 96%). Purity [IC]:
98.3%.

'H NMR (400 MHz, CDCl;) 5 3.69 (t, ] = 7.4 Hz, 6H), 3.51 (m,
2H), 3.28 (t, ] = 7.4 Hz, 6H), 1.77 (m, 2H), 1.35 (m, 4H), 1.28 (m,
6H), 0.88 (t, ] = 6.8 Hz, 3H). *C NMR (101 MHz, CDCl;) & 64.62
(s), 52.51 (s), 45.46 (s), 31.61 (s), 29.16 (s), 29.03 (s), 26.40 (s),
22.56 (s),22.16 (s), 14.05 (s). IC* (min): ty = 46.49, IC™ (min): tp =
4.28. Water content (KF) = 0.98%.

Synthesis of 1-Decyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (8). Compound 8 was obtained according to general procedure
B with use of DABCO (11.2 g, 0.10 mol) and 1-bromodecane (22.1g,
0.10 mol). Reaction time was equal to 9.0 h, and the reaction gave
pure product as a white solid (32.0 g, 96%). Purity [IC]: 98%.

'H NMR (400 MHz, CDCL,) & 3.68 (t, ] = 7.4 Hz, 6H), 3.49 (m,
2H), 3.27 (t, ] = 7.4 Hz, 6H), 178 (m, 2H), 1.35 (m, 4H), 1.26 (m,
10H), 0.88 (t, ] = 6.8 Hz, 3H). *C NMR (101 MHz, CDCL,) § 64.62
(s), 52.51 (s), 45.46 (s), 31.82 (s), 29.40 (d, ] = 1.3 Hz), 29.22 (s),
26.41 (s), 22.64 (s), 22.18 (s), 14.10 (s). IC" (min): tg = §7.79, IC”
(min): tg = 4.16. Water content (KF) = 1.26%.

Synthesis of 1-Dodecyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bro-
mide (9). Compound 9 was obtained according to general procedure
B with the use of DABCO (11.2 g 0.10 mol) and 1-bromododecane
(24.9 g 0.10 mol). Reaction time was equal to 16.0 h, and the
reaction gave pure product as a white solid (33.6 g, 93%). Purity [IC]:
96.3%.

'H NMR (400 MHz, CDCI3) & 369 (t, ] = 7.4 Hz, 6H), 3.56 (m,
2H),3.29 (t,] = 7.4 Hz, 6H), 1.77 (m, 6H), 1.33 (s, 14H), 0.90 (t, ] =
6.8 Hz, 3H). 3C NMR (101 MHz, CDCL,) & 64.62 (s), 52.45 (s),
44.95 (d, ] = 68.0 Hz), 31.86 (s), 29.57 (s), 29.45 (d, | = 4.6 Hz),
29.26 (d, J = 7.2 Hz), 26.41 (s), 22.64 (s), 22.12 (s), 14.09 (s). IC*
(min): tg = 69.17, IC™ (min): t; = 4.19. Water content (KF) = 0.97%.
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General Procedure of Metathesis Reaction [C]. To obtain
products 10—18, a solution of the corresponding bromide (1.0
equiv) in water was placed in round-bottomed flask with simultaneous
stirring on magnetic stirrer. Then freshly prepared silver dicyanamide
(1.0 equiv) was added at room temperature. After that, appearing of
yellow precipitate of silver bromide was observed immediately.
Reaction was carried out without light access. After time required to
complete the reaction (controlled by ion chromatography), silver
bromide was separated using a glass fiber filter and then washed with
distilled water (3 X 25.0 mL). Combined aqueous phase was
evaporated on rotary evaporator to obtain pure product. Product was
dried under vacuum (72 h).

Synthesis of Silver Dicyanamide. To obtain silver dicyanamide, a
solution of sodium dicyanamide (1.0 equiv) in water was placed in
round-bottomed flask with simul stirring on magnetic stirrer.
Then, silver nitrate (1.0 equiv) was added at room temperature, and a
white precipitate of silver dicyanamide was observed immediately.
Reaction was carried out without light access. After 1.0 h, silver
dicyanamide was separated using glass fiber filter and then washed
with distilled water (6 X 250 mL). Product was obtained with
quantitative yield and used in next step without any purification.

Synthesis of 1-Ethyl-1,4-diazabicyclo[2.2.2]octan-1-ium Dicya-
namide (10). Compound 10 was obtained according to general
procedure C with the use of 1 (4.4 g, 0.02 mol), silver dicyanamide
(3.5 g, 0.02 mol), and water (40.0 mL). Reaction time was equal to
6.0 h, and the reaction gave pure product as a colorless liquid (3.8 g,
92%). Purity [IC]: 97.2%.

IC" (min): ty = 23.01, IC™ (min): ty = 6.62. Water content (KF) =
0.81%.

Synthesis of 1-Propyl-1,4-diazabicyclo[2.2.2]octan-1-ium Dicya-
namide (11). Compound 11 was obtained according to general
procedure C with use of 2 (4.7 g, 0.02 mol), silver dicyanamide (3.5 g,
0.02 mol), and water (40.0 mL). Reaction time was equal to 6.0 h,
and the reaction gave pure product as a light yellow liquid (4.0 g
91%). Purity [IC]: 98.7%.

IC" (min): ty = 22.41, IC™ (min): ty = 6.59. Water content (KF) =
0.69%.

Synthesis of 1-Butyl-1,4-diazabicyclo[2.2.2]Joctan-1-ium Dicya-
namide (12). Compound 12 was obtained according to general
procedure C with use of 3 (5.0 g, 0.02 mol), silver dicyanamide (3.5 g,
0.02 mol), and water (40.0 mL). Reaction time was equal to 6.0 h,
and the reaction gave pure product as a light yellow liquid (4.5 g,
96%). Purity [IC]: 97.7%.

IC" (min): tg =29.02, IC™ (min): tg = 6.68. Water content (KF) =
0.86%.

To obtain product 12, compound 3 (2.5 g 0.01 mol) was melted
(130.0 °C) in the pressure tube without any solvent. After melting,
sodium dicyanamide (2.7 g 0.03 mol) was added in one portion. The
resulting mixture was stirred on a magnetic stirrer for 72.0 h;
subsequently, the reaction was cooled to room temperature, and
tetrahydrofuran (50.0 mL) was added. The white precipitate of
sodium bromide and residual sodium dicyanamide was removed with
filtration on a Buchner funnel. The organic phase was then evaporated
under reduced pressure and washed with dichloromethane (50.0 mL).
Finally, residual sodium salts were removed with filtration, and
dichloromethane was evaporated under reduced pressure to give pure
product (1.8 g, 78%). Purity [IC]: 86%.

IC" (min): ty = 29.48, IC™ (min): ty = 7.39. Water content (KF) =
0.17%.

Synthesis of 1-Pentyl-1,4-diazabicyclo[2.2.2]octan-1-ium Dicya-
namide (13). Compound 13 was obtained according to general
procedure C with the use of 4 (5.3 g, 0.02 mol), silver dicyanamide
(3.5 g 0.02 mol), and water (40.0 mL). Reaction time was equal to
6.0 h, and the reaction gave pure product as a yellow liquid (4.4 g
88%). Purity [IC]: 96.3%.

IC" (min): ty = 28.49, IC™ (min): ty = 6.68. Water content (KF) =
0.43%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Dicya-
namide (14). Compound 14 was obtained according to general
procedure C with the use of § (5.5 g, 0.02 mol), silver dicyanamide
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(3.5 g 0.02 mol), and water (40.0 mL). Reaction time was equal to
6.0 h, and the reaction gave pure product as a crystallizing colorless
liquid (4.5 g 86%). Purity [IC]: 97.1%.

IC' (min): ty = 37.19, IC™ (min): tp = 6.65. Water content (KF) =
0.79%.

Synthesis of 1-Heptyl-1,4-diazabicyclo[2.2.2]octan-1-ium Dicya-
namide (15). Compound 15 was obtained according to general
procedure C with the use of 6 (5.8 g, 0.02 mol), silver dicyanamide
(3.5 g 0.02 mol), and water (40.0 mL). Reaction time was equal to
6.0 h, and the reaction gave pure product as a light yellow liquid (5.1
g 92%). Purity [IC]: 99%.

IC" (min): tg = 36.02, IC™ (min): tg = 6.64. Water content (KF) =
0.64%.

Synthesis of 1-Octyl-1,4-diazabicyclo[2.2.2]octan-1-ium Dicya-
namide (16). Compound 16 was obtained according to general
procedure C with the use of 7 (6.1 g, 0.02 mol), silver dicy id

(trifluoromethylsulfonyl)imide ionic liquid as a yellow solid (4.73 g
99%) was dried under vacuum (24h). Purity [IC]: 98.1%.

IC" (min): tg = 37.18, IC(min): ty = 17.27. Water content (KF) =
0.04%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium p-Tol-
uenesulfonate (22). Compound 22 was obtained according to
literature procedure” with the use of 5 (2.8 g 0.01 mol), methyl p-
toluenesulfonate (1.9 g 0.01 mol), and acetonitrile (50.0 mL).
Reaction time was equal to 2.0 h, and the reaction gave pure product
as a slightly yellow solid (3.5 g, 97%). Purity [IC]: 98.6%.

IC" (min): ty = 37.58, IC™ (min): tp = 4.98. Water content (KF) =
0.18%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Tri-
fluoromethanesulfonate (23). Compound 23 was obtained accord-
ing to literature procedure” with the use of § (2.8 g 0.01 mol), methyl
trifluor i Ifonate (1.6 g 0.01 mol), and acetonitrile (50.0

(3.5 g 0.02 mol), and water (40.0 mL). Reaction time was equal to
7.0 h, and the reaction gave pure product as a light yellow liquid (4.7
g 81%). Purity [IC]: 98%.

IC" (min): ty = 46.89, IC™ (min): fp = 6.62. Water content (KF) =
1.16%.

Synthesis of 1-Decyl-1,4-diazabicyclo[2.2.2]octan-1-ium Dicya-
namide (17). Compound 17 was obtained according to general
procedure C with the use of 8 (6.7 g, 0.02 mol), silver dicyanamide
(3.5 g 0.02 mol), and water (40.0 mL). Reaction time was equal to
6.0 h, and the reaction gave pure product as a yellow viscous liquid
(53 g, 83%). Purity [IC]: 97.8%.

IC' (min): ty = §8.03, IC™ (min): ty = 6.68. Water content (KF) =
0.92%.

Synthesis of 1-Dodecyl-1,4-diazabicyclo[2.2.2]octan-1-ium Di-
cyanamide (18). Compound 18 was obtained according to general
procedure C with the use of 9 (7.2 g, 0.02 mol), silver dicyanamide
(3.5 g 0.02 mol), and water (40.0 mL). Reaction time was equal to
7.0 h, and the reaction gave pure product as a light yellow viscous
liquid (5.5 g, 79%). Purity [IC]: 96.5%.

IC" (min): ty = 68.97, IC™ (min): ty = 6.66. Water content (KF) =
1.34%.

Synthesis of Other lonic Liquids. Synthesis of 1-Hexyl-1,4-
diazabicyclo[2.2.2]octan-1-ium Chloride (19). Compound 19 was
obtained according to general procedure A with the use of DABCO
(112 g 0.10 mol), 1-chlorohexane (12.1 g 0.10 mol), and ethyl
acetate (150.0 mL). Reaction time was equal to 12.0 h, and the
reaction gave pure product after evaporation of solvent and reactants,
as a white solid (22.1 g, 95%). Purity [IC]: 98.3%.

IC" (min): tg = 36.96, IC™ (min): tg = 3.58. Water content (KF) =
0.13%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Tetra-
fluoroborate (20). To the solution of 5 (2.8 g, 0.01 mol) in distilled
water (50.0 mL) was added dropwise an aqueous solution of sodium
tetrafluoroborate (1.1 g 0.01 mol) with simultaneous stirring on
magnetic stirrer. The white precipitate of 20 was observed
immediately. Reaction time was equal to 3.0 h; subsequently, the
white precipitate was separated using Buchner funnel and washed
with distilled water (3 X 15.0 mL) and ethyl acetate (3 X 15.0 mL).
The product was dried under vacuum and obtained as a white solid
(2.8 g, 98%). Purity [IC]: 99.1%.

IC' (min): tg = 37.06, IC"(min): t = 5.70. Water content (KF) =
0.26%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Bis-
(trifluoromethylsulfonyl)imide (21). The solution of 5 (2.8 g 0.01
mol) in distilled water was transferred into a separating funnel. Then,
methylene chloride (500 mL) was added followed by aqueous
solution of lithium bis(trifluoromethylsulfonyl)imide (80%, 3.6 g 0.01
mol). The obtained mixture was vigorously shaken for a few minutes,
and then the separated organic layer was washed with deionized water
(3 X 20.0 mL) and deionized water with small portion of LiNTf,
(80%, 0.001 mol) (1 X 20.0 mL). The washing procedure was
finished in an absence of bromide anion in water layer (silver nitrate
test). To obtain pure product, methylene chloride from organic layer
was evaporated under reduced pressure, and bis-
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mL). Reaction time was equal to 2.0 h, and the reaction gave pure
product as a yellow solid (3.4 g, 97%). Purity [IC]: 98.6%.

IC" (min): tg = 37.01, IC™ (min): ty = 6.03. Water content (KF) =
0.10%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Meth-
anesulfonate (24). Compou.nd 24 was obtained according to
literature  procedure” with the use of 5 (2.8 g 0.01 mol),
methylmethanesulfonate (1.1 g, 0.01 mol), and acetonitrile (50.0
mL). Reaction time was equal to 2.0 h, and the reaction gave pure
product as a white solid (2.8 g, 96%). Purity [IC]: 99%.

IC" (min): ty = 37.48, IC"(min): tg = 5.37. Water content (KF) =
0.09%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Hexa-
fluorophosphate (25). To the solution of 5 (2.8 g 0.01 mol) in
distilled water (50.0 mL) was added dropwise an aqueous solution of
potassium hexafluorophosphate (1.8 g, 0.01 mol) with simultaneous
stirring on magnetic stirrer. The white precipitate of 25 was observed
immediately. Reaction time was equal to 3.0 h; subsequently, the
white precipitate was separated using vacuum funnel and washed with
distilled water (3 X 15.0 mL) and ethyl acetate (3 X 15.0 mL). The
product was dried under vacuum and obtained as a white solid (3.4 g,
99%). Purity [IC]: 99.2%.

IC* (min): tg = 37.86, IC™(min): t = 11.96. Water content (KF) =
0.21%.

Synthesis of 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Methyl
Sulfate (26). Compound 26 was obtained according to literature
procedure” with the use of 5 (2.8 g, 0.01 mol), dimethyl sulfate (1.3 g,
0.01 mol), and acetonitrile (50.0 mL). Reaction time was equal to 2.0
h, and the reaction gave pure product as a white solid (3.0 g, 97%).
Purity [IC]: 98.2%.

IC' (min): ty = 37.49, IC™(min): ty = 3.76. Water content (KF) =
0.16%.
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Abstract: The paper presents the preparation of new ionic liquids based on hexamethylenetetramine
with bis(trifluoromethanesulfonyl)imide and dicyanamide anion, which were characterized in de-
tail in terms of their purity (Ion Chromatography) and thermal properties (Differential Scanning
Calorimetry), as well as stability. The obtained substances were used to develop curing systems with
ethylene glycol, which were successfully tested for their application with bisphenol A diglycidyl
ether molecule. In addition, the curing process and its relationship to the structure of the ionic liquid
are characterized in detail. The research showed that hexamethylenetetramine-based new ionic
liquids can be successfully designed using well-known and simple synthetic methods—the Delepine
reaction. Moreover, attention was paid to their stability, related limitations, and the application of
hexamethylenetetramine-based ionic liquids in epoxy-curing systems.

Keywords: hexamethylenetetramine; ionic liquids; epoxy resin; ethylene glycol; curing agent;
composites

1. Introduction

It is commonly believed that ready-made composite materials are neutral to the
environment and due to the lack of direct interactions at the molecular level, are not
toxic [1]. This theorem is fulfilled for properly prepared composites, in which the network
of connections between resins and the hardener are closed, well-known, predictable, and
stable, and the resin itself does not contain solvents and other volatile organic compounds
(VOCs) before the curing process [2].

The aim of this work was to provide new solution in the field of multifunctional
initiating systems for the polymerization of epoxy resins. To be more precise, this solution
is based directly on previously unknown ionic liquids, designed with well-known raw
materials, reactions, and processes. The proposed cross-linking systems must be easy to
prepare, stable and predictable in the context of their application and most importantly,
well thought out. In addition, it is important to bring added value to the final products in
the form of changing their mechanical properties and /or application potential through new
functionalities. In the era of ecological awareness and social responsibility, an extremely
important element of research is the use of substances for which the details of their environ-
mental impact, toxicity and methods of obtainment are known. This is one of the ways to
limit the emergence of new, unpredictable, and not fully tested substances in the industry,
while still developing science and improving existing solutions, which this work was also
intended to prove.

Ionic liquids (ILs) are chemical compounds with an ionic structure, consisting of
a cation and an anion and having several specific properties. The cation of the ionic
liquid is usually of organic origin and has a varied structure. On the other hand, anions
of ionic liquids can be both organic and inorganic, and their nature significantly affects
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the properties of the entire compound. The most important feature of this group of
compounds is undoubtedly an extremely wide range of applications, in which the following
should be distinguished: (i) dissolution and processing of biomass [3-5], (ii) catalytic
reactions [6-8], (iii) active ingredients in pharmaceutical preparations [9,10] or (iv) design
of polymerizable monomers intended for modern material solutions [11-13]. The wide
area of application of ionic liquids is due to their properties, among which the following
should be mentioned: high thermal stability [14], high electrochemical window [15], low
volatility [16] and flammability [17]. At the same time, it turns out that these compounds
can successfully replace, among others, hardeners (as a latent curing agents) of epoxy
resins [18-21] as well as a large group of property modifiers: (i) flame retardants [22-24],
(ii) hydrophobizers [25,26] and (iii) compounds that increase the mechanical parameters of
the composite [21,27-30].

However, despite so many literature reports and numerous confirming the unique
applications of ionic liquids, there are still groups of these compounds that require further
research. One of these understudied groups is the non-aromatic polycyclic amines with
catalytic properties, which can potentially be used as structures of ionic liquid cations. The
most important substances in this group include: (i) 1,4-diazabicyclo[2.2.2]octane (DABCO),
(ii) 1,8-diazabicyclo[5.4.0Jundec-7-ene (DBU), (iii) 1-azabicyclo[2.2.2]octane (ABCO), (iv) 1,5-
diazabicyclo[4.3.0]lnon-5-ene (DBN) and hexamethylenetetramine (HMTA). The first two,
DABCO and DBU, remain in the interest of many researchers, especially as new ionic liquids
with catalytic properties [21]; DBN is not very popular due to its high similarity to DBU, while
ABCO, because of its very high price, is practically not studied at all. In contrast, the simplest,
best known and most easily available, as well as the cheapest polycyclic amine—HMTA,
remains to this day the most unexplored source of ionic liquids, which may have a few unique
properties, from catalytic, electrochemical and anti-corrosion to fuel applications. There are
only a few reports of HMTA-based ionic liquids being obtained and used as components
for the production of strong catalysts for obtaining hexahydroquinolines [31] and pyrido[2,3-
d:5,6-d0]dipyrimidines [32]. In addition, it was confirmed that HMTA-ILs exhibit high ionic
conductivity, which increases significantly with temperature [33]. A huge impact on the
importance of HMTA in chemistry was the discovery of the Delepine reaction in 1895, which
allows for a simple and easy synthesis of primary amines through the intermediate product,
which is a quaternary ammonium derivative of HMTA. The key here is the fact that this
intermediate product can be easily isolated and shows very high stability [34,35].

Another view is ethylene glycol (EG), which is a well-known, simple chemical com-
pound that is constantly gaining new applications based on the excellent knowledge of
the properties of this substance. Especially in combination with ILs there is an interesting
set of reports about its applications as a microemulsifier [36,37], co-solvent [38-40] and a
substance able to stabilize ionic liquids through a specific interaction [41].

All the literature reports cited above were an inspiration to conduct this research, the
results of which will be presented in the following subsections.

2. Results
2.1. Synthesis of lonic Liquids

The research proposed a portfolio of new HMTA derivatives, differing in the length of
the carbon chain attached to the nitrogen atom. Structures of all cations are shown in the
Figure 1. As part of the research, alkyl chains with both an even and an odd number of carbon
atoms were used to precisely determine the influence of the chain length on the properties of
the obtained compounds. Moreover, two groups of anions were selected and combined with
cation structures to obtain new ionic liquids. The bis(trifluoromethanesulfonyl)imide (TFSI)
anion is highly hydrophobic [42], while the dicyanamide (DCA) anion is inherently more
hydrophilic [43]. Such a correlation between anions allows for a thorough look at the nature
of the compounds obtained and opens up more application possibilities and areas (mainly
those indicated in the introduction) where new substances may prove value. To obtain the
proposed substances, it was necessary to conduct quaternization reactions first, leading to the
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desired halogen derivatives, which were then subjected to metathesis reactions leading to the
final products. Afterward, all obtained substances were subjected to a thorough analysis of
physicochemical properties before they were subjected to application tests.
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Figure 1. Chemical structures of the obtained compounds.

2.1.1. Quaternization

The first step of the Delepine reaction is the attachment of an alkylated chain to the
nitrogen atom, followed by a quaternary ammonium salt (QAS) of HMTA formation. The
reaction proceeds at room temperature in chloroform, from which the product is easily
separated by simple filtration. Thus, the process was highly efficient, and the products
were recrystallized to obtain QASs of very high purity (Table 1). On the other hand, the
obtained products do not show strong hygroscopicity in contrast to analogous derivatives
for, e.g., DABCO [17]. Determination of the purity of the obtained substances was carried
out using ion chromatography, considered to be the best method for determining the purity
of ionic compounds [12,17,40-42]. In addition, the same technique was used to monitor
the progress of the reaction. Through routine analysis of product increment and substrate
depletion, the reaction time was precisely determined to enable high process yields to
be obtained in the shortest possible time. As a result of the conducted experiments, five
bromide derivatives were successfully obtained, reaching the efficiency exceeding 99%
and the purity of the obtained substances at the average level of 99.2%. To fully identify
the obtained compounds, they were subjected to NMR and mass spectrometry analysis.
Another equally important value for ILs is their water content, especially for halides, which
are a key step on the way for obtaining the desired further products. None of the salts
obtained exceeded the level of 1% of water; moreover, compounds 1a, 2a and 5a, did not
exceed the level of 0.5% water. The lowest value was recorded for the derivative having a
propyl chain (2a) in its structure.

Table 1. Parameters of the synthesis of HMTA derivatives.

Compound Yield [%] Purity [%] Water Content [wt%]
1a 99.6 99.6 047
2a 99.0 99.0 017
3a 9.1 99.1 0.68
4a 9.1 99.1 057
5a 99.0 99.1 042

2.1.2. Metathesis Reaction

However, ten new TFSI and DCA ionic liquids were selected for research. The bromide
salts obtained earlier were precursors on the way to their preparation and required further
processing. For this purpose, two different pathways of the metathesis reaction were used
between the bromide anion in the HMTA quaternary salt and (i) the dicyandiamide anion
derived from the freshly prepared (according previously published work [21]) silver salt, or
the (ii) bis(trifluoromethanesulfonyl)imide anion derived from lithium salt. Each pathway
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was analyzed at room temperature, however, using different process conditions, as shown
in Figure 2, and synthetic techniques, as described in detail in the synthesis section. In
the case of hydrophobic ionic liquids, the average yield of the metathesis reaction was
98.4%, while the purity of the obtained compounds ranged from 99.1 to 99.8%, with the
lowest values for ionic liquids 4b and 5b, with the longest alkyl chains. Similar results were
recorded for the synthesis of dicyandiamide derivatives, for which the average yield of
the reaction was 94.5%, with the lowest values of 87.9% for compound 2¢ and 93.9% for
compound 4c, for compounds with an odd number of carbon atoms in the alkyl chain. On
the other hand, the purity of all dicyandiamide derivatives exceeded 97.5%, reaching the
highest value of 98.1% for compounds 1c and 3¢ containing ethyl and butyl alkyl chains,
respectively.

A N ANl AR 7N
N ,\‘I\N(a R AgDCA N\/,‘\TNG) R Lirrsi r‘\l\N(B R
- D

e on L © W
N DCA 20, N Br  CHClH0, t N TFSI
1c-5¢ la-5a 1b-5b

Figure 2. Scheme of metathesis reaction leading to HMTA derivatives with TFSI anion and DCA.

2.1.3. Thermal Properties of the Compounds

Measurements of thermal properties of the obtained substances (thermograms from
analyzes available in Supplementary Materials), show numerous differences between both
individual groups of compounds (depending on the anion present in the IL structure) and
depending on the length of the carbon chain, in particular the relationship between the
even and odd number of carbon atoms in the alkyl chain (Table 2). Namely, for quaternary
ammonium salts with a bromide anion, only an onset exothermic peak (Tgecomp) Was
observed in the thermogram, characteristic of the process of partial decomposition of the salt
with the release of a large portion of energy. Differences in the decomposition temperature
were observed, depending on whether an alkyl chain with an even or an odd number of
carbon atoms was present in the structure. Compounds 2a and 4a, which contain a propyl
and a pentyl chain structure, have onset peak decomposition temperatures of 146.5 °C and
143.6 °C, respectively. Between this group of compounds and analogs containing even
carbon chains in the structure, an average temperature difference of 14 °C was observable.
The highest decomposition temperatures, 168.3 °C and 155.4 °C, respectively, were recorded
for compounds 1a and 3a, i.e., those with an ethyl or butyl chain. On the contrary, all ionic
liquids obtained in the metathesis reaction, both DCA and TFSI, are characterized by
lower crystallization/decomposition peak temperatures (Tgecomp) observed during the
measurements. The lowest values were recorded for compounds 1b, 4b, 1c and 3¢ and
amounted to the following: 119.3°C, 121.6 °C, 120.3 °C and 101.6 °C, respectively. However,
the highest values were for the derivatives 2b (126.8 °C), 5b (134.7 °C), 2¢ (135.3 °C) and 5¢
(126.8 °C). There was no clear relationship between the chain length and the parameters
obtained. In addition, glass transition temperature (T) data were collected for ILs with the
TFSI anion, and melting point temperatures (Tr,) were collected for ILs with the DCA anion.
For the glass transition temperature, there is a general shift towards lower temperatures
with increasing chain length, resulting in the lowest temperature values for 4b and 5b being
—29.1 °C and —19.9 °C, respectively. Similarly, the melting temperatures observed for the
dicyanamides also show a shift towards higher temperatures with increasing chain length,
except for compound 2¢ (57.4 °C), which decreases relative to a compound 1c (69.1 °C)
with a shorter alkyl chain. All collected values are below 100 °C, reaching the highest value
of 75.5 °C and 86.6 °C for 4c and 5¢ compounds, respectively.
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Table 2. Thermal properties of the HMTA-based compounds obtained in this research.

Compound Tm I7€] Tg[°C] Tdecomp [*Cl
1a - - 168.3 2
2a - - 14652
3a = & 155.42
4a = e 143.62
5a - = 15242
1b 5 -5.0 1193b
2b - -16.6 126.8°
3b - ~17.1 1263
ab - —29.1 1216°
5b - —-19.9 134.7°
1c 69.1 H 1203°
2¢ 57.4 - 13530
3¢ 721 - 101.6°
4c 75.5 - 1240°
5¢ 86.6 - 1268°

2 Decomposition onset peak,  Start of exothermic decomposition during DSC measurement.

2.2. Curing Process

In the next stage of the research, a selected group of ten ILs was used to prepare ten
curing mixtures intended for cross-linking the epoxy resin (Figure 3). The combinations
were prepared by mixing the ionic liquid with ethylene glycol in a molar ratio of 1:2 in
such a way as to ensure the highest possible curing activity in relation to the resin while
maintaining high stability of the mixture itself. By experimenting with different ratios of
IL to ethylene glycol, a system was selected in which there are two equivalents of EG for
one equivalent of ionic liquid. Such a relationship between these substances resulted in
the most stable mixtures, whose stability was validated by observing phase separation
over a period of up to 60 days. Moreover, it was confirmed that ethylene glycol forms
more stable systems with DCA-based ionic liquids, which successfully maintain their
homogeneity beyond 60 days, while TFSI anion ionic liquids lose their homogeneity after
about 2 weeks, requiring re-mixing. EG, due to its emulsifying properties, allowed us
to prepare homogeneous curing systems with a high degree of compatibility with the
resin, which in this case was the Bisphenol A diglycidyl ether (DGEBA, M = 340 g/mol)
molecule. An important feature here is the fact that ethylene glycol creates much more
stable emulsions in combination with more hydrophilic ionic liquids such as DCA ILs.
It has been observed that TFSI causes emulsions to become heterogenous rather quickly.
Specifically, to thoroughly study the curing process and compatibility, a system consisting
of unmodified DGEBA molecules was used, thus eliminating the influence of possible
modifiers and solvents that could be present in commercially available epoxy resins. Next,
the prepared curing systems were mixed with a resin particle in a ratio that guaranteed
full cross-linking (detailed data on sample preparation of resin systems are provided in the
chapter Methods and in the reference [17]), degassed, and then cured in a vacuum oven with
process temperature, developed based on data from simultaneously conducted tests using
Differential Scanning Calorimetry (DSC). An important property of the curing mixtures
is their initiating effect occurring only at elevated temperatures. At room temperature,
they remain weakly active against the DGEBA molecule. In particular, this is a property
observed with many ionic liquids used as curing initiators for epoxy resins and is fairly
well explained [18-21].
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Figure 3. Scheme of the process of preparing resin systems with ionic liquids.

2.2.1. Thermal Analysis

Subsequently, ten curing systems were used to prepare mixtures with DGEBA, which
were subjected to tests of curing process nature. For this purpose, Differential Scanning
Calorimetry was again used (thermograms from analyzes available in Supplementary
Materials), and several parameters of the process (Table 3) were determined, such as
polymerization start temperature (Tonset), temperature peak (Tmax) and polymerization
end temperature (Tepq). At the same time, the amount of energy released (AH) during the
process was monitored. In the case of curing systems based on ionic liquids with the TFSI
anion, comparable results for individual parameters were obtained, which remained at
a similar level of values, regardless of the type and length of the alkylated chain in the
cation structure. The exception is the derivative with an ethyl chain (1b), for which a lower
polymerization start temperature (109.4 °C) and a much higher process energy (84.4 ]/g)
were recorded. At the same time, for the polymerization initiated by these curing systems,
the appearance of two independent areas of temperature peaks in the form of two thermal
processes occurring in the sample was observed. The highest temperature values of the first
thermal peak, respectively 154.4 °C and 149.0 °C, were obtained for systems containing
compounds 3b and 5b, however, these differences are insignificant. Similarly, in the case
of the second thermal peak, the highest values were recorded for systems containing
compounds 2b (224.4 °C) and 4b (229.5 °C). Simultaneously, with the increase in the length
of the alkyl chain in the cation structure, the amount of energy released during the second
thermal process occurring in the sample decreases. On the other hand, polymerization
initiated by systems based on dicyanamide ionic liquids proceeds in the form of a single
thermal transformation process. In this case, the relationship between the polymerization
starting temperature and the energy released during the process, dependent on an odd
or even number of carbon atoms in the alkyl chain, is clearly visible. Thus, with an odd
number of carbon atoms in the cation structure, relatively lower values of the process
start temperature were observed, while the amount of released energy decreases with the
increase in the length of the odd alkyl chain. In contrast, if there is an even number of carbon
atoms in the alkyl chain of the ionic liquid, the energy of thermal transformation increases
with its length, reaching a maximum of 151.5 ] /g for the system containing compound 5c,
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for which the lowest polymerization initiation temperature (101.3 °C) and polymerization
peak temperature (151.8 °C) were also recorded. To summary, all characteristic temperature
points of the cross-linking process are within the range of the decomposition temperature
of ionic liquids.

Table 3. Thermal properties of the curing process.

System Anion Tonset [°C] Tmax [°Cl Teng [°C] AH [J/g]
109.4 1370 1648 84.4
1b/EG/DGEBA 200.7 235 236.9 243
1222 1481 2015 265
b/ BG/DGERA 215.9 244 236.4 110
1221 1544 185.6 198
3b/EG/DGEBA  TPSI 210.3 2189 2395 117
1191 1470 205.7 293
4b/EG/DGEBA 21.0 295 2423 8.9
1198 149.0 1932 285
Ah/BERGERR 209.3 217 223.0 72
1¢/EG/DGEBA 1408 1707 2240 495
2¢/EG/DGEBA 1236 1647 2132 816
3¢/EG/DGEBA  pca 1400 1639 1881 198
4¢/EG/DGEBA 1295 1651 1991 230
5¢/EG/DGEBA 1013 1518 210.6 1515

2.2.2. Hardness of the Cured Resin

Afterward, the prepared samples of the cured DGEBA were tested for the basic
assessment of their hardness/brittleness depending on the curing system used. Such a
quick experiment made it possible to determine the relationship between the structure of
the IL and the behavior of the hardened material in laboratory conditions. Furthermore,
the samples were evaluated 48 h after hardening and after 7 and 14 days to determine the
effect of aging of the samples on the basic parameter, which was hardness. For comparison,
analogous samples cured with two amines commonly used as initiators of epoxy resin
polymerization, triethylenetetramine (TETA, RM1) and isophorone diamine (IPDA, RM2),
whose hardening properties have already been thoroughly investigated [44], were made.
The samples are tabulated and related to the results obtained for the new curing systems.
With the passage of time, the changes in the hardness parameters of the samples did not
change beyond 2D, therefore the Table 4 summarizes the collected data as average values
for all measurements carried out for a given sample. The average value of the hardness of
the samples in which systems with TFSI ILs were used was 79D, while systems with DCA
IL was 85D and all these values are higher than the reference samples. The influence of the
type of anion in the ionic liquid on the obtained hardness results is visible. DCA IL-based
systems show a relatively higher hardness of the obtained materials than TFSI IL-based
systems. However, in the case of these DCA systems, composed of ILs with an odd number
of carbon atoms in the alkyl chain, they were characterized by significant brittleness, which
made measurement impossible. Systems containing TFSI ILs have a smaller increase in
hardness in relation to reference samples and at the same time, slightly higher values were
observed for compounds 2b (80D) and 4b (81D), in which their structures contain chains
with an odd number of carbon atoms.
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Table 4. Hardness measurements results.

Compound Hardness [D]

RM1/RM2 74/71
1b 78
2b 80
3b 76
4b 81
5b n/a
1c 87
2c n/a
3¢ 89
4c n/a
5¢ 80

n/a—not available due to too high brittleness of the samples.

3. Discussion and Conclusions
3.1. Synthesis and ILs Stability

Hexamethylenetetramine is an unusual amine, obtained by the reaction of formalde-
hyde and ammonia. It does not melt, only sublimates, and is very sensitive to any changes
in pH. Improperly stored or contaminated, it slowly decomposes to formaldehyde and
ammonia. The decomposition phenomenon is probably caused by the hygroscopicity of
the amine itself and by the presence of water, initiating a slow hydrolysis process that
leads to the formation of formaldehyde and ammonia [45]. On the other hand, under
the influence of temperature or during combustion (with access to oxygen), the HMTA
decomposition pathways change. To illustrate, thermal decomposition mainly leads to ni-
trogen oxides, carbon dioxide, carbon monoxide and formaldehyde, while the combustion
process generates carbon dioxide, nitrogen, nitrogen oxides and trace amounts of ammonia.
Based on studies of the kinetics of HMTA decay conducted to understand the behavior
of this molecule in the human body, the following conclusions can be drawn: (i) HMTA
solution in water has a pH of 9.5, (ii) pH values lower than 9.5 initiate the decomposition
process, (iii) no release of formaldehyde is observed up to pH 7.4, (iv) at a pH around 2.0,
formaldehyde is released in higher quantities [46]. We assume that during the thermal
curing of the resin with HMTA-based ionic liquids, formaldehyde is not released due to
the high process temperature, and carbon oxides are released in its place. Nevertheless,
there is a risk that residual unreacted ionic liquid in the cured resin structure will be able to
release formaldehyde during storage. This is not the subject of the presented research, but
in the case of further experiments, it may be advisable to carry out tests in the direction of
determination of volatile organic compounds (VOCs) from the cured material.

In this work, several new chemical compounds are presented. From our point of view,
the key aspect to discuss here is undoubtedly the very high purity of the salts obtained and
the high efficiency of the reactions. This shows how useful the first step of the Delepine
reaction is for the synthesis of new potential ionic liquids. However, this reaction is limited
to the amine substrate—HMTA. While the halide salts obtained directly in it show high
stability, signs of lower stability appear in the case of metathesis reaction products. The
spatial structure of the quaternary HMTA cation, especially as a product of only a single
chain attachment, is likely to be energetically highly unstable. Moreover, the liquid form of
the compound, which allows the migration of molecules and the presence of, for example,
anions derived from strong acids, additionally affects the stability of the compounds
obtained due to high impact on pH. As HMTA quaternary ammonium salts, the products
are highly sensitive to any changes in pH that may occur through spontaneous partial
decomposition of the cation, which will shift the ionic balance. In addition, the nature of
ionic liquids favors the absorption of even small amounts of water, which is absorbed in
the compounds and facilitates the hydrolysis of the compound. In the case of HMTA, this
leads directly to the release of ammonia, the smell of which is observable in the case of
TFSI and DCA ionic liquids over time of their storage at room temperature. Undoubtedly,
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this phenomenon is influenced primarily by the presence of water, but also by the fact that
along with the breakdown of the cation structure, the concentration of anions increases,
which results in a decrease in pH. In the case of the synthesis of quaternary ammonium
salts based on HMTA, it is very important to monitor the purity of the obtained compounds,
e.g., using ion chromatography. In this way, it is possible to quickly detect the potential
presence of ammonia or other ionic structures that could be formed by the decomposition
of the compound and, consequently, affect the possibility of using a given substance. On
the one hand, the synthesis of this type of derivatives is exceptionally simple and gives
a very wide field for the introduction of many alkylating agents from all groups of this
type of compounds. However, one should be always carefully analyze the stability of the
obtained substances and consider the possibility of changes in pH, which, by initiating
the degradation process of the compound, may sometimes make it impossible to use
them in specific application areas. In the case of application presented in this paper, the
phenomenon of slow decay does not have a significant impact, and sometimes it is in favor
of our solution.

3.2. Role of Ethylene Glycol

Ionic liquids are compounds with very different rheological parameters. Depending
on many factors, such as (i) the length of the alkylated chain used or (ii) the type of anion,
they can be compounds of very low viscosity as well as those with a viscosity resembling
glue [47]. In fact, in some application areas, it is necessary to introduce additional substances
that are designed to adjust the ionic liquids to a specific application, not only by changing
the rheological properties, but sometimes also by additional interactions with ILs [48].

Ethylene glycol was not accidentally used in this work, which was supposed to fulfill
the following tasks: (i) to reduce the viscosity of long-chain ionic liquids and at the same
time increase their compatibility in combination with the epoxy resin molecule, (ii) due
to its emulsifying properties [36,37], to form stable curing mixtures, (iii) be a substance
capable of absorbing ammonia [49] and formaldehyde or eventually carbon dioxide [50]
that could be released from the IL over time of its storage and (iv) remain in the structure
of the cured resin, thanks to its high boiling point exceeding the temperature of the cross-
linking process. In addition, during the study, the effect of ethylene glycol on slowing
down the pH change process was observed, which was systematically controlled before
each application experiment, using simple strip tests. Moreover, no ammonia odor was
observed in mixture samples stored for 60 days. We suppose that through emulsification
and connection with the structure of the IL, the EG undergoes a specific incorporation into
the structure of the cation through a network of hydrogen bonds. Thus, this stabilizes the
quaternary structure of HMTA and slows down the process of its breakdown. However,
this is only an assumption requiring much extended research and theoretical calculations
that would not affect the application presented in the work.

3.3. Curing Process and the Mechanism

The aim of this work was to demonstrate the use of new ionic liquids as active
ingredients in the curing of epoxy resins. For this purpose, studies of the curing process
were carried out, drawing key conclusions: (i) HMTA-based ionic liquids can successfully
initiate the curing of epoxies, (ii) the low stability of these compounds favors their use
in this area, resulting in lower temperatures of the curing process, (iii) the choice of
anion affects the curing process itself, in particular the temperature range of the process.
The quaternary hexamethylenetetramine cation can disintegrate under the influence of
temperature into a whole spectrum of different types of molecules. Most of them are highly
reactive, energetically unstable molecules, and able to react quickly with the epoxide groups
of the resin. In Figure 4 several potential transition structures that may be generated during
the process of thermal decomposition of HMTA-ILs have been proposed. The presented
structures were inspired by the Delepine reaction mechanism, but also by data on HMTA
decay directions [40,41]. The process generates, among others, primary amines based on an
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alkyl chain that was attached to the generic cation structure. In addition, the process may
also produce ammonia, which is easily reacted with the epoxy group to form a quaternary
adduct, which is unstable and quickly initiates a chain reaction leading to full cross-linking
of the resin structure.

Ammonia
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N
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\TC/\/\; .\N/\N/. \’}‘/\/\’
L. "
QAS or 3° amines T 1° amines )

1,3,5-trimethyl-1,3,5-triazinane
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Figure 4. Proposed pathways of thermal decomposition of HMTA-based ILs.

Undoubtedly, in the case of curing the resin with ionic liquids based on HMTA, we
are dealing with independently occurring processes of disintegration and simultaneous
reaction with the epoxy groups present in the DGEBA molecule. In addition, the epoxy
group can react with both basic (amines) and acidic compounds, which means that the
anions present in the ionic liquid also react with the resin, leading to the formation of
fully cross-linked structures. This phenomenon can be defined as cationic or anionic
polymerization depending on which part of the ionic liquid is reacting with the epoxide
at a given moment [21]. Both processes usually take place simultaneously, but if they
occur at different temperatures, they are sometimes observable as separate polymerization
peaks in thermal analysis. From the considerations regarding the ability to initiate the
epoxy resin curing process, (i) due to their high thermal stability, and (ii) the lack of ionic
liquid characteristics that would allow these compounds to be classified into this group,
halide derivatives were excluded. So, the curing process of epoxy resin initiated by systems
based on ionic liquids with TFSI anion is a process independent of the structure of the
cation and its chain length. For all the tested compounds, the polymerization start, peak
and end temperatures were similar, with the only exception being the derivative with an
ethyl chain, which, probably due to its short chain, quickly joins the curing process and
does not require the time necessary to generate appropriate, active transitional structures.
What is more, this thesis becomes more likely with the information that a much greater
amount of energy is released in the thermal process than in the case of analogous structures
with longer carbon chains. In general, it can be concluded that the initiators based on
HMTA-TFSI-ILs are characterized by a predictable and independent curing process. On
the other hand, the polymerization reaction initiated by dicyanamides is characterized
by a single thermal peak with a maximum temperature peak that depends on the chain
length and generally decreases as it increases. More precisely, we assume that with the
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increase in the length of the alkyl chain in the cation structure, the thermal stability of
the compounds decreases, which means that active molecules directly participating in the
reaction with epoxides are generated faster. At the same time, we noticed differences in
the polymerization start temperature depending on whether the alkyl chain has an even
or odd number of carbon atoms. We suggest that the reason for this phenomenon may
be that structures with an odd number of carbon atoms in the chain will decay faster,
especially at the very beginning of the process, through an energetically lower favorable
structure. Against the background of all the tested substances, the 5¢ derivative stands
out the most, for which the polymerization start temperature is significantly lower than
for the rest of the tested substances. However, the temperature peak for this substance
is slightly lower than for the other representatives of this group, and the polymerization
end temperature remains the same for all. We suggest that the reason for this may be the
fact that the hexyl alkyl chain strains the cation structure significantly and the effect of
ethylene glycol is not able to compensate for this phenomenon, so the molecule undergoes
a slight disintegration, generating active initiators of resin polymerization, especially at the
beginning after supplying temperature to the system, which can be seen by the recorded
low polymerization start temperature and high process energy.

3.4. Hardness of the Materials

For additional characterization of the cured materials obtained, a simple measurement
of the hardness of the resin after curing was chosen. Such a parameter allows one to
quickly determine the effect of the tested substances on the final product and define certain
regularities. The results showed that with the increase in the length of the carbon chain
in the cation structure, the brittleness of the obtained material increases, which in some
cases made it impossible to measure the hardness. We suggest that such a hardness test
result correlates with the values of water absorbed by ionic liquids, and thus with the
level of hygroscopicity of a particular ionic liquid. Moreover, as a rule, ionic liquids with
TFSI anions are hydrophobic in nature, while dicyanamides are representatives of mainly
hydrophilic compounds and it is for this group of compounds that information about
significant brittleness has been reported more often. In addition, the brittle effect of the
structure can sometimes also be caused by the presence of ethylene glycol.

In conclusion, it was proved during research that by using the first stage of the Delepine
reaction, leading to the production of hexamethylenetetramine quaternary ammonium
salts, it was possible to obtain a series of new ionic liquids that can be successfully used in
epoxy resin curing mixtures operating only at elevated temperatures. What is more, the
use of ethylene glycol as a component of such mixtures is presented, which simultaneously
performs many functions important for the proposed area of application as well as for the
obtained ionic liquids, especially in terms of their stability.

4. Materials and Methods
4.1. Materials

All reagents were purchased from suppliers: (i) Merck (alkylating agents, hexamethylenete-
tramine, triethylenetetramine, isophorone diamine, lithium bis(trifluoromethylsulfonyl)
imide, sodium dicyanamide, ethylene glycol, organic solvents, reagents necessary to perform
analyzes), and (ii) abcr GmbH (bisphenol A diglycidyl ether, DGEBA, silver nitrate). The mini-
mum purity for alkylating agents, amines (beyond triethylenetetramine—97%) and compounds
used for metathesis is 99%, while all solvents had a minimum HPLC grade. DGEBA was
85% purity.

4.2. Synthesis
42.1. Bromides

To obtain products 1a-5a, a solution of hexamethylenetetramine (1.0 eq.) in chloroform
was placed in a two-necked round-bottomed flask equipped with a reflux condenser with
simultaneous stirring on magnetic stirrer. Then, corresponding alkyl bromide (1.0 eq.)
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was added dropwise at room temperature. After that, a white precipitate was observed
immediately. After the time required to complete the reaction (controlled with IC analysis),
a large amount of white precipitate was filtered through a sintered funnel, then washed
with hexane (3 x 10.0 mL) and diethyl ether (3 x 10.0 mL). Products were dried under
vacuum (24 h) and recrystallized from a mixture of methanol and diethyl ether to furnish
pure compounds.

Compound 1a

Product form: white solid; yield: 99.6%; water content: 0.47 wt%; IC: tg = 4.67 min
(cation), 4.14 min (anion), Purity: 99.6%; TH NMR (400 MHz, D;0): 6 =5.05 (s, 6H), 4.69
(d,]=12.4Hz, 3H),4.54 (d, ] =12.5 Hz, 3H), 2.98 (q, ] = 7.5 Hz, 2H), 1.25 (t, ] = 7.4 Hz, 3H);
13C (1H} NMR (100 MHz, D,0): § = 77.72, 70.14, 52.66, 4.95; MS (ESI): m/z (%) = 169 ([M]*,
100), 155 ([HMTA-CH,]*), 140 ([HMTA]").

Compound 2a

Product form: white solid; yield: 99.0%; water content: 0.17 wt%; IC: tg = 4.89 min
(cation), 4.17 min (anion), Purity: 99.0%; TH NMR (400 MHz, D;0): § = 5.04 (s, 6H), 4.63
(d, ] =149 Hz, 3H),4.52 (d, ] = 13.4 Hz, 3H), 2.81 (m, 2H), 1.67 (ddd, ] = 15.3,7.4,5.3 Hz,
2H), 0.89 (t, ] = 7.3 Hz, 3H); *C {'H} NMR (100 MHz, D,0): 77.65, 70.15, 58.32, 20.77, 13.63;
MS (ESI): m/z (%) = 183 ([M]*, 100), 155 ((HMTA-CH,]%), 140 ((HMTAJ).

Compound 3a

Product form: white solid; yield: 99.1%; water content: 0.68 wt%; IC: tg = 5.12 min
(cation), 4.16 min (anion), Purity: 99.1%; IH NMR (400 MHz, D,0): § = 5.06 (s, 6H), 4.65
(d,] =15.5Hz,3H),4.54 (d, ] = 13.0 HZ, 3H), 2.87 (m, 2H), 1.65 (ddd, ] = 15.6, 12.6, 7.5 Hz,
2H), 1.32 (dd, | = 14.8, 7.4 Hz, 2H), 0.89 (t, ] = 7.4 Hz, 3H); 13C {!H} NMR (100 MHz,
D,0): 78.13, 70.14, 60.45, 26.82, 19.61, 14.03; MS (ESI): m/z (%) = 197 ([M]*, 100), 168
([HMTA-CH,-CH,]*, 155 ([HMTA-CH,]*), 140 ((HMTAT").

Compound 4a

Product form: white solid; yield: 99.1%; water content: 0.57 wt%; IC: tg = 5.78 min
(cation), 4.12 min (anion), Purity: 99.1%; TH NMR (400 MHz, D,0O): = 5.05 (s, 6H), 4.66
(d, ] =13.5Hz, 3H),4.55 (d, ] = 13.1 Hz, 3H), 2.85 (m, 2H), 1.65 (dd, ] =154, 7.5 Hz, 2H),
1.31 (m, 4H), 0.83 (t, ] = 7.1 Hz, 3H); 13C {'H} NMR (100 MHz, D,0): 77.52, 70.93, 60.43,
31.57,25.32,19.70, 13.05; MS (ESI): m/z (%) =211 (IM]*, 100), 182 ([HMTA-CH,-CH,-CH,]",
168 ([HMTA-CH,-CH,]*, 155 ((HMTA-CH;]"), 140 (([HMTAJ").

Compound 5a

Product form: white solid; yield: 99.0%; water content: 0.42 wt%; IC: tg = 6.34 min
(cation), 4.10 min (anion), Purity: 99.1%; TH NMR (400 MHz, D,0): § = 5.03 (s, 6H), 4.67
(d, ] =13.1 Hz, 3H), 451 (d, ] = 12.7 Hz, 3H), 2.84 (dd, ] = 11.9, 5.5 Hz, 2H), 1.63 (dd,
] =15.8, 7.8 Hz, 2H), 1.26 (m, 6H), 0.80 (t, ] = 6.9 Hz, 3H); 1*C {*H} NMR (100 MHz, D,0):
78.12,70.12, 57.32, 30.25, 25.47, 21.64, 19.10, 13.15; MS (ESI): m/z (%) = 225 ([M]*, 100), 182
([HMTA-CH,-CH,-CH,]*, 155 ([HMTA-CH,]*), 140 ((HMTA]*).

4.2.2. Bis(trifluoromethane)sulfonimides

Compounds 1b-5b were obtained according to a slightly modified, previously re-
ported procedure. Corresponding bromide (1a-5a, 1.0 eq.) was dissolved in deionized
water (100.0 mL) and transferred into a separating funnel. Then, methylene chloride
was added followed by an aqueous solution of lithium bis(trifluoromethylsulfonyl)imide
(80%, 1.1 eq.). The obtained mixture was vigorously shook for a few minutes and then
the separated organic layer was washed with deionized water (3 x 20.0 mL) and then
deionized water with small portion of lithium bis(trifluoromethylsulfonyl)imide (80%,
0.1 eq., 1 x 20.0 mL). The washing procedure was finished in an absence of bromide anion
in the water layer (silver nitrate test, and washed until no observable yellow silver bromide
precipitation). To obtain pure product (1b-5b), methylene chloride from the organic layer
was evaporated under reduced pressure and bis(trifluoromethylsulfonyl)imide ionic liquid
was dried under vacuum (24 h).

Compound 1b
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Product form: slightly yellow liquid; yield: 98.8%; water content: 0.31 wt%; IC:
tr = 4.57 min (cation), 18.58 min (anion), Purity: 99.8%.

Compound 2b

Product form: yellow liquid; yield: 97.7 %; water content: 0.23 wt%; IC: tg = 4.94 min
(cation), 18.71 min (anion), Purity: 99.6%.

Compound 3b

Product form: transparent liquid; yield: 99.1%; water content: 0.28 wt%; IC:
tg = 5.19 min (cation), 18.73 min (anion), Purity: 99.5%.

Compound 4b

Product form: yellow liquid; yield: 98.9%; water content: 0.49 wt%,; IC: tg = 5.81 min
(cation), 18.69 min (anion), Purity: 99.1%

Compound 5b

Product form: yellow, viscous liquid; yield: 97.6%); water content: 0.38 wt%; IC:
tr = 6.31 min (cation), 18.71 min (anion), Purity: 99.1%.

4.2.3. Dicyanamides

Compounds 1c-5¢ were obtained according to a slightly modified previous reported
procedure. A precisely weighed amount of corresponding bromide (1a-5a, 1.0 eq.) was
placed in the flask and dissolved in deionized water (30.0 mL). Then, freshly prepared
silver dicyanamide was added (1.0 eq.) and the mixture was stirred on a magnetic stirrer,
protected from a sunlight. The exchange process was monitored by ion chromatography.
After completion of the reaction, the yellow precipitate of silver bromide was separated
on a sintered funnel using a glass fiber filter, and washed with water (3 x 15.0 mL). The
filtrate was evaporated in a vacuum evaporator, and then the obtained compound was
purified by dissolution in anhydrous methylene chloride and repeated filtration. To obtain
pure product (1c-5¢), methylene chloride was evaporated under reduced pressure and
dicyanamide ionic liquid was dried under vacuum (24 h).

Compound 1c

Product form: yellow solid; yield: 96.2%; water content: 0.73 wt%,; IC: tg = 4.59 min
(cation), 6.66 min (anion), Purity: 98.1%.

Compound 2¢

Product form: slightly yellow solid; yield: 87.9%; water content: 0.43 wt%; IC:
tg = 4.92 min (cation), 6.59 min (anion), Purity: 97.9%.

Compound 3¢

Product form: yellow solid; yield: 97.5%; water content: 0.86 wt%,; IC: tg = 5.16 min
(cation), 6.58 min (anion), Purity: 98.1%.

Compound 4¢

Product form: yellow, viscous solid; yield: 93.9%; water content: 0.69 wt%; IC:
tgr = 5.83 min (cation), 6.63 min (anion), Purity: 97.8%.

Compound 5¢

Product form: yellow, viscous solid; yield: 97.0%; water content: 0.33 wt%; IC:
tr = 6.29 min (cation), 6.60 min (anion), Purity: 97.5%.

4.3. Ion Chromatography

All experiments were conducted with the use of ion chromatography, both regarding
the control of the reaction course and the determination of the purity of the obtained com-
pounds, which were performed using Eco-IC apparatus (Metrohm, Herisau, Switzerland)
in accordance with the procedures published in previous works [12,21].

4.4. Thermal Analysis
4.4.1. Differential Scanning Calorimetry (DSC) for ILs

Melting point/glass transition/decomposition temperature analyses were determined
using the DSC 3 apparatus (Mettler Toledo, Greifensee, Switzerland), according to the
method reported in previous work [12,21] and described in Supplementary Materials.
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4.4.2. Differential Scanning Calorimetry (DSC) for Epoxy Systems

The cross-linking process of the epoxy resin was tested using a DSC 8500 apparatus
(PerkinElmer, Waltham, MA, USA), according to a slightly modified method described in
the previous work [21] and described in Supplementary Materials.

4.5. Water Content

Determination of the water content in the obtained compounds was carried out using
the Karl Fischer titration apparatus (Metrohm, Herisau, Switzerland) in accordance with
the method described in previous works [12,21].

4.6. NMR Analysis

NMR spectra were recorded using a 400 MHz (*H) and 100 MHz (13C) Ascend spec-
trometer (Bruker, Billerica, MA, USA) in commercially available DO solvent. The value of
standard measurement uncertainty did not exceed £0.02 ppm.

4.7. ESI-MS Analysis

ESI-MS analysis were conducted using a HPLC/MS apparatus (Waters Corporation,
Milford, MA, USA), according to the procedure described in the previous work [12].

4.8. Curing Process

All experiments regarding the curing process were performed in accordance with the
procedure described in the previous work [21]. For microscopic documentation of cured
samples see the Supplementary Materials.

4.9. Hardness Measurments

All experiments regarding the hardness measurements were performed in accordance
with the procedure described in the previous work [21].

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article /10.3390/molecules28020892 /s1, 1. NMR spectra; 2. DSC thermograms for
ILs measurements; 3. DSC thermograms for curing process; 4. Microscopic pictures of cured samples;
Figure S1. Microscopic pictures of cured samples.
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This paper presents a comprehensive investigation of the synthesis and properties of anilinium-based ionic lig-
uids (AnlLs) incorporating dicyanamide [DCA] and trifluoromethanesulfonate [OTf] anions. This study sys-
tematically examines the thermal behavior of these AnlLs, highlighting the influence of cation size on distinct
thermal transitions. Crucially, detailed thermal analyses were conducted for both AnILs and their corresponding
epoxy resin systems. AnlLs featuring [DCA] anion exhibited lower enthalpy values, indicative of a gradual
polymerization process with potential energy inefficiency. In contrast, AnILs with [OTf] anion displayed elevated
enthalpy values, signifying accelerated polymerization and significant potential for crosslinking. The resulting
epoxy coatings were subjected to meticulous mechanical analyses. Notably, AnILs with a dicyanamide anion
exhibited a noteworthy correlation between increased strength, enhanced crosslinking, and heightened structural
complexity. Conversely, anilinium-based ionic liquids with [OTf] anion displayed distinctive pol
behavior, even at lower temperatures. Investigation of the curing mechanics uncovered distinct polymerization
pathways influenced by factors such as anion strength, dealkylation initiation temperature, and structural
branching. Tensile strength assessments of coatings with trifluoromethanesulfonate anion revealed intriguing
behavior, indicating that additional reinforcement during curing, is essential for maintaining structural integrity
in impact-prone scenarios. Moreover, this study proposed a novel mechanism involving residual aniline mole-
cules that influence structural outcomes. Overall, this research provides valuable insights into the intricate
interplay of AnlLs structures, polymerization dynamics, and mechanical properties, providing a foundational
understanding for future advancements in functional coating applications.

ization

1. Introduction thermal stability and, due to their ionic structure, high conductivity

[17-20]. Importantly, they can be customized for specific applications.

In the ever-progressing field of chemistry, there is a constant
development of chemical substances. One notable example of this rapid
progress is seen in ionic liquids (ILs). Made up of positively and nega-
tively charged parts, these compounds are becoming widely used in
many scientific areas, such as catalysis [1-4], biomass dissolution [5-5],
electrochemistry [9,10], modification of various types of materials
[11-13] or pharmaceutics [14-16]. It is impossible to list all the appli-
cations of ILs currently being explored around the world, which proves
not only their extraordinary usefulness, but also shows that a number of
their physicochemical properties are of importance in the context of
various applications. Ionic liquids exhibit near-zero vapor pressure, high

* Corresponding author.
E-mail address: marcin.smiglak@ppnt.poznan.pl (M. Smiglak).

https: //doi.org/10.1016/j.porgcoat.2024.108353

Analogous to the substrate-specificity of enzymes governed by the lock-
and-key mechanism, ionic liquids can be carefully designed to optimize
their functional potential, allowing them to perform various tasks
effectively. The presence of positively charged nitrogen, sulfur, or
phosphorus elements in the cationic structures of organic compounds,
combined with the abundance of counter ions in the form of organic and
inorganic anions, provides flexibility for precise adjustments to the
physicochemical features of these compounds. This creates a broad
range of opportunities for their use in different and independent areas,
taking advantage of the unique qualities of ionic liquids. These custom-
made mixtures, carefully designed to meet specific needs, often appear
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as highly effective solutions. Moreover, a significant aspect involves the
easy obtainment of most ionic liquids through simple chemical trans-
formations, allowing for the achievement of desired structural config-
urations in just two synthetic steps.

The progress in creating new materials with specific functions is
driven by the need for advanced technologies. These needs require the
development of materials with the exact qualities essential for their
optimal performance in specific situations. Simultaneously, focusing on
sustainability is crucial in exploring ways to recycle materials and
creating strategies using renewable resources or compounds that natu-
rally break down. This approach leads to the production of simple and
environmentally friendly chemicals. In this context, epoxy resins (ER)
are considered a good option for construction materials that align with
the requirements of emerging technologies. Epoxy resins can be easily
modified in terms of their entire volume [21,22] and coating [23-25],
processed under specific conditions, and are compatible with various
reinforcements such as carbon [26], flax [27-29], cellulose [30,311,
basalt [27,28,32], and aramid fibers [11], as well as fillers such as silica
[33-35], graphite [36] or inorganic compounds [37]. Their potential
use of natural raw materials, such as cardanol [33-40], and the ongoing
research into their recycling [41] make them a justified and advisable
choice. Moreover, the utilization of hyperbranched polymers derived
from itaconic anhydride has led to significant improvements in the
toughness and flame-retardant properties of epoxy resins with low
phosphorus contents [42]. Additionally, achieving high mechanical
performance, recyclability, and maintaining thermal properties were
accomplished through the adoption of ferulic acid-based hyperbranched
epoxy resin (FEHBP) in the fabrication of catalyst-free epoxy vitrimers
[43].

One important area of application for ionic liquids is composites and
biocomposites, especially systems based on epoxy resins of various
types, including new resins derived from natural raw materials [38,44].
The most important applications of ILs in this field are primarily latent
cure initiators for epoxy resins [45-50], whose research began with a
landmark publication in 2009 [51]. When combined with epoxy resin
and exposed to temperature, ionic liquids with a positive charge on the
nitrogen atom react with the resin molecules in a manner similar to that
of tertiary amines. Furthermore, the anion of the ionic liquid may also be
capable of curing the resin in its characteristic mechanism [45,52-55].
Moreover, ILs can also affect the mechanical properties of composites
such as strength [56,57], hardness [45] and more [58]. An important
property of ionic liquids is their ability to make composite materials
flame retardant [57,59-61] or to impart anti-corrosion [62,63] or anti-
fouling [64] properties. These compounds have also been successfully
used to modify the structures of composite reinforcements such as
aramid [11], carbon [65], or natural fibers [30,66,67]. Epoxy resins
modified with ILs can be used in solid electrolytes, bringing this building
material into a new field of application [68,69]. Appropriately designed
ionic liquids can perform multiple functions simultaneously in com-
posite systems [70], and recently, it has been confirmed that ILs can
dissolve already cured epoxy resins, thus allowing them to be recycled
[41].

In recent years, an array of imidazolium-based ionic liquids has been
meticulously examined, serving dual roles as epoxy resin hardeners and
coatings for steel surfaces. The coating, when applied to steel, has shown
significant improvements in terms of interfacial adhesion, long-term
durability, and its resistance to corrosion. Impressively, this coating
has proven to endure exposure to salty conditions for an extended
period, protecting the steel for up to 1500 h [46]. Another approach to
address the same issue involves using a cross-linked ionic liquid network
as a protective coating. This method has been suggested and used to
prevent rust and corrosion. Its effectiveness comes from its ability to
repel water solutions containing salt and moisture, which slows down
the degradation process. This occurs because the ionic liquid structure
contains large cationic and anionic components. In the reported study,
the first step involves treating the imidazolium-based ionic liquid with a
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polyamine compound through a condensation reaction. Subsequently,
the resulting product is utilized as a hardening agent for epoxy resin
formulations. When applied as specialized coatings for steel substrates,
they undergo thorough evaluation of their inherent anti-corrosion
properties and resistance to salt spray-induced deterioration [62].
Conversely, an inquiry into the influence of imidazolium-based ionic
liquids (1-butyl-3-methylimidazolium chloride) on epoxy coatings
modified with graphene has been undertaken. In this context, IL serves
as a dispersant within this composite matrix, significantly improving the
protective qualities of graphene in the coating. These improvements
involve preventing corrosion and resisting moisture, which are achieved
by the ionic liquid attaching to the surface of graphene nanosheets and
strengthening the connections in the composite structure [71]. Mono-
and bilayer configurations of epoxy coatings, integrating distinet IL
formulations, namely, 1-octyl-3-methylimidazolium tetrafluoroborate
and bis(2-hydroxyethyl)Jammonium oleate, were subjected to experi-
mental evaluation. These multifaceted coatings, with dispersed gra-
phene in the ionic liquid, were assessed for their tribological
performance concerning wear resistance and frictional mitigation.
Interestingly, the ionic liquid with a fluorinated tetrafluoroborate anion
showed effective performance when in a single layer, resulting in a
significant 60 % reduction in the friction coefficient. On the other hand,
the one with the oleate anion required a two-layer structure to achieve
similar levels of reduced friction and wear resistance [72].

An interesting type of ILs is made from quaternary ammonium salts
originating from aniline derivatives. The distinctive properties exhibited
by this group of compounds have attracted significant attention, both for
exploring their applications and for improving their synthetic method-
ologies. Research into these compounds follows two main paths. The
first involves the synthesis of straightforward protonated salts through
acid-base reactions between aniline derivatives and corresponding
acids, yielding compounds with melting points below 100 °C [73-75].
On the other hand, the second path creates quaternary alkylated salts,
which can be synthesized using the classical Menschutkin reaction,
which involves the reaction of tertiary amines with suitable alkyl ha-
lides. The resulting halide salt can then undergo metathesis to replace
the halogen anion with another that is more suitable for the intended
application. Nevertheless, alternative synthetic pathways for AnlLs have
also been recognized [76,77]. In the example mentioned earlier, a
quatemnary salt with the [OTf] anion is synthesized in a single step,
devoid of transition metals and requiring specialized conditions. This
efficient synthesis reduces the time required for producing AnILs with
the trifluoromethanesulfonate anion into a single step, eliminating the
need to first prepare a halide salt.

After examining the existing literature and reports on the uses of
anilinium-based ionic liquids (AnILs), it is evident that their applications
are somewhat limited, mostly involving tasks beyond organic synthesis.
In these contexts, AnlLs function as catalysts or reagents that undergo
subsequent transformations, often bypassing the isolation stage of the
quaternary salt [77]. Particular attention is directed toward anilinium-
based ionic liquids featuring the trifluoromethanesulfonate anion, as
well as tosylate and various halide anions. Owing to their distinctive
structural composition in which the quaternary nitrogen atom is directly
linked to an aryl group and alkyl moieties, these compounds are used as
both alkylation and arylation agents, with the reaction’s direction
influenced by the catalysts or reaction conditions [78,79]. Notably,
important catalysts used with AnlLs include metals such as palladium
and nickel, enabling the synthesis of various organic compounds,
including aryl ketones, esters, aldehydes, amides, and 1-aryl/alkyl
substituted alk-1-ynes [77,50].

However, the crucial aspect of anilines produced from this process is
their inherent tendency to form polymers, specifically polyaniline
(PANI), through both chemical and electropolymerization processes.
The discussions mainly focus on thoroughly investigating this phe-
nomenon, which includes understanding the conditions that govemn the
polymerization processes and explaining the material properties of the



D. Zielinski et al.

resulting products. Moreover, AnlLs, particularly protonated salts ex-
hibits activity within the context of electropolymerization [74,75]. In
the ongoing research, specific attention has been given to instances
where PANI is combined with carbon nanotubes and ionic liquids. These
studies confirm a noticeable improvement in the corrosion resistance of
epoxy coatings across a wide pH range when PANI and ILs are combined.
Moreover, the demonstrated increase in resistance is directly linked to
how long the specimens are immersed in the solutions causing corrosion
[87,88].

This research aims to explore methods for creating a new type of
ionic liquids using aniline derivatives (AnlLs). These liquids have N,N-
dimethylaniline and N,N-diethylaniline as cation sources and dicyana-
mide [DCA] and trifluoromethanesulfonate [OTf] as anions. The syn-
thesis is complemented by extensive evaluation of their physicochemical
attributes. Subsequently, these synthesized compounds have been used
in the formulation of coating systems with epoxy resin, and applied to
flax fabric. Notably, within these developed systems, the ionic liquids
assume a principal role as hardeners, and are administered in signifi-
cantly reduced quantities - five times less than conventionally employed
solutions such as triethylenetetramine. Despite the reduced quantity, the
coatings still exhibit similar mechanical properties. Additionally, the
ionic liquids help create stable IL/ER coating systems that undergo
curing solely under controlled temperature conditions, in contrast to
amine-cured systems that initiate crosslinking even at ambient tem-
peratures. This study involves comprehensive analyses using Differential
Scanning Calorimetry (DSC), revealing complex relationships between
the anionic part of the ionic liquid and the epoxy coating’s polymeri-
zation process. Moreover, an explanation of the initiation mechanism for
curing, prompted by the synthesized ionic liquids, is described. Notably,
AnlLs with the [OTf] anion, due to their strong acidity, create favorable
conditions during the coating’s cooling phase that catalyze the poly-
merization of residual aniline derivative molecules. This leads to the
formation of shorter polyaniline chains (PANI) in the coating structure
after curing. This study lays the foundation for future investigations into
this interesting class of compounds, suggesting their potential to bring
various qualities to epoxy coatings.

2. Materials and methods
2.1. Materials

N,N-dimethylaniline >99 %, N,N-diethylaniline >99 %, Trimethyl-
phenylammonium bromide <98 %, Silver nitrate >99 %, were pur-
chased from Merck GmbH (Germany), Bromoethane 98 % and Benzyl
bromide >99 % were purchased from Thermo Scientific Chemicals Inc.
(USA), Sodium dicyanamide >97 % was purchased from IoLiTec-lonic
Liquids Technologies GmbH (Germany), Methyl trifluvorom
ethanesulfonate >97 % was purchased from Ambeed Inc. (USA). Styrene
modified epoxy resin, Epidian 53 was purchased from Ciech Sarzyna S.
A. (Poland). Flax fabric, FLAXDRY-UD180 cross-stitched unidirectional
flax fabric 180 g/m? was purchased from Hexcel Corporation Inc. (USA).
All organic solvents used in synthesis and during chromatographic
analysis were of HPLC grade and were purchased from Merck GmbH
(Germany).

2.2. Synthesis of the halides

2.2.1. Triethylphenylammonium bromide [TEA][Br]

N,N-Diethylaniline (10 g, 0.067 mol, 1 eq.) was dissolved in aceto-
nitrile (100 mL) and heated to 50 °C. Then, 1-bromoethane (7.39 g,
0.067 mol, 1 eq.) was added dropwise and the reaction mixture was
stirred under reflux for 96 h. Afterwards, the acetonitrile was evapo-
rated, and the resulting precipitate was washed with ethyl acetate (3 x
40 mL) and dried under vacuum. White solid was obtained (16.5 g, 95.4
%). Ty = 123.4°C, T, =110.8 °C.

IC: tg = 7.52 min (cation), 5.25 min (anion), Purity: 99.90 %. 'H
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NMR (400 MHz, CDCl): § = 7.87 (dd, J = 8.0 Hz, J = 1.6 Hz, 2H), 7.41
(t,J = 8.3 Hz, 2H), 7.30 (dd, J = 8.1 Hz, J = 6.9 Hz, 1H), 3.92(q, J = 7.0
Hz, 6H), 1.01 (t, J = 7.2 Hz, 9H)-'>C {'"H} NMR (100 MHz, CDCl,): 6§ =
140.99, 130.47, 129.90, 122.18, 56.11, 8.00.

2.2.2. N-Benzyl-N,N-dimethylphenyl bromide [BenzDMA][Br]

N,N-Dimethylaniline (10 g, 0.083 mol, 1 eq.) was dissolved in
acetonitrile (100 mL) and heated to 60 °C. Then, benzyl bromide (14.2 g,
0.083 mol, 1 eq.) was added dropwise, and the reaction mixture was
stirred under reflux for 48 h. Afterwards, the acetonitrile was evapo-
rated, and a dark blue, viscous liquid was obtained. Next, it was washed
three times with acetone (3 x 50 mL) and evaporated. The obtained light
blue solid was crystallized from acetone and a gray solid was obtained
(7.23 g, 30 %). T, = 88.6 °C.

IC: tg = 9.61 min (cation), 5.22 min (anion), Purity: 99.97 %. 'H
NMR (400 MHz, CDCl3): § = 7.79 (d, J = 8.1 Hz, 2H), 7.44 (m, 3H), 7.20
(t, J = 7.2 Hz, 1H), 7.03 (m, 4H), 5.54 (s, 2H), 3.88 (s, 6H). '>C {'H}
NMR (100 MHz, CDCl5): § = 144.30, 132.67, 130.45, 130.39, 130.32,
128.52,127.63, 121.62, 72.72, 53.46.

2.3. Methatesis
2.3.1. Dicyanamides

2.3.1.1. General procedure A. Dicyanamideswere obtained according to
a the previously reported procedure [31]. Briefly, corresponding bro-
mide (1 eq.) was dissolved in deionized water. Then, freshly prepared
silver dicyanamide was added (1 eq.) and the mixture, protected from
sunlight, was stirred at room temperature. Next, silver bromide was
separated, and the filtrate was evaporated. The obtained compounds
were dried under vacuum.

Trimethylphenylammonium dicyanamide [TMA][DCA]

[TMA][DCA] was obtained according to the general procedure Aasa
white solid (Yield: 98 %). IC: tg = 5.75 min (cation), 6.55 min (anion),
Purity: 97.85 %.

Triethylphenylammonium dicyanamide [TEA][DCA]

[TEA][DCA] was obtained according to the general procedure A as
an orange liquid (Yield: 97 %). IC: tg = 7.55 min (cation), 6.61 min
(anion), Purity: 98.44 %.

N-Benzyl-N,N-dimethylphenylammonium dicyanamide [BenzDMA]
[DCA]

[BenzDMA][DCA] was obtained according to the general procedure
A as a brown liquid (Yield: 97 %). IC: tg = 9.58 min (cation), 6.65 min
(anion), Purity: 97.63 %.

2.3.2. Trifluoromethanesulfonates

2.3.2.1. General procedure B. Trifluoromethanesulfonates were ob-
tained according to a previously reported procedure [32]. Briefly, the
corresponding bromide (1 eq.) was dissolved in MeOH and methyl tri-
fluoromethanesulfonate (1 eq.) was added dropwise. Next, the solvent
was evaporated and obtained the products were dried under vacuum.

Trimethylphenylammonium trifluoromethanesulfonate [TMA][OTf]
[TMA][OT{] was obtained according to the general procedure B as a

beige solid (Yield: 99 %). IC: tg = 5.74 min (cation), 7.45 min (anion),
Purity: 99.52 %.
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Triethylphenylammonium trifluoromethanesulfonate [TEA][OTf]

[TEA][OT{] was obtained according to the general procedure B as a
yellow liquid (Yield: 99 %). IC: tg = 7.53 min (cation), 7.38 min (anion),
Purity: 99.72 %.

N-Benzyl-N,N-dimethylphenylammonium  trifluoromethanesulfon
ate [BenzDMA][OTf]

[BenzDMA][OT{] was obtained according to the general procedure B
as a beige solid (Yield: 99 %). IC: tg = 9.63 min (cation), 7.40 min
(anion), Purity: 99.85 %.

2.4. Nuclear magnetic resonance spectroscopy (NMR) analysis

NMR Spectroscopic analyses were performed using a Bruker
Ascend™ (USA) instrument. 'H spectra recorded with a resolution of
400 MHz, while '*Cspectra were recorded with a resolution of 100 MHz.
The deuterated solvent used in each analysis was indicated when
describing the synthesis of each compound. The value of standard
measurement uncertainty did not exceed +0.02 ppm.

2.5. Ion Chromatography (IC)

All chromatographic analyses, both progress of the reaction and
purity of the compounds obtained, were performed on an Ion chro-
matograph EcolC from Metrohm AG (Switzerland). The analytical
methods used in the study were developed from the authors previous
publications and a full description of them can be found in Supple-
mentary materials.

2.6. Differential Scanning Calorimetry (DSC) and Thermogravimetric
Analysis (TGA)

All tests using DSC, both for the analysis of ionic liquids and the study
of the curing process of epoxy resin, were performed on a DSC-3 Mettler-
Toledo (Switzerland) instrument. All thermogravimetric analyses of
ionic liquids were performed on a Q50 TA Instruments (USA). All
analytical protocols are based on the measurement parameters previ-
ously reported by the authors, a detailed description of which is pro-
vided in Supplementary materials.

2.7. Coating preparation

Systems of epoxy resin Epidian 53 with ILs (98:2) were used to
produce monolayer composite structures reinforced with flax fibers. For

Menschutkin reaction
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this purpose, the technique of hand lamination of fabric fibers using a
previously degassed resin system was used. During the wetting of the
fibers with resin, the degree of resin saturation was controlled and
maintained at 50-55 %. The preimpregnates were cured in a vacuum
oven at 130 “C for 5 h, in the form of composite sheets with dimensions
of 30 x 30 cm.

2.8. Mechanical properties examination

The mechanical properties of the composite structures were tested
using a Scanning Electron Microscope (SEM, Hitachi SU3500, Japan)
equipped with a measuring table for mechanical testing of the materials
(Deben Microtest MT5000 kit (United Kingdom)). For this purpose,
measuring samples with dimensions of 2 x 3.5 ecm and a thickness of
0.5-0.6 mm were prepared. Then, the samples were placed in the
measuring jaws, with a jaw extension rate of 1.5 mm/min. During the
measurement a 2KN single leadscrew tensile with 415:1 gearbox and
512-line encoder was used. The apparatus was calibrated at 2000 N, and
a trip was set to 2000 N. The measurement was performed until the
continuity of the composite structure was broken, observing a visible
decrease in the force value. Based on the measurements carried out, the
following were determined: (i) the force at break and (ii) the maximum
elongation of the sample at break. The measurement data obtained were
used to determine the following: (iii) tensile strength, defined as the
stress corresponding to the highest tensile force F obtained during the
static tensile test, related to the original cross-sectional area of the
sample [83,84], (iv) modulus of elasticity, which quantifies the rela-
tionship between tensile stress (force per unit area) and axial strain
(proportional deformation) [85-87], and (v) crosslinking degree pre-
sented as a linear relationship of ultimate tensile strength [33] with
respect to a reference material with a degree of crosslinking at the level
of 99.20 %. For each sample of material, 6 repetitions were made, the
average result of which was used when presenting and discussing the
results in the paper.

3. Results and discussion
3.1. Synthesis of AnlLs

Two amines were used for the preparation of anilinium-based ionic
liquids, namely N,N-dimethylaniline and N,N-diethylaniline, as well as
one commercially available AnlL, trimethylphenylammonium bromide.
For the preparation of halide salts, the Menshutkin reaction was con-
ducted (Fig. 1), which is the formation of a quaternary ammonium salt.
N,N-Dimethylaniline was reacted with benzyl bromide and N,N-dieth-
ylaniline with bromoethane. Both reactions were carried out at elevated

Methatesis reaction|
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Fig. 1. Reaction scheme of the ionic liquids synthesis.
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Cation structures
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Fig. 2. Cation structures of the obtained ILs.

Table 1
Thermal properties of the obtained ILs.
No L Thermal analysis
Tg Tm Te Tee
ra rcl r°cl [°Cl
1 [TMA][DCA] 109.7 44.2
2 [TMA][OTf] 75.4 14.7
3 [TEA[DCA] —~48.0
4 [TEA][OTf] 5.5 -20.6
5 [BenzDMA][DCA]*
6 [BenzDMA][OTf] —45.0

® Polymerization occurs: Topset = 136.0 ["Cl, Tuax = 158.9 [°Cl, Tendset =
181.9 [°C], AH = 95.9 [J/g].

temperatures (60 °C), with acetonitrile as a solvent.

As described previously, aniline readily undergoes polymerization
reactions, and during the synthesis of N-benzyl-N,N-dimethylanilinium
bromide, the reaction mixture changed colors, and after 96 h it became
dark blue, which indicated that some of the tertiary amine underwent
thermal polymerization. Hence, a workup procedure was required to
retrieve the quaternary salt. Furthermore, all three bromide salts were
used in two different metathesis reactions. First, ILs with dicyanamide
anion were obtained, by reaction of halide salts with freshly prepared
silver dicyanamide. The structures of the ILs cations are shown in Fig. 2.
Second, by employment of methyl trifluoromethanesulfonate,
anilinium-based ionic liquids with trifluoromethanesulfonate as an
anion were obtained. Both procedures have been previously reported by
us. The purity of all obtained AnILs was characterized by lon Chroma-
tography (IC), both cationic and anionic.

The NMR analysis was conducted to confirm the chemical structures
of the obtained halide salts. In the '"H NMR spectrum of [TEA][Br],
distinct resonances are observed (at § = 7.87, 7.41 and 7.30), attributed
to the aromatic protons of the phenyl ring. The complexity in the
coupling constants suggests a non-trivial conformation of the phenyl-
ammonium moiety. In addition, signals at 3.92 and 1.01 ppm represent
the methylene and methyl protons of the triethyl substituents, respec-
tively. The "H NMR spectrum of [BenzDMA][Br] displays resonances at
7.79 and 7.44 ppm for the benzyl protons, whereas signals at 7.20 and
7.03 ppm are attributed to the phenyl ring. Notably, a singlet at 5.54
ppm corresponds to the benzylmethine protons, and a singlet at 3.88
ppm represents the dimethylammonium moiety. [TEA][Br] exhibits a
more straightforward aromatic system with triethyl substituents,
whereas [BenzDMA] [Br] displays a more complex structure with benzyl
and dimethylammonium groups.

3.2. Thermal analysis
3.2.1. Thermal properties of the AnILs

All obtained ionic liquids were analyzed using differential scanning
calorimetry to determine their thermal properties. The results of the
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analyses are summarized in Table 1.

From the data obtained, it can be observed that as the size of the
cation of the ionic liquid increases, the thermal nature of the compound
changes. The least expanded cation - [TMA], is characterized by thermal
transitions corresponding to the melting point (Ty,) and crystallization
temperature. On the other hand, the cation having three ethyl chains -
[TEA], shows a thermal transition corresponding to the glass transition
temperature (Tg) or the melting point, depending on the anion. In
addition, for [TEA][OT] cold erystallization (T,.) can be observed. It is
a phase transition that is present between the glass and melting transi-
tions temperatures. The cation with the largest spacial structure,
[BenzDMA], with [DCA] as an anion undergoes thermal polymerization.
On the other hand the same cation with [OTf] anion presents only T,
temperature.

3.2.2. Thermal analysis of AnILs with epoxy resins

The obtained ILs were used to prepare coating epoxy systems in
which the ionic liquids acted as hardener for the epoxy resin. The pro-
duced systems were examined using differential scanning calorimetry to
determine the parameters of the polymerization process, in particular,
the temperature of the beginning of polymerization (Topsec), the tem-
perature of maximum polymerization (Tmax) and the temperature of the
end of polymerization (Toser). In addition, the enthalpy values of the
individual thermal transformations were determined (AH). The results
of the measurements were collected and are presented in Table 2.

For all ionic liquids with a [DCA] anion, thermal transformations
were observed with low process enthalpy. This suggests a potential low
energy efficiency of the process and implies that polymerization initi-
ated by this group of compounds proceeds slowly and does not generate
substantial heat. Moreover, in the case of [BenzDMA][DCA], two poly-
merization peaks were observed on the thermogram, indicating two
distinet polymerization pathways. Additionally, the recorded enthalpy
values for this ionic liquid were the lowest within this group of ILs. This
may imply the occurrence of epoxy resin polymerization initiated by
either a cation (1st pathway) or an anion (2nd pathway), or the occur-
rence of resin polymerization initiated by an ionic liquid (1st pathway,
cation or anion) and polymerization of the ionic liquid itself.

The behavior differs for ionic liquids with the [OTf] anion, as evi-
denced by the high enthalpy values observed during the thermal pro-
cess. This indicates that the process occurs rapidly when sufficient heat
energy is supplied to the system, potentially influencing a high degree of
cross-linking in the epoxy coating structure. However, no correlation
was identified between an increase in the alkyl chain length in the ionic
liquid. In the case of [TEA][OTf], the lowest enthalpy for the process
was observed, along with the lowest values for the start, maximum, and
end temperatures of polymerization within this group of compounds.
Despite the structural similarities among these compounds, additional
factors must influence both the temperature and enthalpy values for
these specific cations and anions.

The glass transition temperature was determined for epoxy resins
cured with various ionic liquids, ranging from 46.7 to 51.2 °C. The
highest value was achieved for [BenzDMA][OTf], while the lowest was
observed for [TMA][OTf]. It is noteworthy that, irrespective of the

Table 2
Thermal properties of ILs mixtures with epoxy resin.
No L Thermal analysis
Tanset Tmax Totizet AH Te
cl rcl ra [J/g] (5]
1 [TMA][DCA] 143.0 177.3 198.0 36.8 47.7
2 [TMA][OTf] 150.5 165.3 168.7 415.9 46.7
3 [TEA[DCA] 147.0 180.2 201.6 66.9 50.7
4 [TEA][OTf] 113.7 1348 140.4 335.9 48.3
135.8 154.8 172.2 3.7
2 [BenzDMAIIDCA] 193.0 212.7 238.2 11.2 20
6 [BenzDMA][OT] 1228 156.5 164.6 534.1 51.2
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Table 3
Thermogravimetric properties of the cured resin samples.

No L Thermogravimetric Analysis (TGA)
Tso Tsos dTGiax Taremax
['cl ['C] [%/min] rel
1 [TMA][DCA] 376 440 26.4 439
2 [TMA][OTf] 293 369 20.1 315
3 [TEA[DCA] 376 443 28.1 447
4 [TEA][OTf] 255 352 14.1 296
[BenzDMA]
5 356 439 26.4 440
[DCA]
6 [BenzDMA][OTH] 254 362 13.6 287

specific ionic liquid employed, the glass transition temperature consis-
tently remains at a similar level, indicating that the choice of ionic liquid
does not exert a significant influence on this parameter.

Subsequently, TGA analysis was conducted on the cured resin sam-
ples, establishing the temperature values corresponding to 5 % mass loss
(Tse), 50 % of the initial mass (Tsqs), and the maximum rate of the
sample decomposition (dTGmax), along with the assigned temperature
for this peak (Tgrgmayx)- All the data collected is presented in Table 3. The
acquired data reveals that epoxy coatings formulated with [DCA] ionic
liquids exhibit greater overall thermal stability, undergoing a 5 % mass
loss within a temperature range of 356 to 376 °C. In contrast, coatings
cured with ILs featuring the [OTf] anion display notably lower stability
within the 255 to 293 °Crange. Nevertheless, a distinction is observed in
the maximum decomposition rate, with [OTf] anion ionic liquids
demonstrating a lower value (from 13.6 to 20.1 %/min] than [DCA] ILs
(from 26.4 to 28.1 %/min).

3.3. Mechanical properties of the obtained coatings

All coating systems, formed by combining epoxy resin and ionic
liquids, were used to fabricate monolayer structures on linen fabric
substrates. The epoxy resin, acting as a protective layer around the fi-
bers, underwent curing alongside the ionic liquids. Afterward, the
strength of the resulting composite was assessed using a scanning elec-
tron microscope attachment. The data collected from numerous mea-
surements for each material were compiled to determine the average
strength parameters, which are detailed in Table 4. Notably, these re-
sults were compared with those of a reference coating (denoted as
“Ref"), created similarly using the same epoxy resin but with triethyle-
netetramine as the curing initiator. This reference coating entailed a
resin-to-initiator ratio of 90:10, which is five times higher than the ionic
liquids content.

An interesting correlation is observed in AnILs with a dicyanamide
anion, where there is a notable link between the increase in the
maximum strength and the degree of crosslinking, along with the rise in
structural complexity. Specifically, the lowest extent of crosslinking and
tensile strength is observed for the cation featuring the trimethylphe-
nylammonium configuration. Analyzing these findings suggests that this
behavior is due to the strong attraction of the [DCA] anion to the
cationic structure, which hinders facile N-dealkylation when the system
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is exposed to high temperatures. This inhibits the displacement of the
anion and consequent initiation of the reaction. Furthermore, an addi-
tional observation is noted, as the cation’s structure becomes more
extended, a faster N-dealkylation transpires following the sequence Benz
> Et > Me. This N-dealkylation is followed by further interaction with
the resin’s epoxy groups, facilitating concurrent participation of the
[DCA] anion in the process. This idea is supported by the fact that AnlLs
containing the dicyanamide anion typically manifest two polymeriza-
tion peaks in DSC thermograms, originating from cation-initiated and
anion-initiated polymerization [45]. However, the examined samples
exhibit a singular peak in the higher temperature range, suggesting that
the predominance of cation-initiated polymerization, depends on the
temperature-induced dealkylation as a precursor to the starting epoxy
reactions. A different phenomenon occurs with AnlLs featuring the
[OTf] anion, where even at lower temperatures, the anion separates
from the ionic liquid cation and initiates the polymerization of the resin.
The expectation is that anion-initiated polymerization is predominant in
the case of [OTf]. The reacting anion appears to affect the stability of the
cationic structure, facilitating an altered dealkylation sequence
compared to DCA, Me > Benz > Et. However, it is theorized that the
relationship in this instance is more complex, requiring a more detailed
discussion in subsequent sections of the article. Conclusions drawn from
the obtained results indicate that two of the six tested ionic liquids,
namely trimethylphenylammonium [OTf] and N-Benzyl-N,N-dimethyl-
phenylammonium [OTf], exhibit marked similarity to the reference
system, albeit at substantially lower concentrations within the resin
matrix.

A crucial aspect is highlighted in Fig. 3, which illustrates the
assessment of tensile strength for ionic liquids with the tii-
fluoromethanesulfonate anion. To gain meaningful insights, it is essen-
tial to comprehensively evaluate the entire experimental process, not
just focusing on the force needed for the initial damage to the structural
integrity. The data reveal that even though the force required for the
initial coating disruption is the lowest in the case of [TMA][OTf], the
subsequent tearing process does not occur abruptly; instead, it pro-
gresses gradually. This suggests that additional reinforcement, likely
formed during the curing process, exerts a noticeable influence in pre-
venting the complete rupture of the coating structure. This aspect is
crucial for maintaining the coating’s integrity in scenarios such as
structural components that are susceptible to impact, such as vehicle
bumpers or athletic equipment parts. After exposure, the material would
not experience total fracture; rather, it would undergo partial tearing
while retaining a degree of structural stability. This outcome prompted a
more comprehensive exploration into the mechanics of curing and the
development of the polymer network, aiming to understand the origin of
this additional reinforcement or any other contributory factor respon-
sible for the distinet behavior exhibited by systems with [TMA][OT{]. A
comparable phenomenon of gradual and modest intensity increase was
also observed in the case of [BenzDMA][OTI], although it was slightly
less prominent.

Table 4
Mechanical properties of the obtained epoxy coatings.
No Coating saturation [%] Thickness [mm] Mechanical analysis
Max elongation at break Tensile strength [N/mm?] Force Modulus of Elasticity [GPa] Crosslinking degree
[%] IN] [%]
Ref 54 0.57 1.68 46 524 272 99.20
1 53 0.48 124 26 246 2.06 55.46
2 51 0.51 1.75 43 432 2.44 92.89
3 52 0.51 122 32 324 2.58 68.52
4 53 0.63 0.94 37 466 3.91 79.83
b 55 0.63 1.20 36 453 2.97 77.58
6 54 0.65 1.49 41 526 273 88.48
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Fig. 3. Tensile strength analysis of the obtained epoxy coatings.

3.4. Mechanism of crosslinking network formation

The polymerization process of ER facilitated by the ionic liquid re-
quires a specific temperature threshold for initiation; without this
necessary temperature input, the process is slow and inefficient. The
polymerization process can be divided into distinct pathways as shown
in Fig. 4. One pathway involves the IL anion as the main initiator,
whereas the other involves a dealkylated radical originating from the IL
cation. This polymerization process follows a classical triphasic mech-
anism akin to that of tertiary amines (cation) and acid anhydrides
(anion), including the initiation, propagation, and termination stages.
The dominance of one pathway over the other depends on various fac-
tors, such as the strength of the acid anion, the temperature required for
dealkylation initiation, the binding strength between the anion and
cation, and the degree of structural branching. Notably, [TMA][OTf] has

0.

an anion from the superacid category and falls into the class of weakly
coordinating anions [$9-91]. This anion-cation interaction is relatively
weak, allowing facile dissociation under favorable conditions. In the
case of [TMA][OTT], the anion-initiated polymerization pathway, which
is driven by temperature and easy dissociation, takes precedence. This
trajectory dominates the [TMA] -cation-initiated polymerization
pathway, which, during the ongoing [OTf]-mediated polymerization,
undergoes dealkylation, thereby enabling its participation in the poly-
mer structure assembly. Following the established mechanics of tertiary
amine and acid anhydride reactions, both moieties regenerate after the
propagation phase, and the terminating polymer can achieve chain
extension through f#-elimination or N-dealkylation. Nonetheless, [TMA]
molecule entities and [OTf] superacid ions persist within the system. A
decreasing temperature gradient within the material, coupled with
reduced mobility of the aforementioned molecules suggests, that the
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Fig. 4. Polymerization pathways.
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Fig. 6. Predicted structures of the PANI inside the epoxy matrix.

terminal stages of curing involve the polymerization of residual aniline
radicals within the matrix, yielding distinct forms of PANI chains: ionic
and reduced, with indications favoring the ionic configuration. The
credibility of this phenomenon is supported by the preference for lower
temperatures conducive to aniline polymerization, coupled with the
presence of a superacid environment. The need to achieve lower tem-
peratures for PANI reappearance—unattainable at elevated temper-
atures—implies that the polymerization process of aniline-derived
entities must occur after ER polymerization [92].

If the suggested phenomenon occurs, especially regarding certain
residual aniline molecules after the resin polymerization process, it
suggests the presence of specific areas within the coating structure with
varying distributions of shortened PANI chains. It is hypothesized that
these localized areas play a crucial role in influencing the outcomes
observed in the tensile testing process, orchestrating a progressive
structural disruption instead of a comprehensive fracture. Fig. 5 pro-
vides a schematic representation of the epoxy-polyaniline composite
coating, highlighting the specific regions containing PANI within the
epoxy network Furthermore, an illustrative example of the epoxy
polymer structure after N-dealkylation and in the reduced PANI
configuration is presented.

In terms of the mechanical properties of the coatings obtained, the
presence of distinct zones with different distributions of short PANI
chains could have a significant impact on the structural stability and
mechanical performance of these coatings. These localized regions of
truncated PANI chains could contribute to the gradual structural
disruption observed during tensile testing, potentially affecting param-
eters such as tensile strength, elongation at break, and overall me-
chanical behavior of the coatings. Mechanical test data revealed the
highest maximum elongation at break for [TMA][OT{] and [BenzDMA]
[OTf] at 1.75 % and 1.49 %, respectively. Tensile strength was also
highest for these two ionic liquids with values of 43 N/mm? for [TMA]
[OTf] and 41 N/mm? for [BenzDMA][OTH]. In addition, the crosslinking
density was the highest among all the samples tested, with values of
92.89 % and 88.48 %, respectively. In contrast, the results for [TEA]
[OTf] were lower, with a maximum elongation at break of 0.94 %, a
tensile strength of 37 N/mm?, and a crosslinking density of 79.83 %.
These results suggest that within the structure of the PANI:Epoxy coat-
ings for the discussed AnlLs, there are specific regions containing PANI
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that contribute to the variations in the modulus of elasticity and cross-
linking degree of the coatings. These properties are influenced by the
structural complexity and distribution of reinforcing components within
the material.

However, it is crucial to conduct a thorough analysis of the phe-
nomenon, especially considering that the partial rupture phenomenon is
rarely observed with the [TEA] cation, where complete rupture is
favored under sufficient force. To this end, a thorough examination of
the potential structures assumed by the aniline derivatives remaining
within the epoxy matrix after resin polymerization was conducted.
Clearly, both [TMA][OTf] and [BenzDMA][OT{] retain analogous rad-
icals featuring solely methyl groups, whereas in the case of [TEA],
diethylaniline molecules are evident. Ethyl radicals likely exhibit a
comparatively restrained inclination toward polymerization, implying
that [TEA][OT{] may not contain significant quantities of PANI chains in
the final epoxy coating structure, or perhaps such chains are substan-
tially diminished. Conversely, in the case of [TMA][OTf] and
[BenzDMA][OTI], a notable abundance of methyl radicals is generated,
which is predisposed to facile polymerization. Polymer chains can exist
in both fully reduced (Fig. 6) and ionic forms, which are influenced by
the trifluoromethanesulfonate anion. Determining the predominant
form is complex, depending on the availability of a substantial quantity
of trifluoromethanesulfonate anions within a designated area of the
epoxy network and the nature of the aniline derivative, whether mono
N-dealkylated or undergoing successive transformations, ultimately
yielding the N-methylaniline molecule.

4. Conclusions

In this study, we successfully synthesized anilinium-based ionic lig-
uids (AnlLs) with dicyanamide and trifluoromethanesulfonate anions.
Thermal analysis of the obtained AnlLs revealed distinet transitions,
with the size of the cation influencing the thermal behavior. Crucially,
detailed thermal analysis measurements were conducted for the ionic
liquids and epoxy resin systems. AnlLs with [DCA] anion displayed
lower enthalpy values, indicating slow polymerization with potential
low energy efficiency. Conversely, [OTf] anion-containing AnlLs
exhibited high enthalpy values, suggesting rapid polymerization with
the potential for significant crosslinking. The resulting coatings
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underwent thorough mechanical analysis, revealing varied properties
compared with a reference coating. Notably, AnlLs with a dicyanamide
anion exhibited a correlation between increased strength, crosslinking,
and structural complexity. The observed behavior was attributed to the
[DCA] anion’s strong affinity for the cation, hindering N-dealkylation
and influencing the initiation of the reaction. In contrast, AnlLs with
[OTf] anion demonstrated unique polymerization behavior even at
lower temperatures. Further exploration into the curing mechanics
highlighted that the polymerization process involves distinct pathways,
influenced by factors such as anion strength, dealkylation initiation
temperature, and structural branching. The tensile strength assessment
of coatings with trifluoromethanesulfonate anion revealed interesting
behavior, suggesting that additional reinforcement during curing, is
crucial for structural integrity in impact-prone scenarios. This phe-
nomenon was observed in both [TMA][OTf] and [BenzDMA][OTf]
systems. Moreover, the study proposed a mechanism involving residual
aniline molecules that influence structural outcomes, presenting areas
within the coating with varied PANI chain distributions. This hypothesis
suggests a gradual structural disruption rather than a complete fracture,
emphasizing the importance of localized PANI configurations.
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Abstract: The continuous development of the industry of composite materials and epoxy resins
requires the development of components that modify these systems. It is extremely beneficial
to modify functionality by using one or two substances instead of modifying only one system
parameter. Typically, this end-use will determine the key parameters of the resin system that should
be modified and the modification systems designed as such. In this study, we introduce novel systems
utilizing ionic liquids, strategically designed to concurrently alter multiple system parameters,
including: (i) flexibility, (ii) crosslinking density, and (iii) fire resistance. The following techniques
were used in the research: (i) Differential Scanning Calorimetry (DSC), (ii) Thermogravimetric
Analysis (TGA), (iii) Dynamic Mechanical Analysis (DMA) and (iv) fire performance tests (UL-94,
Limiting Oxygen Index and Mass loss type cone calorimetry (MLC)) to show as much dependence
of material parameters on the type of modifying additive as possible. Both the cured resin and the
curing process as well as a single-layer composite reinforced with carbon fiber were tested. The
results show that properly designed ionic liquids are able to perform many functions in the composite
material and simultaneously affect several parameters, both by lowering and increasing them. In
addition, they can exhibit activity in the field of flame-retardant composites.

Keywords: ionic liquids; epoxy composites; flame-retardancy; curing agents; bioepoxy resin

1. Introduction

Composite materials based on epoxy resins and reinforcing fibers are the backbone of
polymer materials used widely around the world. Itis a valuable construction material
in areas such as electronics (equipment housings, electronic components) [1], paints and
coatings [2], construction (construction material used both indoors and outdoors) [3], or
transportation (construction materials in aviation, automotive, marine or railroad indus-
tries) [4]. It owes its popularity due to its high tensile strength, high adhesion to substrates,
good corrosion resistance, chemical resistance, and moisture resistance [5,6].

The biggest disadvantage of this group of materials is their flammability, resulting
in the generation of large amounts of heat and the formation of a number of combustion
products that are harmful to human health, such as: (i) toxic gases (HBr, HCI), (ii) benzene
derivatives and higher aromatic hydrocarbons (PAHs), (iii) non-flammable gases (CO,,
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NOx, SOx), (iv) flammable VOCs (methane, ethane) or (v) organic irritants, the composition
of which is determined by the components of the resin and the overall composite [6-10].

Glass and carbon fibers are the most widely used fiber reinforcement in polymer com-
posites. Although both reinforcements can be considered inert materials that significantly
reduce the heat release rate compared to the polymer matrix, they often need additional
flame retardancy to comply with the relevant fire safety standards. Flame retardant com-
pounds containing halogens are known, but their use is not friendly to health and the
environment as their combustion products are mainly toxic gases (HCI, HBr, HCN). Restric-
tive requirements for flame retardants and their effectiveness and properties (especially
in terms of environmental and health impacts) are forcing the search for halogen-free
solutions. Organophosphorus compounds used in composites to increase their thermal
stability can be described as reactive (such as 9,10-dihydro-9-oxa-10-phosphaphenanthrene-
10-oxide, DOPO [9,11]) or non-reactive (such as triphenyl phosphate, TPP [12-15]). Their
flame-retardant effect is directly related to the form in which phosphorus is present in
them and can sometimes consist, for example, of generating large amounts of foam during
combustion, which prevents further ignition (swelling when exposed to fire). Silicon-based
flame retardants (e.g., borosilicates) are preferred to reduce flammability and suppress
smoke, which is extremely beneficial in the case of epoxy resins [6]. These flame retardants
are widely regarded as environmentally friendly and can be combined with each other:
(i) synergy between silicon and phosphorus compounds, (ii) synergy between phospho-
rus and nitrogen compounds, and (iii) synergy of organophosphorus compounds with
inorganic filler (metal oxides and hydroxides) [6,16-18]. Admittedly, inorganic fillers such
as magnesium hydroxide and magnesium oxide can impart flame-retardant properties
of epoxy resin, but to meet the flame-retardancy criterion they need to be used in high
concentrations, which deteriorates the mechanical properties of the final material. The
search for effective flame retardants, using synergistic interaction between elements that
are biodegradable or environmentally friendly and easily scalable from the lab to industry,
is currently a challenge in many research groups around the world [6].

Ionic liquids, denoted as ILs, constitute a unique category of chemical compounds
defined by their distinctive ionic architecture. These compounds consist of a cation and an
anion, each endowed with specific and remarkable attributes that set them apart from other
chemicals. Typically, the cation component of ionic liquids originates from organic sources
and manifests a wide array of structural variability. Of particular scientific interest is the
fact that the positive charge of the cation may be localized on a variety of atoms, frequently
encompassing nitrogen, phosphorus, or sulfur, and affording the potential for diverse
functional groups within the cation’s molecular framework. Additionally, ILs offer the
flexibility to incorporate anions spanning the spectrum from organic to inorganic, and the
choice of anionic species exerts a profound influence on the nuanced properties exhibited
by the entire IL compound [5].

So, a small group of imidazolium ILs is known, which in their structure have organosil-
icon groups, mainly based on siloxanes [19,20]. Recent papers propose the use of this type
of compound as electrolytes in lithium-ion batteries [19] and discuss their potential areas of
application as surfactants with the ability to specific aggregation in aqueous solutions [21].
In addition, the ability to store hydrogen in this type of ionic liquid was also presented [22],
but in most published works, attention is focused on the synthesis and properties of these
quaternary salts, and the scope of structures is limited to the basic ones, i.e., imidazolium
and ammonium ionic liquids.

On the other hand, ionic liquids containing a phosphorus atom in their structure can
be divided into two groups: (i) phosphonium ionic liquids (PhILs) in which the positive
charge of the cation is located on the phosphorus atom, and (ii) ionic liquids in which
the phosphorus atom is located in the alkyl chain or the anion and is devoid of a direct
charge. The precursors of PhlLs are mostly various types of phosphines. However, the high
sensitivity of phosphines to air requires advanced synthetic equipment that provides an
appropriate environment for the process. This feature significantly limits the possibilities
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of free design of this type of ILs, and only a small group of phosphines is known that show
low sensitivity to air. Nevertheless, the applications of PhlLs are diverse and in recent
years the areas of their use have been presented as catalysts for the cycloaddition of carbon
dioxide to epoxides [23], anticorrosive additives for pigments in epoxy coatings [24] or
in the extraction of gold from thiosulfate solutions [25]. Moreover, many applications of
this group of compounds in catalysis and carbon dioxide absorption are known [26,27]. In
contrast, ionic liquids containing charge-free phosphorus in their structure are simpler to
synthesize and, in most cases, do not require special conditions. This group of compounds
has found use primarily in cellulose dissolution processes [28,29] and electrochemistry [30].

ILs have a number of advantages for use in composite materials and resin systems
themselves. One of their most important properties is their ability to initiate the polymeriza-
tion process of the epoxy resin [5,31,32]. ILs can be designed to predict their performance
as cure initiators in a selected range of temperatures and intensities. The curing process
can be either cationic or anionic, and the amount of ionic liquid required for the curing
process is much smaller than for classical amine curing agents. Critical to the success
of the process is the temperature reached by the resin system, as the system itself is in-
active at room temperature, which also brings the advantages of a very long gelation
time (up to 60 days) and the possibility of long-term storage at room temperature of the
already finished resin/hardener mixture in the form of ionic liquid. Ionic liquids affect
the properties of the final material through the reduction in the crosslinking density of
the resin after curing, resulting in an increase in the stress intensity factor and tensile
strength without significant loss of other mechanical properties [33]. In addition, ionic
liquids have a scientifically proven effect on fibers of various types. Flax fibers function-
alized using an ionic liquid—for example, didecyldimethylammonium nitrate—become
resistant to the growth of microorganisms [34]. The antifungal efficacy is derived from
a lengthy alkyl chain. However, the most important ability of ionic liquids with respect
to different types of fibers is their ability to initiate and stimulate the fibrillation process
of the fiber [35,36]. This phenomenon involves the splitting of the main structure of the
fiber with the simultaneous formation of a network of microfibers that diverge from the
main stem. During fibrillation, the fibers additionally undergo twisting by which a layer
of microfibers is formed around the shaft. So far, the effect of ionic liquids in initiating
fiber fibrillation has been successfully confirmed for both: natural [37] (silk, cellulose) and
synthetic (aramid) fibers [38]. Recent studies show the potential of ionic liquids to impart
fire-resistant material characteristics to composites. For this purpose, work is carried out
with the use of PhILs, from which it is known to use, for example, ethyltributylphophonium
diethyl phosphate [39], 1-vinyl-3-(diethoxyphosphoryl)-propylimidazolium bromide [40]
or imidazolium diphenylphosphinate [41], which can act as both a flame-retardant and
an epoxy resin hardener. Sometimes, to increase these properties, admixtures of graphene
suspended in an ionic liquid are used [16].

Research on flame retardants in recent years has focused on the search for new com-
pounds with effective action and has largely consisted of organic synthesis of substances
based on previously known flame retardants (structural improvements of substances, new
derivatives) or synthesis of completely new molecules. The mechanism of flame retardancy
is, in general, a set of physicochemical reactions and processes that can occur in the gaseous
(flame) or condensed (plastic, decomposition products) phase [12,18]. Predicting and de-
signing the mechanisms of flame retardancy is a difficult task [42], and studies show that
even compounds containing the same amount of phosphorus, with very similar spatial
structures, can flame retard the material in different ways. This is due to dependencies
in the molecule such as (i) susceptibility to esterification reactions (hydroxyl groups, acid
groups) or (ii) the ability of the flame retardant to migrate inside the resin network [18].
Typically, a flame retardant can simultaneously act in both the gaseous and condensed
phases but maintain a preference for one or the other. The mechanism of flame retardancy
focuses on the following effects: (i) reducing heat release during combustion, (ii) reducing
the amount of smoke and gas released during combustion, and (iii) restricting oxygen, not
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sustaining combustion [43,44]. However, research on flame retardants has centered around
the use of additive-type flame retardants, such as cyclophosphazene derivatives [7], DOPO
(9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide), or ammonium polyphosphates
and resorcinol bis(diphenylphosphate) [15]. Although the synergistic effect between ionic
liquids and inert compounds has been studied [13,14,16], it has not been considered in the
context of using as flame retardants only ionic compounds such as ionic liquids, which,
containing phosphorus, silicon, and nitrogen atoms, may also exhibit a synergistic effect.

The examples cited illustrate the extensive impact of ionic liquids on resin systems
and composites, highlighting the multitude of factors that must be carefully considered
to accurately evaluate their cumulative effects on specific materials. At the same time,
the cited examples inspire and justify the study of ionic liquids in the context of the
search for multifunctional compounds that can perform a function in the area of composite
materials on many levels. The aim of the study was to explore the possibility of creating
a multifunctional system that modifies both the properties of the epoxy resin and the
composite itself on multiple levels. The key task was to identify the areas of influence of
the modifications and to assess the intensity of their impact. As a result, a resin system
based on an epoxy resin and three ionic liquids was developed: (i) an ionic liquid that is a
curing agent, and (ii) a system of two ionic liquids containing silicon and phosphorus in
their structure, affecting the parameters of the resin and the carbon composite produced on
its basis.

2. Materials and Methods
2.1. Materials

All organic reagents were purchased from Merck, Germany (3-Chloropropyl)trimethox
ysilane 97%, 1-methylimidazole 99%, organic solvents with a minimum HPLC grade). Ionic
liquids were purchased from IoLiTec GmbH, Heilbron, Germany. Epoxy resin, EnviPoxy
525 (Bisphenol A (BPA) type resin with biocarbon content) was purchased from Spolchemie
a.s., Usti nad Labem, Czech Republic. Twill (2 x 2) carbon fabric with a weight of 600 g/m?
was purchased from G. Angeloni S.r.l., Venice, Italy. For all ionic liquids, both purchased
and synthesized, Karl-Fisher water content titration was performed as a routine procedure.
The water content value for purchased ILs did not exceed 100 ppm and for the synthesized
IL the water content value did not exceed 150 ppm. Therefore, they were considered dry,
and the water content was negligible during the evaluation of the results.

2.2. lonic Liquids

A total of seven ionic liquids were selected for the study. Five of them are liquids
containing phosphorus atoms in their structure, while the sixth is an ionic liquid containing
silicon and the seventh is an ionic liquid curing agent. All the structures of the ionic liquids
are shown in Figure 1.

T, 0 % [Jo b
N® OO/IF\O/ N® GO/II,\O/\ N\® Go/l\o/\/\
[ \> o [ \> o [ > o.
¥ o] \
\ \
[EMIM] [dmp] [EMIM] [dep] [EMIM] [dbp]
Figure 1. Cont.
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Figure 1. Structures of ionic liquids.

2.2.1. Synthesis and Analysis of 1-methyl-3-(3-(trimethoxysilyl)propyl)imidazolium
Chloride

e  Synthesis and analysis

A solution of 1-methylimidazole (10 g, 0.122 mol, 1.0 eq.) in acetonitrile (50 mL) was
heated up to 65 °C and then (3-chloropropyl)trimethoxysilane (24.24 g, 0.122 mol, 1.0 eq.,
27.6 mL) was added dropwise. The reaction scheme is shown on Figure 2. The reaction
mixture was stirred under a reflux condenser for 72 h. Afterwards, the acetonitrile was
evaporated, and the resultant liquid was dissolved in water and then washed three times
with diethyl ether. The water solution was evaporated, resulting in a viscous, yellow liquid

(25, 73.11%).
Frge
o
Nois
$ o~
- 0-51,
B > (S}
[N\> ¥ CH,CN, 65°C [N\e a
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a \
[TMSPMIM] [C]]

Figure 2. Reaction scheme of [TMSPrMIM] [Cl] synthesis.

TH NMR (400 MHz, CDCls): 5 = 9.67 (s, 1H), 7.32 (d, ] = 1.8 Hz, 1H,), 7.16 (d, ] = 1.8 Hz,
1H,), 3.75 (dt, ] = 14.7 Hz, | = 7.0 Hz, 2H), 3.49 (s, 3H), 2.90 (s, 9H), 1.37 (dd, ] = 9.7 Hz,
J =6.0 Hz, 2H), 0.01 (ddd, ] = 16.7 Hz, ] = 10.2 Hz, ] = 6.6 Hz, 2H)

13C {1H} NMR (100 MHz, CDCl3): § = 133.56, 122.39, 120.78, 48.95, 48.77, 34.71,
22.47,4.25.

2.2.2. Preparation of Modification Formulations and Epoxy System

Six of the seven ionic liquids were used to prepare modification systems (Table 1,
A-E) for the epoxy resin. For this purpose, each ionic liquid containing phosphorus in its
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structure was used to create a mixture (at an elevated temperature around 50 °C) with an
ionic liquid containing silicon in equimolar ratios.

Table 1. Parameters of modification systems based on ILs.

Modification IL 1—P Donor IL 2—Si Donor Totat M.olecular o " e
System (1eq.) (eq) Weight % P % Si
’ " [g/mol]

A [EMIM] [dmp] [TMSPrMIM] [Cl] 587 53 438

B [EMIM] [dep] [TMSPrtMIM] [Cl] 559 55 50

C [EMIM] [dbp] [TMSPrMIM] [Cl] 643 48 44

D [Pess14] [btmpp] [TMSP:MIM] [C1] 1128 55 25

E [Pgss14] [behp] [TMSPrMIM] [Cl] 1096 57 26

/112130

2.3. Preparation of Carbon Fiber-Reinforced Epoxy Composites

A resin system consisting of: (i) an epoxy resin (ER), (ii) an ionic liquid acting as a
curing agent (CA, 2 g/98 g of ER), and (iii) a modification system based on silicon- and
phosphorus-containing ionic liquids (A-E, 10 g/90 g of ER with CA), has been used to
prepare prototype structures of carbon composites, using hand lamination. The prepared
composites were in the form of monolayers with dimensions of 30 x 30 cm and a thickness
of about 1 to 2 mm. The ratio of fiber saturation with resin was 40 to 42% wt. Then, carbon
preimpregnates were annealed at 120 °C for a period of 4 h. In addition, a reference (R)
composite, devoid of modifying ionic liquids, was also produced.

2.4. Test Methods
2.4.1. Thermal Analysis

Both differential Scanning Calorimetry and thermogravimetric analysis were per-
formed using a method described in previous papers by the authors. Detailed measurement
parameters and curves are presented in the Supplementary Materials.

2.4.2. Dynamic Mechanical Analysis (DMA)

Dynamic Mechanical Analysis was performed using a method described in previous
papers by the authors. Detailed measurement parameters and curves are presented in
Supplementary Materials.

2.4.3. Fire Behavior

UL-94 flammability tests, limiting oxygen index (LOI) tests, and Mass loss type
calorimetry (MLC) were performed according to: (i) ASTM D3081 and ASTM D635 (UL-94),
(ii) ASTM D2863 (LOI), and (iii) ISO 13927 (MLC). Detailed measurement parameters are
presented in Supplementary Materials.

3. Results and Discussion
3.1. Synthesis and Preparation of Modification Formulations Based on lonic Liquids

In the first stage of the research, modification systems based on six ionic liquids were
produced. The goal was to produce such systems that would differ in (i) the chemical struc-
ture of the components, (ii) the content of phosphorus and silicon and the ratio of the two
to each other, and (iii) the form of phosphorus bonding in the ionic liquid molecule (tertiary
phosphorus atom in the cation or phosphorus in the form of organic phosphate). This goal
was achieved, and the mixtures produced remained stable throughout the research period.

Nevertheless, it should be noted that all the ionic liquids selected in the study were
present at room temperature in the liquid state, which greatly facilitated their preparation.
On the basis of the conducted studies, it was observed that the greater the similarity of
the cation structure of the two components of the mixture, the more homogeneous it was
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(mixtures A, B, and C). In contrast, when the ionic liquids differ significantly in their
structure (D and E), the formation of emulsions, rather than homogeneous systems, was
observed. The emulsion phenomenon is more pronounced, the longer a given mixture is
stored and manifests itself in the gradual disintegration of the emulsion into individual
phases. Despite the use of elevated temperatures during the preparation of mixtures, this
effect could not be eliminated. The observed phenomenon seems to be typical for these
types of systems and well understood, if only during studies considering formation of
eutectic mixtures of ionic liquids. Two or more ionic liquids will therefore form more stable
and homogeneous systems with each other if their structural similarity is greater and they
can commonality the individual ions in their composition.

The process of formation of the final epoxy system is shown graphically in Figure 3.
The total content of ionic liquids in the system varies at about 12% by weight, with about
2% by weight being [EMIM] [dca], which acts as a cure initiator (CA) in the epoxy system.
The mode of action and properties of this liquid as a curing agent have been studied by
numerous groups of scientists [32,45—48], and it is because this substance is so well known
that it was chosen for this study. The polymerization of the epoxy resin initiated by [EMIM]
[dca] starts around 80-100 °C, depending on the type of resin. The process is characterized
by the presence of two thermal peaks on the DSC thermogram, which can indicate simulta-
neous cationic polymerization (initiated by IL cation) and anionic polymerization (initiated
by [dca] anion). The polymerization peak occurs in the temperature range of 140-180 °C.
After the epoxy resin system is properly prepared with CA, a previously prepared mod-
ifying system based on phosphorus- and silicon-donor ILs is added with an amount of
10% by weight. Therefore, five homogeneous epoxy systems were obtained that remained
stable for the duration of the conducted tests and did not cure at room temperature for at
least 30 days (the test period). The systems containing phosphonium ionic liquids were
characterized by the presence of a light-yellow full color, which limited the transparency
parameters of the system.

Tonic Liquid — phosphorus donor [P]

m Tonic Liquid - silicon donor [Si]

TIONIC LIQUIDS SYSTEM

Total amount approx. 12 % wt.

EPOXY RESIN SYSTEM WITH IONIC LIQUIDS

Figure 3. Schematic presentation of epoxy systems prepared with ionic liquids.

Table 2 summarizes the most important parameters of the obtained systems. The
systems were characterized by a relatively equal mass content of phosphorus (0.5-0.6 g in
terms of pure phosphorus for every 100 g of resin system). However, noticeable differences
are observed in the case of silicon content, which varies between 0.2 and 0.5 g for every
100 g of the resin system. Such an assumption made it possible to thoroughly investigate
the effect of the ratio of the various elements on the achieved modification effect of both
the cured resin and the carbon fiber composite.

1112191
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Table 2. Composition of the epoxy systems with ionic liquids.
cA Modification Formulation — N
Epoxy System [Si]IL (1 eq.) [PIL (1 eq) [g/100 g] [g/100 g]
2 g/98 g of ER 10 g/90 g of ER with CA

R [EMIM] [dca] 0 0 0 0

A [EMIM] [dca] [TMSPrMIM] [C1] [EMIM] [dmp] 0.5 0.5

B [EMIM] [dea] [TMSP:MIM] [C1] [EMIM] [dep] 0.6 05

C [EMIM] [dca] [TMSPrMIM] [C1] [EMIM] [dbp] 0.5 0.4

D [EMIM] [dca] [TMSPrMIM] [Cl] [Pees14] [btmpp] 0.5 0.2

E [EMIM] [dca] [TMSPrMIM] [C1] [Pegs14] [behp] 0.6 0.3

/112192

3.2. Curing Properties of Modified Epoxy Resin Formulations
Thermal Analysis

DSC analysis was performed for all resin systems, the results of which are summarized
in Table 3. All modified systems relative to the reference, containing only [EMIM] [dca] as
a curing agent, showed a decrease in onset temperature values, even by 24-25% (C and E).
At the same time, there was also a decrease in the temperature of the maximum thermal
peak in all modified systems relative to the reference. A proposed explanation for this
phenomenon is the aggregate increase in the concentration of 1-ethyl-3-methylimidazolium
cation in the systems, thereby shifting the polymerization equilibrium toward cationic
polymerization. This fact also seems to be confirmed by the decrease in intensity or even
the almost complete disappearance of the second thermal peak observed in the case of
thermograms for the modified systems, indicating the almost complete elimination of
anionic polymerization (C and D, thermograms in Supplementary Materials). In addition,
compounds with long alkyl chains introduced into the systems can also affect the reduction
of the temperatures of thermal transformations occurring during the polymerization of
the epoxy resin. In the case of the total enthalpy of the process, a decrease in its value was
observed in all cases, with a marked change of 14% for system E.

Table 3. Characteristic of the curing process, determined with DSC.

Sample Onset Temperature Maximum Peak Total Enthalpy

[°Cl [°Cl /gl
R 147 162 520
A 117 150 508
B 133 151 507
C 111 124 486
D 127 169 484
E 110 121 446

Similarly, according to the results obtained, a decrease in the glass transition tempera-
ture values of the modified systems was observed. The average decrease in the T value
was 41% with respect to the reference value, reaching the largest decrease for system B.
At the same time, systems D and E, containing phosphonium ionic liquids, recorded the
lowest decrease at 33 and 34%, respectively, regarding the reference. The results obtained
allow us to conclude that, despite the generally observed plasticizing effect achieved by
modifying the resin system with ILs, this phenomenon can be somewhat controlled and
due to the long-chain alkyl compounds, be significantly reduced.

The effect of modifying the resin system with ionic liquids on thermal stability was
investigated using thermogravimetric analysis (TGA), the results of which are presented
in Table 4. The following parameters were used in the analysis of the results: (i) the
temperature at which the mass of the sample is reduced by 5% (Ts), (ii) the temperature
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when 50% of the sample decays (Tsqq,), (iii) the maximum mass loss rate (dTGyax), and
(iv) the maximum mass loss rate temperature (Tyrgmax). For all the tested systems, the
thermal stability decreases, however, in the case of system E, these changes are practically
imperceptible.

Table 4. Thermogravimetric analysis results of the reference and samples modified with ionic liquids.

TS% TSO% dTGmax TdTGmax
Sample Re el [%F°C] ral
R 401 443 4 442
A 322 403 1.7 401
B 285 396 14 395
(& 324 402 1.9 401
D 325 418 22 418
E 329 436 2.0 438

For system E, containing a PhIL and [TMSPrMIM] [C]] and at the same time a two-fold
excess of total phosphorus in relation to silicon, a decrease in the Tsyy, value by only 2%
was observed, while a decrease in Tyrgmax by 1%. In addition, Tse, decreased by 18%
compared to the reference, and the maximum mass loss rate was reduced to 2%/°C). In all
systems, the decrease in the value of Tsy, was at the level of 18-20%. In turn, the results
obtained for system B, which is characterized by the highest total content of phosphorus
and silicon (with a predominance of phosphorus), significantly differ from the entire matrix.
The Tse, and Tsgq, values, reduced by 29% and 11% respectively, indicate that this system
can exhibit flame retardant activity in the gas phase, unlike the other systems where this
activity is expected rather in the solid phase. For all systems, the maximum mass loss rate
was reduced by an average of 41%.

3.3. Carbon Fiber Reinforced Composites” Properties
DMA

Dynamic Mechanical Analysis was used to investigate the properties of carbon fiber-
reinforced epoxy composites produced using ionic liquid systems. Table 5 summarizes
the results of the determined glass transition temperatures for the composites, using data
on storage modulus (E’), tan delta values (tan §), and loss modulus (E”). The value of the
Tg, which actually represents a certain range of temperatures, was presented as a specific
numerical value in order to evaluate the performance of the obtained materials. The results
obtained in the DMA analysis were compared with the Ty, result determined during the
DSC analysis of the resin systems themselves without carbon fiber reinforcement. The
results show how much influence the reinforcement has on the properties of the final
material. Moreover, for all the systems modified with ionic liquids, a significant increase in
the glass transition temperature value was recorded compared to the reference. Systems
A, B, and C show an increase in 'I‘g values of nearly 50%, while for system E the increase
was 75%. To assess the effect of the modification on the polymer network inside the
material, the crosslinking density was determined, the value of which for each system
translates into an increase in the glass transition temperature, which is the expected result.
Crosslinking density was determined by a mathematical equation presented in several
other works [49,50]. A denser network inside the material reduces the potential of the
polymer chain to stress and rotate by making the final material stiffer and stronger. An
explanation for this phenomenon may be that ionic liquids supplied to the system build into
the polymer structure, and the presence of long chains stabilizes bond rotation. Interestingly,
in the case of resin systems without carbon fiber reinforcement, the trend in the change in
glass transition temperature values is opposite to that observed for fabricated composite
structures. This primarily demonstrates the influence of factors such as reinforcement,
fibers, sample size, or, most importantly, the technique of determining the parameter, on
the value of glass transition temperatures.

1112133
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Table 5. Glass transition temperatures and crosslinking density of the reference and samples modified
with ionic liquids. Glass transition for pure epoxy resin with ionic liquids determined with DSC.
Glass transition temperatures and crosslinking density for carbon-reinforced composite samples
determined with DMA.

Sample Ts,[yg]c T fr[ggﬁ’ ™ Ty fw[g‘ é;m s Ty fr[gEE" ** C’ﬁiﬁi@“g
[mol/em—3]

R 166 68 94 89 12

A 89 102 118 109 3.8

B 84 9 113 114 23

(%] 98 104 120 110 3.5

D 112 74 84 71 2.1

E 109 119 131 127 31

* pure epoxy resin, ** epoxy resin with carbon fiber reinforcement.

Complementing the Ty analysis is the effect of temperature on the E’ value and the
intensity of the shift of this value toward lower values depending on the modification
system. The results presented in Table 6 indicate that the sample modified with the D
system retains the most similar storage modulus parameters at 28 °C compared to the
reference. In the case of the other systems, a shift towards more elastic rather than rigid
materials is observed. On the other hand, the situation changes dramatically if we consider
the rate at which the value of the parameter E’ changes with increasing temperature. In
this comparison, the most stable in relation to the reference is the E system, while the
fastest change is observed in the D sample, which, as noted earlier, at a temperature of
28 °C retained the value of E’ closest to the reference, while at temperature 75 °C this
value decreased by almost half in relation to the reference. We suppose that the modifying
system D influences the elasticity of the composite material the most among all those tested,
however, systems A, C, and E also show noticeable activity in this direction.

Table 6. Storage modulus E’ for carbon-reinforced composite samples of the reference and samples
modified with ionic liquids.

Sample E at28°C E'at75°C AE'
[MPa] [MPa] [MPa/°C]
R 14,971 12,285 98
A 6144 5699 152
B 8502 7817 55.4
€ 7139 6639 10.9
D 11,677 7140 104.0
E 6721 6391 7.3

3.4. Fire Performance
3.4.1. UL-94 and LOIL

The final stage of the research was to evaluate the ability of the produced ionic liquid-
based modification systems to flame retard the epoxy resin. For this purpose, the UL-94
test was first performed and the LOI was determined, the results of which are summarized
in Table 7. Tests were conducted for resin samples without reinforcement. The obtained
results allow us to assume that at a concentration of 10% by weight in the epoxy material,
the tested modifying systems do not show significant flame-retardant properties towards
the resin, which, considering the actual amount of phosphorus and silicon introduced
into the system, was an expected result. Nevertheless, some dependencies are observed
between the modifying system and the flame-retardant properties. Although, according to
the classification, all materials received the HB rating, the LOI value increased to 30 V/V%
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for the E system. The result is also interesting because it is the E system that contains the
smallest total amount of phosphorus and silicon. It is assumed that in the case of the tested
systems, the oxygen index was influenced not so much by the content or presence of silicon
and phosphorus, but by the extensive structure of the phosphonium ionic liquid molecule
with numerous long alkyl chains.

Table 7. Limiting oxygen index and UL-94 results of the reference and samples modified with

ionic liquids.
Sample [VLIS‘E/o] UL-94

R 25 HB
A 26 HB
B 29 HB
C 27 HB
D 27 HB
E 30 HB

342 MLC

For samples of composites reinforced with carbon fiber, a test was carried out using
mass loss type cone calorimetry, the results of which are presented in Table 8. In this
case, System E showed a 34% increase in pHHR relative to the reference value (143 vs.
107 kW/ mz) with a simultaneous shift in time of pHHR from 32 to 36 s, while System A
showed a 24% increase (133 vs. 107 kW/m?2). A slight decrease of this value was observed
for systems B and D and amounted to 7 and 3%, respectively. THR values have been
reduced the most in the case of system B (4.8 M]/m?), however, this difference (16%),
compared to the reference (5.7 MJ/m?), proves that the flame-retardant properties are
insufficient. No significant effect of modifying systems on the amount of residues was
observed. We suppose that, despite the changes in individual values during the analysis,
the amount of the modifying system used in the composite and the amounts of silicon and
phosphorus related to it were not enough to significantly delay the development of the fire.

Table 8. Mass loss calorimetry results of the reference and samples modified with ionic liquids.

Sample TTI pHRRz Time of pHRR THR2 Resid:xe
[s] [kW/m?] [s] [M]J/m?] [Mass %]

R 17 107 32 5.7 68%

A 15 133 28 7.4 66%

B 20 100 33 48 69%

C 15 127 28 6.5 65%

D 16 104 30 54 67%

E 21 143 36 72 64%

TTI—time to ignition, pHHR—peak of heat release rate, THR—total heat release.

4. Conclusions

This study presented multifunctional modifying systems based on ionic liquids for
epoxy resin. The proposed modifying systems introduced into the epoxy composite in an
amount of 10% by weight: (i) increase the degree of crosslinking of the polymer matrix,
(ii) increase the glass transition temperature, and (iii) improve the fire resistance of the
material. Moreover, the produced systems showed a significant effect on the value of
storage modulus, allowing for control of this parameter depending on the modifying
system used. The studied systems showed an effect on increasing the flexibility of the
fabricated structures. The paper pointed out the determining effect of the structure of the
ionic liquids included in the modifying system, and in particular, the influence of long
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alkyl chains on individual material parameters such as crosslinking density. In addition,
all modifying systems contained silicon and phosphorus atoms in various ratios, but
due to the limiting content of the modifying system in the resin, it was not possible to
thoroughly investigate the effect of the presence of these elements on individual parameters,
in particular, on fire resistance. This aspect will be more thoroughly studied in future work.
To summarize, the most important result of the present work is the confirmation, that ionic
liquids can simultaneously modify many parameters both in the epoxy resin itself and
in the composite, and each time the use of these substances and their effect on the final
material should be studied in a multifaceted manner. Properly selected ionic liquids can
be great alternatives as functional additives in composite materials with more than one
functionality, but sometimes the wrong liquid can result in improving some values at the
expense of worsening others.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app131910661 /s1, 1. NMR spectrum, 2. DSC curves, 3. TGA curves,
4. DMA curves and 5. MLC curve.
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ARTICLEINFO ABSTRACT

Keywords: Epoxy composites reinforced with natural fibers are a research area that has been growing tremendously in
Ionic liquids recent years, with increasing reports providing a better understanding of the interactions within such structures,
Epoxy 'es“‘ resulting in newer and more specialized applications. This article presents a comprehensive study on the design
Z’:i:‘u:k'::on and application of ionic liquids (ILs) in the development of flax fiber-reinforced epoxy composites with tailored

mechanical properties. Three distinct ILs, namely 1-hexyl-3-methylimidazolium dicyanamide [HMIM][DCA], 1-
hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium dicyanamide [DABCO-Cg][DCA], and trimethyloctadecylammonium
dicyanamide [Ny ;,5][DCA], were strategically engineered to incorporate longer carbon chains, with the primary
objective of influencing the mechanical parameters of the resulting composites, specifically aiming for enhanced
flexibility and resistance to bending and stretching. Using these designed ILs, two mixtures were developed and
crafted to facilitate the effective curing of epoxy resin, which was examined using Differential Scanning Calo-
rimetry (DSC). Investigation of the resin crosslinking process revealed that the mixtures of ILs exhibited a lower
total enthalpy of thermal conversion than single-IL systems. Moreover, shifts in the polymerization onset tem-
peratures were observed for the mixtures, with some systems displaying dual temperature peaks during cross-
linking, indicative of potential parallel polymerization reactions.

1. Introduction

In recent years, there has been a remarkable surge in the exploration
and development of epoxy composites reinforced with natural fibers.
This burgeoning interest stems from the increasing demand for sus-
tainable and eco-friendly materials in various industries, ranging from
automotive to construction. Natural fibers, such as flax, hemp, and jute,
offer several advantages over traditional synthetic reinforcements,
including their renewable nature, low cost, lightweight nature, and
biodegradability.

Of particular note is the use of ILs in composite materials. In this
case, the range of applications is very wide and includes (i) modifying
epoxy resins with ILs [1], (ii) flame retarding epoxy systems [2.3], (iii)
improving the mechanical performance of composites [4,5], (iv) fibril-
lating reinforcing fibers in composites [6], and (v) initiating resin curing
[7.8]. The latter is the most important application area for ILs. In 2009,
the first reports described the use of 1-ethyl-3-methylimidazolium
dicyanamide ([EMIM][DCA]) as a latent initiator of resin polymeriza-
tion [9]. In the following years, the research progressed and brought

knowledge about, among other things, the mechanism of such initiated
polymerization [10,11], ways to prolong the life of the resin blend
[12,13], optimal concentrations of ILs [5.11], and challenges and pre-
dictions for the future [5]. However, most studies focus on the addition
of a single IL and evaluate its effect on the resin and composite. The use
of multiple IL systems that are capable of affecting more than one
parameter of composites while maintaining their curing ability is still
underexplored. There are known reports of studies on deep eutectic
mixtures (DES), which include ILs supported by, for example, glycerol,
glycols, or organic acids. In this context, DESs containing 1-butyl-3-
methylimidazolium thiocyanate [14] or choline chloride [15] have
been studied, proving their effectiveness as crosslinking agents. Another
approach is bifunctional ILs, the results of which were published in 2020
[16]. In this study, it was shown that properly designed dual-functional
ILs have crosslinking properties against epoxy resin and at the same time
the material has better heat resistance with a glass transition tempera-
ture of 187-212 °C and the decomposition temperature at 10 % weight
loss of 282-357 “C. Still, this remains a study that focuses on a single IL,
which is only supported by the right choice of additives. In the 2023
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study, the use of two IL mixtures was shown as an example of systems
that modify a composite material in terms of, for example, flame
retardance while maintaining resin polymerization initiation properties
[17]. Such research remains limited and needs to be continued.
Although ILs can be freely designed, certain modifications require
complex synthetic processes and complicated reactions or multistep
syntheses of components that are intermediates on the way to obtaining
the assumed structure. It seems reasonable to assume that certain
functionalities can be achieved much more easily using mixtures of
several liquids that incorporate the desired features.

Controlling the rheology of ILs is essential for their successful
incorporation into materials. Certain ILs, particularly those with longer
chain lengths, exhibit high viscosity, which can impede their processing.
To overcome this challenge, the addition of another liquid can be
employed to facilitate processing by altering the rheological properties
of the mixture. This approach not only enhances the processability of the
ILs but also enables the manipulation of their state of aggregation,
particularly for solid ILs.

Longer alkyl chains in ILs enhance the overall chain mobility within
the material matrix. This increased mobility allows for greater flexibility
and deformability of the material, leading to enhanced elastic proper-
ties. For example, long-chain alkyl groups in ILs can facilitate polymer
chain sliding and relaxation, resulting in improved elasticity [18].
Furthermore, such ILs can promote stronger interfacial adhesion be-
tween the additive and the matrix material. This improved adhesion
helps prevent delamination and improves load transfer between the
components, resulting in enhanced elastic properties. For instance, in
composite materials, long-chain ILs can improve the bonding between
the reinforcing fibers and the matrix, leading to increased elasticity
[191.

The addition of long alkyl chain ILs to elastomeric polymer matrices,
such as silicone rubber or polyurethane, can improve the material’s
elasticity, tear strength, and resilience [20]. One study evaluated the
impact of ILs with different alkyl chains (butyl and octyl) on the me-
chanical properties of soft denture lining material. They found that the
addition of ILs to Molloplast-B decreased the bond strength. Because ILs
that have long alkyl chains (typically C8 and more) exhibit surfactant
properties, the authors postulated that the decrease in bond strength
may be attributed to the surfactant properties of the pyridinium-based
ILs used. However, it is worth noting that the materials obtained using
octylpyridinium chloride displayed either lower or similar Shore A test
values compared with the control sample, which directly correlates with
their enhanced elastic properties with regards to the materials with
butylpyridinium chloride [21]. In a separate study, the effectiveness of
two different charged ions, hexadecyltrimethylammonium and 1-
methyl-3-octylimidazolium, as organophilization agents for sodium
montmorillonite was recognized. The treated clay minerals exhibited
improved compatibility with the rubber matrix composed of nitrile
butadiene, along with enhanced thermal stability. These findings sug-
gest that these clays can serve as effective reinforcing fillers, thereby
facilitating a more practical vulcanization approach and consequently
improving the mechanical and physical properties of the elastomer [22].
Incorporating long alkyl chain ILs into hydrogel networks can increase
the flexibility and stretchability of the hydrogel, leading to improved
elastic properties. This is particularly relevant in applications such as
soft robotics and biomedical devices. In the study of polyacrylamide/Ca-
alginate hydrogels prepared, it was presented that hydrogel with 1-
hexyl-3-vinylimidazolium bromide showed 645 % improvement in
tensile strength, 177 % in elongation at break, and 617 % in Young’s
modulus, compared to the hydrogel without any IL. However, it should
be noted that the hydrogel based on 1-octyl-3-vinylimidazolium bro-
mide had worse mechanical properties, which can be attributed to the
hydrophobic nature of the cation, which in turn decreased the solubility
of the hydrogel in water [23]. In addition, there have been studies on
conjugated polymers with long 2 —octyldodecyl side units, in which the
mechanical properties were significantly improved compared with those
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of polymers short 2-ethylhexyl units.

The first stage of the research focused on the synthesis of ILs with
DCA anions. Literary sources describing the synthesis of comparable
compounds suggest conducting a metathesis reaction using a silver salt
of DCA, which is prepared just before the metathesis reaction itself,
using a halide quaternary ammonium salt. This approach involves
restricting light exposure because light triggers salt decomposition. In
addition, it incurs high costs due to the necessity of using the silver salt
[24,25]. On the other hand, conducting the metathesis reaction with the
sodium salt of DCA under mild process conditions does not yield the
expected results, and even if the desired product is obtained, the yield of
the reaction is unsatisfactory (between 30 — 50 %) [26,27]. In contrast,
few reports in the literature propose conducting the metathesis reaction
between a quaternary halide and NaDCA without solvent [28] at a
temperature at which the halide melts and can participate in the reac-
tion. This method is limited to quaternary salts with relatively attainable
melting points. This is precisely the route of synthesis adapted in the
present study, and it allowed us to obtain the compounds assumed in the
research plan in yields above 80 %, with the reaction temperatures
varying from salt to salt and directly correlated with the melting point of
the substrate in question.

The design of the structures of the ILs focused on incorporating
longer carbon chains, at least six carbon atoms, into their structure. Such
action was aimed at acquiring the ability of the ILs to affect the funda-
mental mechanical parameters of the composites, such as bending and
stretching. In our opinion, these two parameters are usually limiting in
terms of the application of a composite structure in an area that requires
the material to be flexible. In addition, increasing the flexibility and
bending resistance of the material also affects the safety of the appli-
cation of the material in question. When damaged, it does not undergo a
complete rupture, which can be accompanied by the exposure of the
reinforcement and, consequently, the formation of places in the com-
posite structure where fragments of the structural skeleton saturated
with the cured resin appear. Such fibers are very small, and their shape
and hardness resemble needles, which pose a risk of serious injury to the
user. Given this fact, two tasks were set for the selected ILs: (i) to
effectively initiate the curing of the epoxy resin and, (ii) to influence the
enhancement of bending and tensile resistance parameters and protect
the structure by potentially only partially rupturing and preventing the
material from fully rupturing with the release of reinforcement.

The research presented in this paper was influenced and inspired by
our previous studies. Using the knowledge we had already gained
[17.29], a research plan was developed to demonstrate that appropri-
ately designed systems consisting of two or three ILs, both having a
dicyanamide anion, would be capable of significantly affecting the
mechanical performance of flax fiber-reinforced epoxy composites while
retaining the ability to effectively initiate resin crosslinking. To this end,
two IL systems were developed and thoroughly tested, both under lab-
oratory conditions and by preparing biocomposite structures from them.
Based on our own experiments, long-chain ILs, at least containing a
chain of six carbon atoms correlated with a DCA anion, were selected as
the most promising modification-curing systems.

2. Materials and methods
2.1. Materials

All chemicals and synthesized compounds are shown in the Table 1.
Synthesis procedures and analytical data are presented in Supplemen-
tary Material. Flax fabric was purchased from TC3 sp. z o.0. (Szczecin,
Poland).
2.2. Mixture preparation

To prepare mixtures of ILs, appropriate amounts of each compound
were weighed on an analytical balance, placed in a round-bottom flask,
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Table 1
Chemicals.
Chemical compound CAS No Purity Supplier Other information
1-Chlorohexane 544-10-5 > 99.0 % Merck GmbH n/a
Darmstadt, Germany
1,4-Diazabicyclo[2.2.2]octane 280-57-9 > 99.0 % Merck GmbH ‘water content (KF): 0.2 %
Darmstadt, Germany
Sodium dicyanamide 1934-75-4 >97.0% Merck GmbH water content (KF): 0.3 %
Darmstadt, Germany
Trimethyloctadecylammonium chloride 112-03-8 = 98.0 % Ambeed Inc. water content (KF): 0.5 %
Arlington Heights, USA pH: 5.8
1-hexyl-3-methylimidazolium chloride 171058-17-6 > 98.0 % Ambeed Inc. ‘water content (KF): 0.4 %
Arlington Heights, USA
1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium chloride n/a [IC): 99.0 % own synthesis water content (KF): > 0.5 %
1-Hexyl-3 hylimid ium dic; id 927902-57-6 [IC): 98.0 % own synthesis water content (KF): > 0.5 %
halogen content (IC): > 2.0 %
1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium dicyanamide n/a [IC): 96.0 % own synthesis water content (KF): > 0.5 %
halogen content (IC): > 4.0 %
Trimethyl decyl ium dic id n/a [IC): 98.0 % own synthesis water content (KF): > 0.5 %
halogen content (IC): .0 %
epoxy resin LH 289 n/a wa Havel Composites CZ s.r.o. epoxy index [mol/1000]: 051 - 0.56
Praslavice, Czechia Viscosity [mPa]: 500 — 900
Density [g/cm®]: 1.12 - 1.16
Organic solvents: HPLC grade, Merck GmbH
Acetonitrile 75-05-8 >99.9 % Darmstadt, Germany ‘water content (KF): < 0.01 %
Diethyl ether 60-29-7 ‘water content (KF): 0.01 %
Dichloromethane 75-09-2 water content (KF): < 0.01 %
Isopropanol 67-63-0 water content (KF): 0.01 %

and stirred at 70 °C for one hour. After this time, the mixture was dried
under vacuum overnight.

2.3. Thermal analysis

Thermal analyses of ILs and their mixtures, as well as mixtures of ILs
with epoxy resin using Differential Scanning Calorimetry, were per-
formed on a DSC 3 instrument (Mettler Toledo, Greifensee, Switzerland)
according to the procedure described in our earlier papers [17,29,30].

2.4. Ion chromatography analysis

IL purity analyses using ion chromatography were performed on an
ECO IC (Metrohm, Herisau, Switzerland) according to the procedure
described in our earlier works [29].

2.5. NMR spectroscopy

NMR Spectroscopic analyses were performed on a Bruker Ascend™
(USA) instrument. 'H spectra were recorded with a resolution of 400
MHz, whereas 'C spectra were recorded with a resolution of 100 MHz.
The deuterated solvent used in each analysis was indicated when
describing the synthesis of each compound. The value of the standard
measurement uncertainty did not exceed + 0.02 ppm. NMR spectra for
[HMIM][DCA], [DABCO-Cg]1[DCA] and [N;;1,5][DCA] can be found in
Supplementary Material.

2.6. Composite structure preparation

The vacuum bag method was used to produce composite structures,
which is an improvement over the manual lamination method. The
epoxy resin and the IL system (4 % wt.) were heated to 32 °C before
saturating the fabric. The first step was to make a given element using
the contact method, and then apply auxiliary materials to its surface and
cover the whole thing with a flexible bag attached to the edges of the
mold with an adhesive gasket. Then, the air with the excess resin
mixture was sucked out through the vacuum pump stub placed in the
mold. The auxiliary materials used to produce the composite were as
follows: (i) Peel ply, which guaranteed the cleanliness of the surface and
the required texture, (ii) perforated release film, which isolated the

composite from other surfaces, and (iii) a venting and draining fabric
made of needle-punched non-woven fabric, which was intended to
facilitate even distribution of the vacuum over the surface of the entire
element and to remove excess resin mixture. Composite structures
reinforced with flax fiber with a weight of 200 g/m® and a 2x2 weave
were made. The composite structures from which appropriate mea-
surement shapes for individual tests were prepared (by cutting strips
from composite boards using a table saw with water cooling) were 4.0 or
2.0 mm thick (depending on the type of further study) and cured at
160 °Cfor 3 h with a temperature ramp 1 °C/min. Because the flax fabric
is hydrophilic, which directly influences the hardening process of the
composite, before its production, the fabric was dried at a temperature
of 70 °C for 3 h. Perfectly dry fabric was used for the preparation of the
composite structures.

2.7. Bending strength test

Bending strength tests were performed at room temperature ac-
cording to EN ISO 178 using an Instron 5982 testing machine (Instron
Inc., Norwood, USA) equipped with a 10 kN head and 3-point bending
fixture. Specimens approximately 10.0 mm in width and 4.0 mm in
thickness were used. The bending rate was 2.0 mm/min, and the support
spacing was 64.0 mm. For this test, 6 or 8 samples of a given composite
were used. Graphical representations of the results obtained for the
mixture HMIM/ DABCO-Cs DCA and HMIM/ DABCO-Cg/ Njjq;5 DCA
can be found in the Supplementary Material.

2.8. Tensile strength test

Composite static tensile tests were performed at room temperature
according to EN ISO 527-4 using an Instron 5982 testing machine
(Instron Inc., Norwood, USA) equipped with a 10 kN head and pneu-
matic jaws. Specimens approximately 25.0 mm in width and 2.0 mm in
thickness (type 2) were used. The tensile rate was 2.0 mm/min. For this
test, 7 or 8 samples of the given composite were used. Graphical rep-
resentations of the results obtained for the mixture HMIM/ DABCO-Cg
DCA and HMIM/ DABCO-Cs/ Ni1115 DCA can be found in the Supple-
mentary Material.
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2.9. Heat deflection temperature (HDT)

HDT tests were performed using the D-VICAT/HDT-2-300/SA
apparatus (Donserv, Warsaw, Poland) according to the PN-EN ISO 75-2
standard, using a nominal surface stress of 1.8 MPa for flat samples
(method A, variant f, width approx. 10.0 mm). The tests were conducted
at temperatures of 25-250 °C in silicone oil (heating rate 120 °C/h,
counting after 5.0 min from the moment of applying the load) using 3
samples of a given composite.

2.10. Dynamic mechanical thermal analysis (DMTA)

DMTA measurements were performed using a DMTA Q800 device
(TA Instruments Inc., New Castle, USA) with the three-point bending
mode in the range of 25-250 °C (heating rate 3 °C/min, amplitude 1 Hz,
strain 20.0 pm).

3. Results and discussion
3.1. Synthesis and mixture preparation

Given the need to achieve effective curing of epoxy resin while
simultaneously enhancing the bending and tensile resistance parame-
ters, two mixtures of ILs were developed. The structures of the ILs used
are presented in Fig. 1.

The first mixture, comprised of two ILs sharing a DCA anion and
featuring a six-carbon alkyl chain, aims to leverage the superior cross-
linking properties associated with imidazolium liquids along with the
mechanical enhancement potential demonstrated by [DABCO-Cg]
[DCA]. The second mixture, incorporating three ILs including [Ny;q15]
[DCA] with its elongated eighteen-carbon alkyl chain, sought to further
influence the bending and stretching parameters. These selections were
made to address the dual objectives of crosslinking and mechanical
reinforcement. Detailed description of the composition of each system is
presented in Table 2. Two mixtures were obtained using the method
employed in the DES preparation[54,55].

3.2. Thermal properties of ILs and their mixtures

Both individual ILs and their mixtures have been studied using DSC
to determine their thermal properties, and in particular, how the in-
teractions between the ILs in the mixtures affect their change in thermal
properties with respect to single-component systems. All collected data
are shown in Table 3.

For ILs alone, a glass transition temperature, Tg, of —60.7 °C was
recorded for [DABCO-Cg][DCA], which is consistent with previously
reported data for this compound [29]. On the other hand, [Njjy;5]
[DCA] shows a melting point, T, at 80.3 °C and crystallizes, T, at
54.4 °C. However, for [HMIM][DCA], no phase transitions were
observed under the analysis conditions. Furthermore, for the mixtures
numbered 4 and 5 in the table, a glass transition temperature of
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Table 2
Molar composition of the IL mixtures.

Ionic liquid Mixture

HMIM/ DABCO-Cs DCA HMIM/ DABCO-Cs /Ny1115 DCA

[HMIM][DCA] 2 mol 3 mol

[DABCO-C4][DCA] 1 mol 2 mol

[N111161[DCA] - 1 mol
Table 3

Thermal properties of the ILs and their mixtures.

No IL / Mixture Thermal analysis

T ['C] Tm ['C] Te ['C]
1 [HMIM] [DCA]
2 [DABCO-Cg] [DCA] —-60.7
3 [N11116] [DCA] 80.3 54.4
4 HMIM/ DABCO-Cs DCA -70.6
5  HMIM/ DABCO-Cq /Ny 5o DCA 547/59.9 23.8/30.8

" no phase transition, T, — glass transition temperature, T, — melting point, T,
— temperature of crystallization, [HMIM][DCA] — 1-Hexyl-3-methylimidazo-
lium dicyanamide, [DABCO-Cg][DCA] — 1-Hexyl-1,4-diazabicyclo[2.2.2]
octan-1-ium dicyanamide, [Ny;;16][DCA] — Trimethyloctadecylammonium
dicyanamide.

—70.6 °C was observed for mixture 4, which indicates that it decreased
with respect to the pure IL exhibiting analogous parameters — [DABCO-
Cs][DCAL. In contrast, for the second mixture labeled 5, the analysis
indicated the presence of two melting points (54.7 °C and 59.9 °C) and
two crystallization temperatures (23.8 °C and 30.8 °C). Both values are
significantly lower than those for the IL itself ([N;;,;5][DCA]). The
presence of two temperatures may indicate the mixture’s complex mo-
lecular structure and inhomogeneity in terms of structure.

3.3. Curing properties

A key element of the research was the evaluation of the resin
crosslinking process initiated by ILs as single-component systems as well
as by their mixtures. DSC analysis was used for this purpose, and the
results are shown in Table 4. The ideal concentration of IL was deter-
mined through screening testsacross a concentration range of 2-8 % wit.,
using the DSC analysis. Optimal concentrations were identified as those
where the process enthalpy value remained relatively unchanged.
Following this, the best concentration was established for each indi-
vidual IL and subsequently standardized, to ensure effective cross-
linking. Similarly, this standardized concentration was applied when
using mixtures of ILs.

The results summarized in the table show the following parameters:
the temperature at the beginning of polymerization (Topsec), the tem-
perature at the peak of polymerization (Tp4y) and the temperature at the
end of polymerization (Toser). The range between Tonser and Tofeser can

N N
N - N///
N® N ©
[N\> |\| N Il
\ N
1-Hexyl-3-methylimidazolium 1-Hexyl-1,4-diazabicyclo[2.2.2]octan-1-ium Trimethyloctadecylammonium
dicyanamide dicyanamide dicyanamide
[HMIM|[DCA] [DABCO-C4|[DCA] IN11118] [DCA]

Fig. 1. Structures of the selected ILs.
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Table 4
Thermal analysis of the curing process initiated using ILs and their mixtures.
No IL / Mixture Thermal analysis
Tonset Timax Tottset AH
el ra ['cl [J/g]
1; [HMIM][DCA] 144.3 154.3 167.1 31.4
171.9 192.5 2133 57.3
2 [DABCO-Cq] [DCA] 152.3 189.0 218.0 67.8
3 [N11116][DCA] 146.7 174.9 2235 64.2
4 HMIM/ DABCO-Cs DCA 160.9 171.7 180.8 12.2
184.1 197.9 213.6 7.6
5 HMIM/ DABCO-Cs /N;;;;s DCA 1629 1738 1830 7.3

Tonset — temperature of polymerization start, Tax — temperature of the peak of
polymerization, Tog.t — temperature of the end of polymerization, AH —
enthalpy.

be considered to be the temperature range in which epoxy resin poly-
merization initiated by ILs occurs. Peak polymerization, on the other
hand, refers to the temperature at which the amount of energy released
in the process in the form of heat is greatest. For each of the processes
studied, the value of the enthalpy of the transformation is also given,
which indicates the total energy released from the system during the
reaction. The first important observation noted during the study is that
the total enthalpy of thermal conversion is significantly lower for mix-
tures of ILs than for single ILs. For single-IL systems, the value ranges
from 31.4 to 67.8 J/g, whereas for mixtures, the value ranges from 7.3 to
12.2 J/g. In our opinion, this may indicate that a process involving more
than one IL is inherently less exothermic in terms of heat released, and
that a greater amount of starting energy in the form of heat is required to
initiate the process. The kinetics of polymerization reactions play a
pivotal role in determining the total enthalpy of the process, which is
particularly evident in systems involving two or three ILs compared with
single systems. Variances in the rates of reaction between different
hardeners can impact the energy released, with lower energy evolution
suggesting a slower, more controlled reaction — a desirable trait in ap-
plications requiring precise process 1igement. Moreover, sy
comprising multiple ILs may exhibit enhanced thermal stability,
contributing to lower enthalpy during the hardening process. This
increased stability can prolong product lifespan, which is crucial for
applications necessitating long-term property retention. This can also be
seen in the polymerization onset temperatures, which in the case of
mixtures is typically shifted by approximately 20.0 °C with respect to
analogous systems containing only one IL. It is also worth noting that for
some of the tested systems, numbered 1 (([HMIM][DCA]) and 4 (HMIM/
DABCO-Cg DCA) in the table, two temperature peaks were observed
during crosslinking, which may indicate the occurrence of two parallel
polymerization reactions initiated by the anion or cation of the IL. This
phenomenon is observed for ILs containing DCA anion and has been
previously reported in the literature [5,11.29].

3.4. Mechanical properties

3.4.1. Glass transition and heat deflection temperature

To study the properties of the fabricated composite structures, the
glass transition temperatures were measured by DMTA and HDT. The
results of the tests were collected and are shown in Table 5. Analysis of

Table 5
Glass transition temperatures and HDT for the composite structures.

Mixture Glass transition ['C] HDT ['C]

Loss modulus Tan §
G

HMIM/ DABCO-C¢ DCA 51.3 /114.1 58.8 7/ 109.3 447
HMIM/ DABCO-Cg /N11115 DCA = 39.7 <RT

" The sample reached the assumed deformation at room temperature.
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the results for the first mixture (4) provides important information
regarding its thermal properties. Glass transition temperatures deter-
mined by different methods present some variation, suggesting the
complex structural nature of the material. The first pair of glass transi-
tion temperatures, obtained from the Loss Modulus, were 51.3 °C and
114.1 °C. This indicates that the first material transitions from a glassy to
arubbery phase over this extensive temperature range. This discrepancy
may suggest the existence of heterogeneous areas or a differentiated
structure of the material. In contrast, the second pair of glass transition
temperatures, determined from Tan & (58.8 °C and 109.3 °C), also pre-
sents a range in which the material changes elasticity in response to
varying temperatures. The differences between the results of the two
methods are due to differences in the sensitivity and specific charac-
teristies of each method. In contrast, the HDT value is 44.7 °C, indicating
that the material maintains its stiffness under thermal loading up to this
temperature. The lower HDT values compared with the glass transition
temperatures suggest that beyond this temperature, the material be-
comes more flexible and begins to enter the glassy state. Ultimately, the
differences in the results indicate potential heterogeneity or structural
complexity of HMIM/ DABCO-C¢ DCA. On the other hand, the glass
transition temperature value for the second mixture (5), determined
from Tan 8, is 39.7 °C. In this case, the value suggests that the second
system is already more flexible at a relatively low temperature. It is
noteworthy that the HDT for this mixture is below room temperature,
and the sample has already reached the assumed load at room temper-
ature. This means that the material maintains its stiffness under thermal
loading under ambient conditions. Such characteristics are advanta-
geous in applications where the stiffness of the material is required
under normal operating conditions. The results obtained suggest that the
HMIM/DABCO-Cg/Nj 115 DCA system exhibits a relatively low glass
transition temperature, which means that it becomes more flexible even
with small temperature changes. Simultaneously, it maintains its stiff-
ness under room conditions, which could be crucial in practical appli-
cations of this composite material.

3.4.2. Bending strength tests

Based on the obtained results, the research was continued by con-
ducting flexural strength tests on composite structures made with mix-
tures of ILs. The results of the bending strength tests on the two different
composite blends show significant differences in their mechanical
properties. The biocomposite prepared with the mixture HMIM/DABCO-
Ce DCA has a moderately high bending strength, reaching 28.6 MPa +
7.2. This suggests that the material is relatively strong under flexural
loading. The deflection at maximum strength is 5.7 % =+ 0.6, indicating
that the material has moderate deformation capacity. The deflection
arrow value at strength is 9.4 mm + 0.9, indicating that the material
undergoes significant bending under bending forces, and the modulus at
bending in the range of 0.05 % to 0.25 % strain is 1900.0 MPa + 422.0,
indicating that the material is relatively stiff in a small range of defor-
mation. All the results of the measurements were collected and are

Table 6
Bending strength prosperities of the composite structures.
Mixture Bending Def ion at  Defl Modulus at
strength strength [%] arrow at bending
[MPa] strength (0.05-0.25 %)
[mm] [MPa]
HMIM/ 28.6 7.2 57 = 0.6 9409 1900.0 = 422.0
DABCO-
CsDCA
HMIM/ 32x03 6.2x 15 94+23 138.0 = 28.0
DABCO-
Cs
/Niins
DCA

" number of samples: 8.
" number of samples: 6.
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presented in Table 6.

In the case of the HMIM/DABCO-C¢/Njj11s DCA mixture, we
observed a significantly lower flexural strength, reaching 3.2 MPa + 0.3.
This material exhibits low bending strength, which may affect its ability
to maintain its structure during flexural loading. The deflection at
strength is 6.2 % + 1.5, suggesting a higher deformation capacity
compared with the first mixture. Thus, the deflection arrow value at
strength is similar at 9.4 mm = 2.3. The modulus at bending in the range
of 0.05 % to 0.25 % strain is much lower, at 138.0 MPa + 28.0, indi-
cating that the material has lower stiffness compared with the first
mixture. However, this may indicate that the material is more flexible
because of its low stiffness. In summary, the first mixture (HMIM/
DABCO-C¢ DCA) showed significantly better bending strength and
stiffness than the second blend (HMIM/DABCO-Cq/N;1715 DCA), which
had lower flexural strength and stiffness. These differences are impor-
tant for the potential applications of these materials which depend on
their structural and mechanical requirements.

3.4.3. Tensile strength tests

At the same time, tensile tests were performed for all fabricated
structures, the results of which are shown in Table 7.

The results of the tensile strength measurements for the two epoxy
composite blends show significant differences in their mechanical
properties. The HMIM/DABCO-Cg DCA blend has a high tensile strength,
reaching 55.0 MPa =+ 1.3, demonstrating the material’s ability to with-
stand high tensile stresses before fracture. The tensile strength at break
is maintained at 54.9 MPa =+ 1.3, confirming that the material maintains
high stresses even at rupture. Despite the low elongation at break (1.6 %
+ 0.1), which suggests relative stiffness, it is worth noting that the full
structural break that occurred in these specimens is usually character-
istic of more brittle materials. In addition, the value of Young’s modulus
in the range of 0.05 % to 0.25 % strain is 5.9 GPa =+ 0.3, confirming the
high stiffness of the material in the region of small deformations. Fig. 2
shows the appearance of the tested samples after the tensile tests.

For the HMIM/DABCO-Cq/Nj 1115 DCA blend, the tensile strength is
40.4 MPa + 5.0, indicating a lower resistance to tensile forces than the
first blend. Nevertheless, the important aspect here is that the specimens
did not completely crack or break the structure, indicating that the
composite structure remains partially cohesive even after rupture. The
tensile strength at break is maintained at 39.2 MPa + 5.7, which sug-
gests that stresses persist even at rupture, while the structure remains
continuous. Elongation at break is 2.4 % =+ 0.1, indicating some flexi-
bility of the material before rupture, and this can certainly be beneficial
in applications where there is a risk of tensile stress. The value of
Young's modulus in the range of 0.05 % to 0.25 % strain is 1.7 GPa +
0.1, which translates into a lower stiffness of the material compared to
the first blend.

The obtained results provide valuable insights into the mechanical
properties of the composite structures fabricated using mixtures of ILs.
The HDT values correlated with the material’s stiffness under thermal
loading. For instance, the composite made with HMIM/DABCO-C¢ DCA

Table 7
Tensile strength parameters for composite structures.

Mixture Tensile Tensileat  Elongationat  Young modulus
strength break break [%] (0.05—-0.25 %)
[MPa] [MPa] [GPa]
HMIM/ 55.0 = 1.3 549 +13 1.6 0.1 5903
DABCO-Cq
DCA
HMIM/ 40.4 £5.0 39.2 £57 24+0.1 1.7 £0.1
DABCO-Cs
/Nins
DCA

* number of samples: 7, type of failure: brittle resolution breakthrough.
" number of samples: 8, type of failure: brittle and slip breakthrough.
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demonstrates a relatively high HDT value of 44.7 °C, whereas the
HMIM/DABCO-C¢/N1111s DCA mixture exhibits a much lower HDT
value, even below room temperature. This difference in HDT values
aligns with the observations from the bending strength tests, where the
HMIM/DABCO-C¢ DCA composite shows significantly higher bending
strength (28.6 MPa + 7.2) than the HMIM/DABCO-C¢/N;;1,5 DCA
blend (3.2 MPa =+ 0.3). The higher HDT value of the former composite
corresponds to its superior bending strength, indicating that it can
withstand greater flexural loads without deformation. Similarly, when
considering the tensile strength, the HMIM/DABCO-Cs DCA composite
presented a higher value (55.0 + 1.3 MPa) than the HMIM/DABCO-Cq/
Ni1110 DCA (40.4 + 5.0 MPa). This difference corresponds with the HDT
values of the respective composites. The HMIM/DABCO-Cs DCA com-
posite, characterized by a higher HDT range, demonstrates greater
tensile strength than its counterpart with a lower HDT range. Further-
more, the tensile strength tests revealed similar trends. The HMIM/
DABCO-Cs DCA composite exhibits a high tensile strength of 55.0 MPa
+ 1.3, along with a high Young’s modulus (5.9 GPa + 0.3), indicating its
ability to withstand high tensile stresses and maintain stiffness under
tension. In contrast, the HMIM/DABCO-Cs/N;;115 DCA blend shows
lower tensile strength (40.4 MPa + 5.0) and a lower Young's modulus
(1.7 GPa + 0.1), suggesting reduced resistance to tensile forces and
lower stiffness compared with the former composite. Materials with
higher HDT values possess enhanced mechanical properties and exhibit
greater resistance to deformation under both bending and tensile
stresses. This correlation underscores the importance of HDT as a pre-
dictive indicator for assessing the mechanical performance of composite
materials, particularly in applications where exposure to elevated tem-
peratures is a concern. Therefore, the two blends show differences in
tensile strength, but the structure of the samples produced using the
second blend remains partially consistent after rupture, and this can be
seen as a significant advantage from the perspective of the safety of use
of the composite material.

4. Conclusions

In our study, we focused on the design and characterization of ILs
([HMIM][DCA], [DABCO-Cg][DCA], and [N;1115][DCA]) tailored to
influence the mechanical properties of composite materials. These ILs
were incorporated into mixtures with specific molar ratios to enhance
the flexibility and resistance to bending and stretching of the epoxy resin
composites. Thermal analysis of the ILs and their mixtures revealed
variations in key parameters such as glass transition temperatures,
melting points, and crystallization temperatures, indicating the intricate
interplay within the mixtures. Notably, the evaluation of resin cross-
linking revealed that the mixtures exhibited distinct thermal conversion
behavior compared with single-IL systems, with shifted polymerization
onset temperatures and evidence of parallel polymerization reactions.
HDT values demonstrate a strong correlation with the material’s stiff-
ness under thermal loading. Specifically, the composite made with
HMIM/DABCO-Cg¢ DCA exhibits a notably higher HDT value than the
HMIM/DABCO-Cs/Nj1115 DCA mixture. This disparity aligns consis-
tently with observations from bending strength tests, where the HMIM/
DABCO-Cs DCA composite displays significantly superior bending
strength, in contrast to the HMIM/DABCO-C¢/Njj;15 DCA blend.
Moreover, the trend extends to tensile strength, with the HMIM/DABCO-
Cs DCA composite demonstrating a higher value compared to the
HMIM/DABCO-Cs/Nj1115 DCA blend. This difference directly corre-
sponds to the HDT values of the respective composites. Materials with
higher HDT values possess enhanced mechanical properties and exhibit
greater resistance to deformation under both bending and tensile
stresses. In conclusion, while the two blends exhibit differences in ten-
sile strength, it’s notable that the structure of the samples produced
using the HMIM/DABCO-C¢/N;jj135 DCA blend remains partially
consistent after rupture. This attribute can be interpreted as a significant
advantage from the perspective of the safety of use of the composite
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HMIM/ DABCO- Ch DCA

HMIM/ DABCO-C¢/N,,;;s DCA

Fig. 2. Images of composite samples after tensile strength tests.

material, underscoring the importance of considering both mechanical
properties and structural integrity when evaluating composite materials
for practical applications.
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Supported lonic Liquid-Phase Materials (SILP) as a
Multifunctional Group of Highly Stable Modifiers and
Hardeners for Carbon and Flax Epoxy Composites

Dawid Zielinski,*” Andrea Szpecht, Rafal Kukawka,® Joanna Dzialkowska,"
Mariusz Pietrowski,” Michal Zielinski,” Magdalena Palacz,” Paulina Nadobna,” and

Marcin Smiglak*®

This paper introduces a novel approach to enhance epoxy resin
formulations by using SILP materials as multifunctional harden-
ers and fillers in composite structures reinforced with carbon
and flax fibers. This study explores the integration of ionic
liquids (ILs) onto a silica support structure, presenting various
permutations involving silica selection, ionic liquid choice, and
concentration. The focus of this study was to elucidate the
influence of SILP on resin curing ability and the mechanical
properties of the resulting composites. Detailed research was
conducted, including Brunauer-Emmett-Teller analysis (BET) for
SILP materials and curing characterization for epoxy resin
formulations with different SILP materials. Furthermore, the
mechanical properties of the obtained composites were

Introduction

More than 80 years have passed since the first European patent
on epoxy resins was granted, which has led to the worldwide
expansion of this type of substance around the world."" Despite
many years of research, epoxy resin technologies are still
undergoing new modifications and improvements, which are
not only a response to the emerging new areas of application
of this type of material but also, above all, result from the need
to improve technologies in terms of reducing their negative
impact on the environment.>* The use of materials based on
epoxy resins is so extensive today that, the complete
elimination of this type of raw materials is practically impos-
sible. Therefore, the key is to strive to achieve the greatest
possible environmental neutrality, both in the process of
producing resins and components necessary for their final use
and in implementing recycling methods and advanced mod-
ifications that change the properties of these types of materials.
These efforts extend the life cycle of products made from them.
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determined by Scanning Electron Microscopy analysis (SEM)
(the force at break, the maximum elongation at break, tensile
strength, and modulus of elasticity). Through SILP incorpora-
tion, the mechanical properties of composites, including the
modulus of elasticity and tensile strength, are substantially
improved, a phenomenon akin to traditional filler effects. The
findings highlight SILP materials as prospective candidates for
concurrent hardening and filling roles within composites
(through a single-step procedure, with prolonged storage
stability and controlled processing conditions), particularly
pertinent as the composite industry veers toward epoxy
bioresins necessitating liquefaction via temperature application.

The epoxy resin itself is practically useless, and the most
important process that makes it acquire the desired properties
is the cross-linking process, which can be initiated by many
substances belonging to various chemical groups.” The use of
an appropriate curing system is crucial for achieving the
assumed parameters, both in terms of the resin polymerization
process itself and the final properties of the cross-linked
material “® The most classic approach to initiating the epoxy
resin polymerization process is the use of an amine or acid
anhydride.®'® Over the years, numerous studies have been
conducted on the optimal structures of amine-curing agents™'"”
and the selection of acid anhydrides."®'? High availability and
low price have contributed to the widespread use of these two
groups of substances as universal hardeners. However, their use
entails numerous limitations, such as the short lifetime of the
resinchardener mixture, in which the polymerization process
begins practically immediately after mixing the components,
sometimes making it impossible to properly process the system
to achieve the assumed goals of the final product.***' More-
over, both amines and acid anhydrides are compounds that do
not provide the cured resin with any unique functional proper-
ties that could not be replaced.”"*' In addition, their use poses
potential dangers to both human health and the environment,
as they can increase the risk of resin contamination or affect the
health of those who come into contact with them.

In addition, many effective biohardeners are currently
known,?%"3-% and have been tested in terms of their mecha-
nism of action or impact on the cured resin. The most
significant groups of biohardeners are terpenes,®¥ amino

© 2024 Wiley-VCH GmbH
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acids,"-®" and porphyrins,”?"" which seem to be well-thought-
out choices in the design of advanced epoxy biomaterials.
However, considering several unique features that the hardener
can impart to the resin mixture and the extent to which its
cross-linking activity can be controlled, ionic liquids (ILs) seem
to be the most valuable group of compounds that combine,
apart from the resin cross-linking ability, many advantages for
resin systems. lonic liquids are substances with an ionic
structure, which are characterized by being in a liquid state
below 100 degrees Celsius and maintaining this state over a
wide range of temperatures, while being very thermally and
chemically stable.”*”*' The properties of ILs include, above all,
low vapor pressure and the possibility of their design based on
any selected structures of cations and anions (organic or
inorganic), obtaining millions of combinations and matching
them to the assumed expectations.”® One of the areas of
application of ILs is their use as latent initiators of epoxy resin
crosslinking, which are activated only after energy is supplied to
the system in the form of temperature.?” Moreover, at low
temperatures, they usually remain inactive toward the epoxy
resin molecule. The mechanism of resin curing by ionic liquid is
complex but, relatively well understood, and the relationships
between the temperature of the crosslinking process (necessary
to start curing) and the decomposition temperature of the IL
are not directly correlated.® Moreover, the chemical structure
of the IL remains crucial and has a decisive influence on its
activity as a cross-linking initiator.””

Furthermore, the application of hyperbranched polymers
originating from itaconic anhydride has resulted in notable
enhancements in the durability and fire resistance of epoxy
resins containing minimal phosphorus amount.”® Similarly, the
attainment of superior mechanical strength, recyclability, and
preservation of thermal characteristics was achieved by employ-
ing ferulic acid-based hyperbranched epoxy resin (FEHBP) in
crafting catalyst-free epoxy vitrimers.?” In the context of ionic
liquids used with epoxy resins, the comparison of various ILs as
epoxy hardeners demonstrated, that certain ILs effectively cure
epoxy resins, producing similar or superior mechanical proper-
ties and lap shear strength compared to conventional amine-
based curing agents, thus advancing sustainability due to the
non-volatility and reduced usage of ILs.*” Thus, the reported
tetra-epoxidized imidazolium ionic liquid monomer with ester-
cleavable groups, which, when incorporated into conventional
epoxy-amine networks, significantly reduce gel time, improve
thermal stability, enhance homogeneity, and facilitate degrad-
ability under mild conditions, thereby demonstrating the
potential of IL-based comonomers to tailor the physical proper-
ties and sustainability of high-performance thermosets and
composites.®" Chemically modified silica with halide ionic liquid
deposited on its surface was first presented in 2017. This study
reported the enhancement of mechanical and thermal proper-
ties of epoxy composites through the incorporation of SILP,
which not only improves interfacial interaction and reinforce-
ment but also acts as a cure agent, leading to superior
performance compared to composites containing unfunctional-
ized silica by significantly increasing storage modulus, tensile
strength, toughness, and thermal stability. However, the low

ChemPlusChem 2024, 89, 202400193 (2 of 16)

/112168

curing efficiency of the chloride anion compared with other
anions available in ILs (such as dicyanamide or acetate), as well
as the rather complicated method used for obtaining SILP
material, inspired us to adopt a different strategy and look
more broadly at designing suitable SILP-type materials.'*”

Among the solid hardeners, the most popular is sodium
dicyandiamide, whose properties initiate the polymerization of
resins are well known.”>3 However, it is a universal hardener
that does not provide many additional benefits to the final
product. Therefore, the search for new groups of loose harden-
ers is important for the development of bioresin technologies.
In addition, an appropriate loose hardener may ultimately
enable the sale of single-component loose epoxy resins, which
will be properly mixed with the hardener, thus, the method of
their use to produce composite structures will be devoid of the
process of preparing the resin-hardener mixture, increasing the
repeatability of the parameters of these systems. Here, ILs may
be useful, which, if properly designed, will melt at the melting
point of the epoxy resin, leading to the formation of a ready-
made resin mixture. Another interesting approach may be SILP
materials. In this group of materials, the ionic liquid is physically
deposited on the surface of the support, which can be,
depending on the application, silica, activated carbon, or other
loose minerals.®’* The most popular carriers include silica, the
porosity of which enables a high degree of packing of the ionic
liquid while maintaining high flowability. SILP materials have
found application primarily in catalysis, where, apart from the
ionic liquid, the appropriate catalyst is dissolved in it, and then
the mixture is placed on the support in appropriate
concentrations.*"**¥-#2 However, this is an interesting solution
because in the case of epoxy resin, by introducing the SILP
material with the ionic liquid applied to it, we simultaneously
introduce a latent cross-linking initiator and a filling element,
e.g., silica. The range of packing possibilities of the ionic liquid
on the silica depends on the porosity of the silica and may be
optimized in the context of the final application.””

From year to year, in the era of high awareness of end users
and producers, the attractiveness of this type of solution
decreases. Consequently, the need to search for both new
epoxy bioresins and biohardeners was initiated,” which will not
only be a substitute for classic raw materials but also provide at
least analogous process and utility properties.®*® The last
decade has seen a significant acceleration in research on new
methods of initiating epoxy resin polymerization, which, apart
from the polymer cross-linking, will have an additional function,
such as the stability of the resin:hardener system,** flame
retardant,**¢' increasing mechanical properties® or natural
origin."*'*! There are known reports of the possibility of curing
the epoxy resin by Ultraviolet radiation (UV), which allows not
only a very short time needed for complete cross-linking, but
also due to the lack of activity of the photoinitiator toward the
resin in the absence of sufficiently intense radiation, it
significantly extends the life of the prepared mixture, increasing
the possibility of more efficient processing resin before it is fully
cured.*” In addition, the curing process, which proceeds via
radical-induced cationic frontal polymerization (RICFP), was
thoroughly characterized, providing important information in

© 2024 Wiley-VCH GmbH
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the context of manufacturing specific products using this
method.“’"’“‘

On the other hand, in recent research on the development
of new resin molecules, mainly derived from bioavailable raw
materials or waste raw materials, we observe that new resins
are often in the form of solids with melting points around
100 degrees Celsius.*'***" Commonly used epoxy resins are
liquid raw materials that, in addition to the resin molecule,
contain  numerous auxiliary substances, such as rheology
modifiers or solvents. Their task is to match the resin system to
the application requirements. Similarly, hardeners were devel-
oped, which, remaining at room temperature in the liquid
phase, enable precise connection with the liquid resin and
facilitate the entire process of preparing the resin mixture.
However, in the case of new types of bioresins that occur as
solids, it seems crucial to search for new groups of cross-linking
initiators that will be in solid form at room temperature.
Combining liquid hardeners with solid resin, which will only
become liquid when heated, prevents full mixing of the system
and may result in defects in the structure of the final product or
uneven cross-linking.

In addition, the use of silica as a filler increases the viscosity
of the resin mixture, increases the value of Young's modulus,
and elasticity increases the strength of the hardened material in
the static tensile test.**** Resin mixtures enriched with silica
can be further used to produce composite structures reinforced
with carbon or other fibers,” leading to the development of
advanced materials characterized, depending on the type of
reinforcement, by increased tensile strength, increased elastic-
ity, or higher hardness.

The aim of this work is to design and manufacture SILP
materials based on three silica materials differing in terms of
pore size and degree of fragmentation, and three ionic liquids,
which are known to have cross-linking properties for epoxy
resins: 1-ethyl-3-methylimidazolium acetate ([EMIMI[OAC]), 1-
butyl-3-methylimidazolium dicyandiamide ([BMIM][DCA]), and
1-benzyl-3-methylimidazolium dicyandiamide ([BenzMIM][D-
CA]). To date, such planned, extensive, and comprehensive
research on the use of SILP materials in resin systems and their
impact on these systems has not been conducted. In the next
stage, the use of SILP materials as components of a resin
mixture in a system with a commercial epoxy resin was
investigated, and the production of composite structures based
on carbon and flax fibers and reinforcement was investigated.
The cross-linking process was tested using differential scanning
calorimetry (DSC), referring the obtained parameters to systems
without silica, and Shore hardness was selected as a parameter
for quick assessment of cured structures. Furthermore, the
obtained composite structures were characterized using a
scanning electron microscope (SEM) equipped with an attach-
ment for testing the static tensile strength. In addition, the
effect of silica filling introduced into the system in the form of
SILP material was also examined, referring to the composite
produced by introducing the IL and silica separately into the
system, but without prior preparation of the SILP material. This
study also presents a research model that specifies the
exclusion conditions for individual prototypes. This is important

ChemPlusChem 2024, 89, 202400193 (3 of 16)

because as part of the research, numerous prototype combina-
tions were generated, for which the boundary conditions of the
process were assumed, including: curing temperature up to
150 degrees Celsius, compatibility with the resin and no
sedimentation, concentration in terms of ionic liquid up to a
maximum of 5% by weight, maximum curing time of 4 hours in
isothermal simulation conditions using a vacuum oven, and
minimum hardness range of 75 D on the Shore hardness scale.

Results and Discussion

The study began with the preparation of a research plan that
will consider not only all the boundary conditions that have
been assumed but also allow the development of a method for
screening the results obtained at each of the research stages.
Thanks to this approach, the research process was conducted
on the basis of a clear and legible methodology, and as a
consequence, it was possible to test 45 samples of SILP
materials. The research process, consisting of 4 steps containing
individual examination and test packages, is presented in
Figure 1. Thus, starting with 45 samples of SILP materials, the
screening process resulted in 3 best combinations that were
subjected to a full study.

SILP Materials

In the first stage of research, 45 SILP materials based on three
different types of silica, 3 ionic liquids, and 5 concentrations of
ionic liquid deposited on a silica support were prepared. The
selected silica differed in pore size, ranging from 22 to 150 A. At
the same time, they were selected in such a way as to maintain
a fairly consistent mesh range for all of them. This action was
primarily aimed at investigating the effect of pore size on the
properties of SILP in the context of the ability to cure epoxy
resin and, to demonstrate the relationship between this
parameter and the possibility of depositing a specific amount of
IL on the surface of the support.

On the other hand, the choice of ionic liquids was primarily
dictated by their proven ability to initiate epoxy resin polymer-
ization. Among the three ILs, for two of them: 1-ethyl-3-
methylimidazolium acetate and 1-butyl-3-methylimidazolium
dicyanamide, literature reports on their activity as resin
polymerization initiators are known.?****#8 The third ionic
liquid, 1-benzyl-3-methylimidazolium dicyanamide, was pro-
posed by us and complements the IL portfolio as a compound
with a slightly different chemical structure. In addition, it allows
the expectation that it will show activity in the field of the
tested application, based on the knowledge generally known in
the literature about the use of ionic liquids as latent hardeners.
The selected ILs not only present a different structure, but also
have certain features that may affect their use in the context of
SILP materials and their further use as hardeners. These features
include the following: (i) highly hygroscopic properties ([EMI-
MI[OAC]), (i) a longer alkyl chain in the cation structure with
potential effect on the elasticity of the material ((BMIM][DCA]),

© 2024 Wiley-VCH GmbH
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Evaluation and characterization of prepared SILP based on BET analysis. The exclusion of SILPs for which the %
BET surface arca was less than 20 [m*/g] wus implemented. Such a low BET arca indicates that the ionic liquid |4
almost completely covered the support surface and blocked pores, forming a multilayer of the jonic liquid on the ;
support surface. The material then begins to exhibit liquid-like properties rather than solid-like propertics. and 4
45 SILPs ) M the initiation of the cross-linking process oceurs not on a large surface (obtained by impregnating the jonic
liquid-resin cross-linking initiator inside the pores) but exclusively at the interface between the ionic liquid and
N Do &
31 SILPs ( the resin phase.
Screening tests of curing properties with epoxy resin using selected boundary conditions of a single curing eyele.
31 SILPs Boundary conditions were developed based on the possibility of applying the prepared materials in the prepreg
M technology. In addition. the hardness of the produced materials was tested to determine the dilution limit of the
8 SILPs ( ionic liquid on silica, at which the cured resin retains acceptable hardness parameters.

A detailed study of the DSC curing process and a reference to curing with liquid alone. The tests are aimed at

8 SILPs ) evaluating the curing process based on the details of thermal transformations during it i
silica on the curing temperature and process energy. The obtained results will allow to select the final prototypes
3 SILPs ( of liquid-silica systems.

n particular the effect of

using carbon and flax fibers, hardened with SILP and conducting SEM

P ion of the p
3SILP mechanical properties fests. For comparison, analogous measurements for systems cured with liquid only were
S ) performed.

Figure 1. Iterative representation of the research process.

and (iii) the presence of an aromatic ring with potential effect
on the stiffening of the final material ([BenzMIM][DCA]). More-
over, each of the selected ionic liquids exhibits curing activity in
a different temperature range from 60°C (depending on the
epoxy resin), whereas dicyandiamides effectively cure the resin
only at temperatures above 120°C. Finally, a concentration
range of 10-50% of the ionic liquid deposited on a silica
support was selected. Such a scope made it possible to examine
two key features in the context of the presented research. First,
it allowed us to assess the ability of the maximum packing of
the ionic liquid on the silica surface, which enables us to
maintain the features of the monolayer and does not lead to
full coverage of all the pores of the supporting phase. This is of
key importance in the design of this type of material and in the
selection of appropriate components: silica support and ionic
liquid. On the other hand, such a range of concentrations
allowed us to assess the effect of the amount of IL on the silica
and the ability to initiate the polymerization of the epoxy resin
(in the context of the activity itself and the impact on the
thermal parameters of the process). Moreover, as the concen-
tration of the ionic liquid on the silica decreased, it was
necessary to provide more and more SILP material into the
epoxy resin (the amount of IL curing agent was always constant
relative to the resin), which consequently increased the content
of silica filler. This aspect has notable implications for the
materials’ properties and fundamental characteristics, including
hardness.

All SILP materials were prepared in an analogous manner,
and the BET method was used for their characterization, leading
to the determination of the number of parameters, as
presented in Table 1. Davisil Grade 62 silica (DG62), character-
ized by the largest pore size, allowed the preparation of SILP
materials in the full range of concentrations for almost all three
ionic liquids. The singular exception was the 50% concentration
of [BMIM][DCA]. For the other two ILs, a concentration of 50%
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led to a silica surface with no available area for interaction with
[BenzMIM][DCA] (BET surface area 23.2 m%g) and for [EMI-
MI[OAC] (BET surface area 86.9 m%/g). This means that for
[BenzMIM][DCA], the concentration of 50% seems to be the
upper limit in the case of DG62 silica, whereas in the case of the
second IL, this concentration may still be slightly increased. In
turn, the value of the pore-filling degree (o) for all SILP materials
obtained with the use of DG62 silica maintained a downward
trend with the decrease in concentration, which is the expected
effect and proves the correct deposition of ILs on the surface of
the support. However, DG62 silica promotes the formation of a
thick layer of ionic liquid on its surface (2.55 up to 3.44 nm for
50% of [BenzMIM][DCA]), which is not a beneficial effect. This
means that only a certain part of the IL molecules is stabilized
by interacting with the silica carrier, whereas the remaining part
is less stabilized, which increases the likelihood of leaching or
excessive migration within the entire layer. We suppose that
such a large silica pore size may favor full pore filling with the
formation of lake-like areas in the continuity of the ionic liquid
layer, which affects the overall layer thickness parameter.
Regrettably, it bears negative implications within the proposed
application because the material prepared in this way will not
be able to effectively use all the ionic liquid deposited on the
silica in the curing process. Primarily, the process will occur
mainly on the surface of lake-like areas, blocking access to the
IL-hardener trapped in the deeper part of the silica support.
Therefore, this may affect the formation of uncured spaces
inside the composite, particularly in the zones close to the silica
filler, thereby reducing its mechanical parameters and stimulat-
ing the process of structural defects by increasing the
heterogeneity of the cured material.

Medium pore size silica, Davisil Grade 635 silica (DG635),
also allowed us to obtain SILP materials in virtually the full
range of concentrations, excluding only 50% concentration for
each of the tested ILs. The results of the BET surface analysis
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Table 1. SILP characterization.
No lonic liquid Silica Concentration BET Total Average o Layer
[9%] [m?/q] Pore Pore thickness®!
Volume Diameter [nm]
[em’/g] [nm]
S1 DG62 2906 110
S2 DG635 5509 0.78
S3 DG12 716.1 039
1 [BenzMIM] DG62 50 232 0.10 16.8 0.91 344
2 (e 2 724 029 167 074 279
3 30 1306 0.50 154 0.55 206 L
4 20 189.5 0.70 147 0.36 138 5
5 10 2344 0.84 143 024 0.89 ?
6 DG635 50 1.0 n/a n/a n/a n/a E
7 40 40.2 0.08 8.1 0.90 127 g
8 30 1294 025 7.7 0.68 0.96 g
9 20 2744 042 6.1 046 0.65 5
10 10 390.2 0.66 6.7 0.15 022 E
1 DG12 50 0.7 n/a n/a n/a n/a ;E
12 40 08 n/a n/a n/a n/a 5
13 30 09 n/a n/a n/a n/a E
14 20 203 0.02 32 0.95 0.52 F?
15 10 3520 020 24 049 027 g
16 [BMIM] [DCA] DG62 50 130 n/a n/a n/a n/a ﬁE
17 40 582 0.26 109 0.76 289 E
18 30 116.0 049 105 0.55 2.10 é
19 20 1819 0.72 99 035 131 §
20 10 266.8 0.99 96 0.10 038 §
21 DG635 50 1.0 n/a n/a n/a n/a E‘
22 40 268 0.06 94 0.92 131 i
23 30 1122 026 94 0.67 0.94 E
24 20 206.5 039 76 0.50 071 :E'.
25 10 3700 0.57 6.1 027 038
26 DG12 50 09 n/a n/a n/a n/a
27 40 0.0 n/a n/a n/a n/a B
23 30 07 na n/a na n/a i
29 20 09 wa n/a na n/a g
30 10 336.0 0.18 22 0.54 0.29
31 [EMIM] [OAC] DG62 50 86.9 0.36 166 067 255 1
32 40 1578 0.58 147 047 179
33 30 1859 0.69 149 037 141
34 20 209.0 079 151 0.28 1.07 5“:
35 10 2495 0.92 148 0.16 0.62 E
36 DG635 50 0.7 n/a n/a n/a n/a g
37 40 388 0.10 103 0.87 123 E"
38 30 1116 023 83 0.71 1.00 5
39 20 289.6 044 6.1 044 0.62 §
40 10 380.7 0.57 6.0 0.27 038 §
4 DG12 50 0.0 n/a n/a n/a n/a E
42 40 00 n/a n/a n/a n/a g
43 30 17 n/a n/a n/a n/a i
:
7
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Table 1. continued £
No lonic liquid Silica Concentration BET Total Average o Layer g
[%] [m*/q] Pore Pore thickness®! g
Volume Diameter [nm]
[em’/g] [nm]
44 20 160.8 0.09 22 0.77 042
45 10 426.0 024 22 0.38 0.21
#! porefilling degree of support as the ratio IL volume/support pore volume. ' Ratio of the IL volume used for coating and the initial surface area. n/a - not
available.

showed that at the concentration level of 40%, the entire
surface of the silica is practically used, leaving a free part at the
level of the BET surface area: 40.2 m%/g for [BenzMIM][DCA],
26.8 m%/g for [BMIM][DCA], and only 38.8 m?/g for [EMIMI[OAC].
All obtained SILP materials retained the value of total pore
volume at a very low level in the range of 0.06 to 0.10 cm?¥/g. In
addition, the o degree retained the expected trend of
decreasing value with decreasing ionic liquid concentration.
Nevertheless, for SILPs obtained with the use of DG635 silica,
the formation of much thinner IL layers was noted, 49% thinner
(for 40% concentration of IL) compared with DG62 silica. This
proves the even distribution of the ionic liquid on the surface of
the support and, above all, allows us to assume that silica with
a pore size of 60 A seems to be the most optimal for the
preparation of SILP materials, based on the tested ILs. It allows
not only to obtain various concentrations of the deposited
phase, but also guarantees even distribution on the surface of
the silica and to obtain a thin layer with the same intensity of
interaction with the supporting phase.

The last silica used for the preparation of SILP materials was
Davisil Grade 12 silica (DG12), which was characterized by the
smallest pore size, approximately 7 times smaller than DG62
silica and almost 3 times smaller than DG635 silica. Such a small
pore size translated into a huge silica surface determined by
the BET method with a very small total pore volume of only
0.39 cm?/g, 2 times smaller than that for DG635 and almost 3
times smaller than that for DG62. Therefore, only the lowest
concentrations of the ionic liquid deposited on its surface were
obtained, respectively 10% and 20% for [BenzMIM][DCA] and
[EMIM][OAC] and 10% for [BMIM][DCA]. For these SILP materials,
the smallest average pore diameter of 2-3 nm was determined
among all the tested materials, as well as a low thickness of the
deposited layer. This type of silica can be useful when very low
concentrations of IL on the support and very thin layers are
required. In this study, it should be noted that in the case of
SILP materials based on DG12 silica, massive amounts of silica
filler will always be introduced into the system, and the small
pore size will certainly affect the ability to interact between the
ionic liquid curing agent and the epoxy resin matrix, which in
turn will result in low curing activity of this type of SILP.

Based on the BET surface analysis of the obtained SILP
materials, out of 45 combinations, 31 passed to the next stage
of research and 14 were eliminated.
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Curing Properties of SILP Materials

The subsequent phase of the investigation involved the
evaluation of the ability of SILPs to initiate curing of the epoxy
resin. For this purpose, initial screening tests were performed in
a vacuum oven. This test encompassed an assessment of not
only the curing properties of newly prepared materials but also
the resulting Shore hardness of the cured resin. Of the 31 tested
SILPs, only 8 met the predefined boundary parameters, such as
hardening in one temperature cycle or reaching a specific
hardness value (75 D). For these top 8 combinations, represent-
ing all types of silica and ILs, a detailed study of the curing
process using DSC was performed in relation to the reference
systems cured with ILs not deposited on silica. This comparison
was intended to show the effect of silica deposition on curing
temperatures and energy efficiency. The ILs were deposited on
microporous silicas, which generally provided an excellent
degree of dispersion in the epoxy matrix. During the 30-day
stability study of these combinations, no significant sedimenta-
tion or loss of uniformity of the silica distribution in the resin
was observed. We assume that the determining factors could
be the physiochemistry of the epoxy resin itself, its viscosity
and density, and the method of preparation, which reduces
aeration of the systems during mixing by degassing the
samples.

The results of the screening test are shown in Table 2. For
resin systems cured with SILPs based on DG62 silica, full curing
was usually observed in the second temperature cycle, with the
exception being the highest (40%) concentration of [BMIM][D-
CA], which showed full curing in the first temperature cycle. In
addition, concentrations of 10% and 20% proved to be
effective in initiating the polymerization of the epoxy resin, in
which full curing was also visible after the second temperature
cycle. However, it should be noted that as the concentration of
the liquid decreased, the increasing content of silica in the
material significantly lowered the hardness of the obtained
samples, making them much more brittle. This is the most
justified effect because the amount of silica, which is definitely
a weakening filling, has been introduced into the resin, exceed-
ing 10% and 20%. The average hardness of the [BenzMIM][D-
CA] SILP cured samples was 75 D. On the other hand, the
average decrease in hardness with a decrease in IL concen-
tration and an increase in silica content was 6%, whereas the
decrease in hardness of samples with 10% IL content compared
with the sample with 50% concentration was 22%. It has been
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Table 2. Curing Screening with epoxy resin.
No lonic Liquid Silica Conc. Conc. of silica filling Curing parameters Hardness
;z;L on silica 0%l ;ecr?n?’?':]ature and Time/cycle N°'|0f:al Result [shore D]
cycles
1 [BenzMIM] [DCA] DG62 50 57 170.0/240.0 2 C 86
2 40 7.0 2 c 80
3 30 9.1 2 C 72
4 20 13.0 2 c 69
5 10 231 2 < 67
7 DG635 40 70 1 < 89
8 30 9.1 1 4 74
9 20 13.0 2 c 70
10 10 231 2 C 62
14 DG12 20 13.0 3 n/c n/a
15 10 231 3 n/c n/a
17 [BMIM] [DCA] DG62 40 7.0 1 c 79
18 30 9.1 2 c 74
19 20 13.0 2 C 72
20 10 231 2 c 7
22 DG635 40 7.0 1 c 87
23 30 9.1 1 < 78
24 20 13.0 2 4 72
25 10 23.1 2 c 63
30 DG12 10 231 2 C 61
31 [EMIM] [OAC] DG62 50 57 2 c 76
32 40 70 2 c 68
33 30 9.1 2 C 62
34 20 13.0 2 c 59
35 10 231 2 c 55
37 DG635 40 70 1 c 86
38 30 9.1 1 C 75
39 20 13.0 2 c 68
40 10 231 2 c 63
44 DG12 20 13.0 2 c 67
45 10 231 2 c 60
“I Number of heating cycles necessary to obtain a cured material or the number of maximum heating cycles carried out to verify the ability of the SILP
material to initiate resin polymerization. n/c — not cured, c — cured.

observed that the decrease in hardness is most intense at the
transition between the concentration of 509%-40%-30%,
whereas at the concentrations of 20% and 10%, it stabilizes
and fluctuates less. This phenomenon is observed not only for
samples cured with DG62-based SILP, but also for other types
of silica. The average hardness values for the remaining ionic
liquids were 74 and 64D, respectively. The lower value
obtained for [EMIM][OAC] probably results from the presence of
a certain amount of moisture in the IL itself, which is natural for
this type of hygroscopic ionic liquid, and significant moisture
reduction is practically unattainable, even by long-term desic-
cation on a vacuum pump. In turn, the lowest value of the
change in hardness with the increase in silica content and

ChemPlusChem 2024, 89, 202400193 (7 of 16)

decrease in the concentration of ionic liquid was recorded for
SILP materials prepared using [BMIMI[DCA]. The change
between the hardness of the sample containing 10% IL
concentration in relation to the sample with 40% was only
10%, whereas for analogous samples with [EMIM][OA(], it was
as much as 28%. This may indicate the influence of this ionic
liquid on the stiffening of the cured resin structure.

The second group of SILP materials incorporates DG635
silica. Samples with ionic liquid concentrations of both 30% and
40%, regardless of their specific type, exhibited successful
curing in the first temperature cycle.

Lower concentrations of ILs required two cycles to achieve
complete curing, thereby highlighting the effect of a substantial

© 2024 Wiley-VCH GmbH

wey paproTeac ' 0T "90S9TEIT

SUOYIPDY) pure SUms 23 235 “[+707/30/L ] O Arexqry Suwu ALy T 1) PLUSTRIN WPY/dd 4Q £6100+70T MA2T00T 01/OP.

03 L

25T SO 24nERLy) QU e 3T 4q PALIAIOS 21E SI[INTE YO ‘SN 0 SS 103 TEIIT XAUO Y

111113



/1/_PRACA [A6]

ChemPlusChem

Research Article

doi.org/10.1002/cplu.202400193

Chemistry
Europe

European Chemical
Societies Publishing

61T

increase in silica content within the resin. This heightened
content of silica slows down the curing process and requires
the supply of energy necessary to continue the polymerization
process for a longer time. For all the highest concentrations of
the ILs (40 %), the highest hardness was recorded among all the
analogous samples tested for other types of silicas, which can
be explained by the fact that the distribution of the ionic liquid
on the surface of the DG635 silica favors the effective
occurrence of the polymerization reaction of the resin in the
close vicinity of the silica filler. This phenomenon causes the
formation of a dense network of cured polymer in the
immediate vicinity of the fill, creating a compact structure
without defects that could arise from inefficient processes or
partial leaching of the IL from the silica surface. As in the case
of DG62 silica, the greatest discrepancy in hardness between
the lowest and highest concentrations of ionic liquid on the
silica was observed for [EMIMI[OAC]. In turn, the lowest change
in hardness was shown by samples based on [BMIM][DCA]. This
result shows that regardless of the type of silica, the structure
of the ionic liquid and its nature, e.g., hygroscopicity, are also
factors determining the basic mechanical parameters of the
cured resin, such as its hardness.

The lowest curing efficiency, visible both in the long curing
time (at least two temperature cycles) and in the achieved
hardness parameter, was shown by SILPs based on DG12 silica.
Such results are understandable considering the low concen-
tration of the ionic liquid, which directly affects the curing time
and has already been confirmed for other types of silica. In
addition, at low concentrations, a large amount of silica
introduced into the system resulted in low hardness of the
materials, which was the lowest for [EMIMI[OAc]. On the other
hand, even after three temperature cycles, the samples
containing [BenzMIM][DCA] were still not fully cured. This
suggests that this type of silica does not work well when used
as an IL-hardener support, degrading the overall IL properties
responsible for initiating resin polymerization because of its
small pore size and limiting the possibility of contact between
the ionic liquid and the resin. This undoubtedly also affects the

formation of defects in the structure and uncured holes in the
immediate vicinity of the filling, which influences the hardness
results.

Based on the evaluation of the results from the screening
tests, 8 combinations were selected that represented all types
of silica and ionic liquids, considering the best results obtained
for each group. These 8 combinations were tested using
differential scanning calorimetry, the results of which are
summarized and presented in Table 3. The characteristic of
ionic liquids with dicyandiamide anion, is the appearance of
two thermal peaks during the analysis on the chromatographs.
This is an expected effect, indicating that cationic polymer-
ization (the main initiator of hardening is the IL cation) and
anionic polymerization (the main hardener is the IL anion) occur
independently of each other. The peak with a lower thermal
peak temperature represents anion polymerization, which
occurs when, under the influence of the temperature supplied
to the system, the anion moves further away from the cation,
becomes more mobile, starts reacting with the epoxy groups of
the epoxy resin. The peak at higher temperatures corresponds
to cationic polymerization, which occurs only when the cation
of the ionic liquid is dealkylated with the simultaneous release
of a highly reactive imidazolium radical. The details of this
process are discussed in the section on the curing mechanism.
However, for the two SILP samples (17 and 30), there was a
significant reduction in the occurrence of two thermal peaks at
the expense of only one thermal peak with various thermal
transitions between polymerization start (T, and end (T ..
temperatures. We suppose that in the case of these SILPs, there
was such a high interaction between the silica and the ionic
liquid that a significant reduction in the cationic polymerization
occurred, and the time of only anionic polymerization was
extended. This thesis is confirmed by the significantly low total
enthalpy of the process (AH). Perhaps this is a phenomenon
characteristic of a particular ionic liquid that is highly stable.

Generally, in all the tested samples, the phenomenon of
shifting the polymerization process to higher temperatures
occurred in relation to the relevant references (R1, R2 and R3),

Table 3. Thermal behavior of epoxy resin with SILP material measured by DSC.
No lonic Liquid Silica Conc. of IL Thermal analysis
;2]5"“3 T T Tt AH T

ra ra rd /gl rq
R1 [BenzMIM] [DCA] 136.36 146.12 181.29 193.16 442.24 127.66
1 DG62 50 148.15 152.87 186.87 20538 184.47 130.00
7 DG635 40 144.07 150.16 183.15 20091 327.46 96.41
R2 [BMIM] 134.81 145.23 179.56 186.93 444.05 11343
17 [DCAl DG62 50 156.51 190.17 21346 15454 2393
22 DG635 40 142.59 148.94 18136 19337 473.52 161.13
30 DG12 10 162.37 182.09 20595 52.76 469
R3 [EMIM] 88.5 11037 122.03 483.48 75.56
31 [0Ad DG62 50 116.01 13285 157.23 11.9 18.36
37 DG635 40 107.28 12525 143.03 340.20 10417
44 DG12 20 145.39 166.34 186.71 26.74 5.65
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which were devoid of silica, and the ionic liquid was freely
dispersed throughout the epoxy matrix. The type of silica and
the concentration of the ionic liquid have a significant impact
on the magnitude of this shift. It can be observed that the silica
with the largest pore size (DG62) increases the T,.., which
corresponds to the temperature of the start of polymerization
of the epoxy resin, compared to the reference by 12 degrees for
[BenzMIMI][DCA], 22 degrees for [BMIM][DCA], and 28 degrees
for [EMIM][OAC]. At the same time, it shifts the polymerization
peak temperature (T,,) by 6, 11 and 22 degrees for [Benz-
MIM][DCA], [BMIM][DCA], and [EMIM][OAC], respectively. Sim-
ilarly, the T . correlating with the signal at the end of the resin
polymerization process is also shifted. This value increases by
12, 27, and 35 degrees in the same order as IL. However, the
most important result recorded is the significant reduction in
the total enthalpy of the curing process for SILP materials
compared with curing with ionic liquid alone. This is because
with SILP materials, the crosslinking process is slower and more
controlled because silica stabilizing the ionic liquid causes a
gradual release of active molecules that initiate polymerization.
It takes slightly more energy to be supplied to the system for
the process of beginning. Depending on the intended use of
such systems, this phenomenon can be advantageous, espe-
cially in situations where there is a need to transport the
previously mixed epoxy resin/hardener system to provide
cooling, or in situations where ambient conditions are not
conducive to maintaining low temperatures. In addition, in
certain advanced applications, such as systems dedicated to
nanomaterials, a higher cross-linking temperature may be
desirable. The difference in relation to the reference system in
the case of DG62-based SILP is 258, 290, and 372J/g,
respectively, for individual ionic liquids, with the smallest
difference for [BenzMIMI[DCA] and the largest difference for
[EMIM][OAC]. Moreover, for DG62-SILP with [EMIM][OAC], the
range of temperature changes during curing was as much as
41 degrees between the beginning and the end of polymer-
ization, whereas for the reference, it was 34 degrees. For the
other combinations, no noticeable changes in this temperature
range were noted. This observation confirms the slowdown of
the curing process and the reduction of its energy when silica
interacts too strongly with the ionic liquid and affects its
activity.

In contrast, DG635-based SILPs exhibited the least effect on
the temperature shift to higher values for all individual thermal
peaks of the polymerization start, peak, and end. Moreover,
they demonstrated a marginal reduction of the enthalpy of the
process. Small changes between the SILP material and the
reference material were most expected and are obvious if we
consider the presence of silica in the system and its effect on
the ionic liquid and the resin system itself. However, for DG635
silica, these changes are the smallest, regardless of the tested
IL. This once again confirms that this type of silica stands out
from the others, as the one with the best properties on many
levels of parameters. In turn, DG12-based SILPs are a group of
hardeners with the worst parameters. However, they cannot be
directly related to the other SILPs because they do not
represent the analogous concentration range of the ionic liquid,

ChemPlusChem 2024, 89, 202400193 (9 of 16)

which affects the obtained results. However, it should be noted
that this group of hardeners had the greatest impact on the
increase in process temperatures and a significant reduction in
process enthalpy. The results obtained support the observations
from the screening tests, where curing of the resin with DG12
silica-based samples at 10% and 20% liquid concentration is
long-lasting and requires long-term temperature delivery. By
correlating the value of the maximum temperature of the
thermal peak from the DSC analysis (182.09°C) for sample 30
with the value of the constant temperature in the vacuum oven
during the screening tests (170.0°C) and the low enthalpy of
thermal transformation, it can be concluded that the process
was below the effective curing temperature for these samples.
In addition, this may also be the reason for the lack of curing of
the samples in the case of other DG12-based samples, for which
presumably the process temperatures were higher and the
conditions prevailing in the vacuum oven were insufficient for
curing.

In this study of epoxy resins cured with different SILP
materials, the influence of the employed silica and ILs on the T,
values was examined. The choice of silica had a notable impact
on the T, values observed. In particular, SILP materials based on
DG635 silica exhibited the highest Tg values among the tested
combinations. For instance, [BMIM][DCA] and [EMIM][OAc]
combinations displayed T, values of 161.13°C and 104.17°C,
respectively. Furthermore, the influence of ILs used alongside
silica was evident in the T, values obtained. Despite the
superior performance of DG635 silica, intriguing variations were
observed. Notably, although the T, for SILP materials based on
[BenzMIM][DCA] exhibited the highest value with DG62 silica,
surpassing that of DG365 silica, the latter still showcased a
commendable T, value of 96.41°C. Conversely, SILP materials
incorporating DG12 silica demonstrated the lowest T, values
among the tested combinations. Particularly noteworthy was
the substantial decrease in T, values observed for samples 30
and 44, amounting to 96% and 93% decreases, respectively,
compared with the reference. This emphasizes the significant
role of silica morphology and structure in influencing the
thermal behavior of epoxy resin systems, thereby underscoring
the importance of careful selection and optimization of SILP
components for the desired thermal properties.

Mechanism of Curing with SILP Material

The results obtained during this research led to a discussion on
the mechanism of curing that occurs when SILP is used as a
hardener. To start this discussion, it is necessary to locate the
polymerization process initiated by the ionic liquids in the
epoxy matrix. When such a system consists only of epoxy resin
and IL, we are dealing with a situation in which the hardener is
freely distributed throughout the resin matrix and is not subject
to any additional stimuli during the polymerization process.
Then, the energy supplied to the system in the form of heat,
which is necessary to start the process (the ionic liquid alone is
incapable of curing the resin at room temperature, it needs
temperature to be ready for such action), causes two phenom-
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ena. The first is to increase the mobility of ions in the IL so, that
the anion, gradually moving away from the cation, reacts with
the epoxy groups of the resin, forming 1:1, 1:2 adducts,” etc,,
finally leading to the closure of the polymer chain. The ionic
liquid cation, on the other hand, needs the energy input first to
conduct the dealkylation process leading to the formation of
the imidazolium molecule, which is highly reactive to the
epoxide group in the resin because of its lone pair of electrons.
In this way, the corresponding adducts 1:1, 1:2/% etc. are
formed, which also leads to the closure of the polymer network.
The mechanism of this transformation is identical to that of
resin hardening by amine hardeners.

However, it is important to understand the functioning of
this mechanism when the ionic liquid is deposited on silica. For
this purpose, a diagram illustrating this phenomenon is
proposed and presented in Figure 2. The ionic liquid deposited
on the silica support directs the cation toward the surface of
the silica, because of the nature of this material, the surfaces of
which are made of silicon oxide blocks. However, no chemical
bonding is formed between the silica surface and the ionic
liquid; only physisorption occurs. This means that this inter-
action is weaker as the ionic liquid is farther from the surface of
the silica. Consequently, the formation of a thick layer of ionic
liquid on the surface is an undesired effect. Each cation of the
ionic liquid forms a connection with an anion through ionic
interactions between these molecules. In practice, this means a
certain freedom of these molecules in terms of their ability to
move and rotate freely. SILP distributed in the epoxy matrix
causes resin particles (DGEBA) to appear on the surface of the
silica. However, they are too large to penetrate deep into the
pores; therefore, the curing process occurs at the surface of the
silica rather than inside it. As mentioned, even in the case of the
ionic liquid itself, the anion is ready to react with the epoxide
group faster than the cation. It can be assumed that in the case
of the SILP material, the supplied energy necessary to start
anionic polymerization is lower than that in the case of the

L 0n\REGION

liquid itself because, the cation also interacts with the carrier
surface, which partially weakens its attachment to the anion. In
fact, it appears that because the anions are close to the cation,
largely inside the pores of the silica, the final energy required to
activate them is greater because they need to get out of the
pores of the support, not just far enough away from the cation.
On the other hand, in the case of SILP, the cation has an
additional difficulty in the form of interaction with silica and
requires more energy supplied to the system to be able to
freely move away from the carrier, undergo dealkylation, and
start the reaction with DGEBA. After both molecules are ready
to react with the resin, the polymerization mechanism is the
same as that of the ionic liquid itself.

There is one major difference between the two processes. In
the case of the SILP material, the polymerization chain reaction
of the resin occurs directly at the surface of the silica as soon as
the cation or anion is ready to react. This brings the cross-linked
material as close as possible to the silica filler, which is not
possible with the introduction of the silica filler. Externally
introduced silica is usually insufficiently calcined, so there are
air or moisture bubbles in its pores, which prevent the polymer
chain from reaching its surface. Consequently, microbubbles of
air and water are trapped in the material, which weakens the
structure of the cured resin. The SILP material cannot absorb
water or air because its surface is coated with an ionic liquid,
which, when properly selected, can be hydrophobic. We assume
that the solution proposed by us, in which SILP is a hardener
and a composite filler at the same time, is the best possible way
of introducing the filler into the composite because it
guarantees the proximity of the filler and the composite matrix,
eliminates the problem of moisture and air, and additionally
effectively hardens the material, requiring a small increase in
energy input to start its operation in relation to the system
based on the IL alone.

ANIONIC POLYMERIZA TION

%

3 e
7
%
B ovoinik |

CATION REGION ANION REGION

Figure 2. Proposed scheme for epoxy resin curing with SILP.
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Mechanical Properties of the Cured Materials

During the research, it was found that in terms of application
as an epoxy resin hardener, the most promising results were
achieved for SILP based on silica DG635. For these samples,
which contained different ILs at a concentration of 40 %,
composite structures reinforced with carbon fiber and flax
fiber were fabricated. The aim of this study was to evaluate
the effect of fiber-based reinforcement on the resin curing
ability of SILPs and how the presence of silica affects the
mechanical performance of these fabricated structures. For
these tests, a Scanning Electron Microscope equipped with
an appropriate attachment for measuring the tensile strength
of the samples was used. The results of these measurements
are presented in Tables 4 and 5.

In the case of composites reinforced with carbon fiber, a
decrease in tensile strength was observed, which was correlated
with a simultaneous increase in the modulus of elasticity.
Concurrent with the decrease of tensile strength, a decrease of
tensile toughness was also observed with regard to the
reference samples. Materials with lower tensile strength tend to
exhibit reduced resistance to fracture and may absorb less

energy before failure, which can lead to lower tensile tough-
ness. In such cases, the material is more prone to breaking
under applied stress, and it may fail more easily or with less
deformation compared with materials with higher tensile
strength. This is expected when a silica filler is introduced into
the system. At the same time, all samples showed a decrease in
the maximum elongation at break for samples with SILP
material compared to references without silica. The largest
decrease in the maximum elongation at break was recorded for
[EMIM][OAC], and its value decreased by 0.47 %. The smallest in
turn was presented by the sample hardened with [BMIM][DCA],
for which the value compared to the reference decreased by
0.29%. Similarly, the greatest change in tensile strength and
tensile toughness was also noted for [EMIM][OAc], which was
lower by as much as 38% and 69 %, respectively, compared to
the reference. Once again, a significant effect of the presence of
silica on the behavior of this IL and its action as a hardener was
observed. We assume that this liquid has the greatest affinity
for silica, which can also be confirmed by a small change in the
modulus of elasticity (4% compared to the reference), which
proves the compact structure of the composite with the filling
and the fact that the curing process occurred extremely close to

Table 4. Mechanical properties of the carbon composites.

No Resin Thickness Mechanical analysis
saturation [mm]
[%]
Max elonga- Tensile Force Modulus Tensile
tion strength IN] of Elastic- toughness
at break [N/mm?] ity MJ/m’]
[%] [GPa]
R1 45 059 1.42 130.85 1544 923 1213
7 48 053 1.01 121.04 1283 11.93 845
R2 46 053 0.93 123.87 1313 13.26 7.19
22 45 061 0.64 96.97 1183 15.15 430
R3 47 0.50 117 142.80 1428 12.16 11.06
37 48 0.68 0.70 88.53 1204 12,65 340

R1,7 - [BenzMIM] [DCA], without and with silica, respectively, R2,22 — [BMIM] [DCA], without and with silica, respectively, R3, 37 - [EMIM] [OAc], without and

with silica, respectively.

Table 5. Mechanical properties of flax composites.

No Resin Thickness Mechanical analysis
?gg]uratlon oo} Max elonga- Tensile Force Modulus Tensile

tion strength IN] of Elastic- toughness
at break [N/mm’] ity MJ/m’]
[%] [GPa]

R1 56 0.63 1.53 4294 541 281 422

7 58 0.68 0.65 36.25 493 5.54 149

R2 55 0.58 1.65 4793 556 291 528

22 57 0.66 0.94 42.20 557 450 260

R3 58 0.63 1.59 3873 488 243 461

37 59 0.69 0.72 3551 490 491 171

R1,7 - [BenzMIM] [DCA], without and with silica, respectively, R2,22 — [BMIM] [DCA], without and with silica, respectively, R3, 37 - [EMIM] [OAc], without and

with silica, respectively.
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the silica surface. As it was for the carbon structures, a decrease
in tensile toughness was also observed with regard to the
reference samples, and the highest decrease was recorded for
[BenzMIM][DCA] and [EMIM][OAC] (65% and 67 % respectively).

Composites made with reinforcement based on flax fiber
also showed changes depending on the type of hardener (ionic
liquid or SILP) in analogous mechanical parameters. Their values
remained at a different level because the flax fiber itself is more
flexible than the carbon fiber. The modulus of elasticity for the
ionic liquids [BenzMIM][DCA] and [EMIM][OAC] increased by
approximately 100% compared with the reference, which is a
huge increase and indicates a significant stiffening of the
sample under the influence of the presence of silica. However,
for [BMIMI[DCA], this parameter increased by 55 %, which is also
a high value. In contrast, the maximum elongation at break was
reduced by approximately 50% for all tests, without any
significant differences depending on the IL. The prepared
structures also had a lower tensile strength, with the difference
being 16, 12 and 8%, respectively, for [BenzMIM][DCA],
[BMIM][DCA], and [EMIM][OAC].

Figure 3 presents the tensile strength measurement graphs,
in which the shift of the reference value (black line) in relation
to the SILP cured composite (orange line) can be observed. In
some samples, gradual tearing of the sample with increasing
force is visible; however, no significant correlations were
observed between this phenomenon and the type of SILP or
ionic liquid. It is assumed that this was an individual phenom-
enon for a given composite structure, and the moment of the

1500

1000

Force [N]

500

0 / - -
0 1 2 34 5 6 7 8
Elongation (mm)

Systems: R1/carbon and 7/carbon

Force [N]

0 1 2 3 4 s 6 7

Elongation [mm)]

Systems: R1/flax and 7/flax

Elongation (mm]

Systems: R2/carbon and 22/carbon

Elongation [mm]

Systems: R2/flax and 22/flax

first break in the continuity of the composite structure was
used to determine the mechanical parameters.

To visualize the surface of the composites, SEM images were
taken, which are presented in Figure 4. The magnified surface
of the composite structure under the microscope indicates that
the distribution of SILP particles on the surface of the material
is randomized but retains fineness. The formation of silica
agglomerates, which could significantly affect the heterogeneity
of the composite coatings, was not observed. Moreover, the
silica on the surface of the composite structures appears to be
covered with resin and permanently bonded with this coating.
It should be noted that the random distribution of silica
particles may not always be the desired effect in the composite
and must be considered each time. We suppose that in the case
of the studied composite structures, the phenomenon of
random distribution may be related to the method of fiber
hand lamination. This method is mainly intended for coating
fibers with a homogeneous resin system without filling, and it
may affect the distribution of SILP in the composite because
the silica will not be able to penetrate the interior of the
composite and fibers. However, as mentioned earlier, the
deposition of the ionic liquid curing agent on the surface of the
silica requires the resin to adhere directly to the silica to
polymerize, thus the bond between the reinforcing fiber, resin,
and silica is extremely strong.

s 6 7 8 0 1 2 3 4 S5 6 1 8
Elongation [mm]

Systems: R3/carbon and 37/carbon

Elongation (mm]

Systems: R3/flax and 37/flax

Figure 3. Tensile strength measurement graphs. The black line represents the reference sample, and the orange line represents composites cured with SILPs.
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Figure 4. SEM pictures (20x) of the composite structures. On the left side, R1/carbon, on the right side 7/carbon.

Conclusions

In conclusion, this study presents a new approach to the search
for multifunctional hardeners for epoxy resins: SILP materials in
which an ionic liquid is deposited on a silica support. Various
variants of this solution were presented, both in the context of
the selection of silica and ionic liquid and its concentration. In
addition, several parameters and properties influenced by the
SILP material are presented.

Matching the appropriate curing system to the resin and
then adapting this system to a specific application is an
extremely complex process, and there is no perfect solution
for all final applications of a given composite structure. This
paper describes universal silica, DG635, and presents its
operation along with various ionic liquids. It has been shown
that due to the influence of SILP, the composite changes its
mechanical properties, such as modulus of elasticity or
tensile strength. This phenomenon is characteristic of the
presence of a filler such as silica. However, in the case of SILP,
the way and strength with which the silica filler is bonded to
the composite matrix is much stronger because the polymer-
ization of the resin occurs in a forced manner, directly at the
surface of the silica. Moreover, it has been shown that the
effect of SILP, compared with the use of IL alone, on the
thermal transformations and temperatures of the curing
process itself is insignificant. This shifts these values to higher
process temperatures in the case of SILP.

SILP materials as simultaneous hardeners and fillers in the
composite seem to be a good direction of research, especially
in the context of the shift of the composite industry toward
epoxy bioresins, which are usually in the solid state and
require temperature to liquefy. Solutions such as SILP will
allow for the preparation of resin recipes with a hardener and
filler using the one-pot method, and then their long storage
due to the stability of SILP itself and the lack of activity
toward the resin in a system devoid of energy supplied in the
form of temperature. SILP-type materials are a new group of
epoxy resin hardeners, the understanding of which may be

ChemPlusChem 2024, 89, 202400193 (13 of 16)

crucial in the future design of epoxy systems based on
biosubstances. Performing dual functions in the system, they
can not only contribute several additional properties to the
final material, but when properly designed, they can meet
even the most complex crosslinking temperature require-
ments, maintaining controlled process conditions and pre-
venting the possibility of exceeding the polymerization peak
temperature by stabilizing the hardener with silica. Finally,
various types of ionic liquids can be deposited on the silica
surface, the properties of which with respect to composite
materials, such as flame retardancy, stiffening, or increasing
electrical conductivity, are widely described in the literature.
Thus, SILP materials will in the future serve as a platform for
the design of modern, multifunctional resin systems based
on environmentally friendly substances that meet numerous
technical and technological requirements.

Experimental Section

Materials

The ionic liquids: (i) 1-ethyl-3-methylimidazolium acetate, (i) 1-
butyl-3-methylimidazolium dicyanamide and (iii) 1-benzyl-3-methyl-
imidazolium dicyanamide were purchased from loLiTec-lonic
Liquids Technologies GmbH (Germany). Their structure is presented
on Figure 1 in Supplementary Information.

Silica gel: (i) high-purity grade silica gel (Davisil Grade 635), (ii) high-
purity grade silica gel (Davisil Grade 62), and (iii) high-purity grade
silica gel (Davisil Grade 12) were purchased from Merck GmbH
(Germany). The parameters of the selected silica are summarized in
Table 6. All organic solvents used in the study were of at least HPLC
grade and were purchased from Merck GmbH (Germany).

Reinforcement fabrics: (i) PrimeTex® carbon fabric (twill, spread)
200 g/m? based on Tenax® HTA 40/200 tex (3k) fibers and (i)
FLAXDRY-UD180 cross-stitched unidirectional flax fabric 180 g/m?
were purchased from Hexcel Corporation (USA) and Eco-Technilin
(France), respectively. Epoxy resin: EPD certified EnviPOXY 530,
based on Bisphenol A diglycidyl ether (DGEBA), was purchased
from Spolchemia a.s. (Czech Republic).

© 2024 Wiley-VCH GmbH
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Table 6. Parameters of the silica gels.

Silica Pore size Mesh

A

DG62 150 60-200

DG635 60 60-100

DG12 22 28-200

SILP Preparation and Characterization

Preparation of the SILP

All SILP materials with different IL concentrations from 10 9% to 50 %
were prepared based on the methodology previously described in
the literature,”” and a graphical diagram is presented on Figure 2
in Supplementary Information. The previously calcined silica and
ionic liquid were placed in a flask containing dichloromethane. The
prepared system was stirred at room temperature (rt) for approx-
imately 30 minutes, and then the solvent was very slowly evapo-
rated on a vacuum evaporator, leaving a thin layer of ionic liquid
on the surface of the silica. The SILP material, after evaporation of
dichloromethane, was dried on a vacuum pump for at least
24 hours.

BET Measurement

The surface area was determined by the BET method for all
obtained SILP materials, according to the methodology described
earlier. ' Measurements were made using nitrogen adsorption at
77K and a sorptometer. Then, using the Barrett-Joyner-Halenda
(BJH) method for the isotherm desorption branch, the following
parameters were determined: (i) total pore volume and (ii) average
pore diameter. All samples were previously degassed at 393K for
20 hours.

Curing Screening

Screening tests using a vacuum oven were used to examine the
ability of the obtained SILP materials to initiate the epoxy resin
curing process. Each SILP/Epoxy resin system was prepared by
physically mixing SILP and epoxy resin, each time maintaining a
constant amount of ionic liquid initiator (3% by weight, based
on ionic liquid deposited on silica). The mixed system was
degassed on a vacuum pump and then placed in a vacuum oven
set to a constant temperature of 170°C for 240 minutes. Such a
one-time temperature treatment of the system in the oven was a
single curing cycle, which was repeated up to a maximum of 3
test cycles if the sample failed to cure. Samples that did not cure
during the 3 cycles were considered to have no epoxy cross-
linking properties.

Curing Characterization

The properties of SILP materials to initiate curing of the epoxy resin
were also tested using Differential Scanning Calorimetry (DSC)
based on the methodology previously described in the
literature.*®
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Composite Preparation

Systems of epoxy resins with SILP materials were used to produce
monolayer composite structures reinforced with (i) carbon and (ii)
flax fibers. For this purpose, the technique of hand lamination of
fabric fibers using a previously degassed resin system was used.
During the wetting of the fibers with resin, the degree of wetting
was controlled and maintained at the following levels: (i) 45-48%
for carbon-reinforced composites and (i) 55-59% for flax-rein-
forced composites. The preimpregnates were cured in a vacuum
oven at 170°C, in the form of composite sheets with dimensions of
30x30 cm.

Mechanical Testing

Hardness

The selection of Shore hardness measurement as the fundamental
parameter for assessing cured silica-containing resin stems from
the recognition that materials incorporating fillers such as silica
often face challenges related to excessive brittleness and low
hardness. In this context, Shore hardness measurement seems to
be a simple, repeatable, and universal way to control this
parameter. For this measurement, the methodology described
previously in the literature’® was used, in which, on the basis of
SILP/epoxy resin systems, 1x1 cm cubes were prepared and tested
using a Shore D hardness tester.

SEM Mechanical Analysis

The mechanical properties of the composite structures were tested
using a Scanning Electron Microscope (SEM, Hitachi SU3500, Japan)
equipped with a measuring table for mechanical testing of the
materials. For this purpose, measuring samples with dimensions of
2x3.5cm and a thickness of 0.5-0.7 mm were prepared. Then, the
samples were placed in the measuring jaws with a jaw extension
rate of 1.5 mm/min. During the measurement, a 2KN single lead-
screw tensile with 415:1 gearbox and 512-line encoder was used.
The apparatus was calibrated at 2000 N, and the trip was set to
2000 N. The measurement was performed until the continuity of
the composite structure was broken, observing a visible decrease in
the force value. On the basis of the measurements carried out, the
following were determined: (i) the force at break and (ii) the
maximum elongation of the sample at break. The measurement
data obtained were used to determine the following: (iii) tensile
strength, defined as the stress corresponding to the highest tensile
force F obtained during the static tensile test, related to the original
cross-sectional area of the sample/*'#? (iv) modulus of elasticity,
which quantifies the relationship between tensile stress (force per
unit area) and axial strain (proportional deformation),®** and, (v)
tensile toughness as a correlation between energy absorbed and
volume. SEM was also used to take pictures of the surfaces of the
composite structures.

Supporting Information
Structures of ionic liquids, SILP preparation method and Differ-

ential Scanning Calorimetry (DSC) curves of epoxy resin systems
with ionic liquids and SILP materials.
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Abstract Cellulose, a ubiquitous natural biopoly-
mer, has diverse applications in industries such as
paper manufacturing, textiles, and food. A pivotal
breakthrough emerged with the discovery that ionic
liquids (ILs) can dissolve cellulose, initiating com-
prehensive studies over the past two decades. This
study explores the effectiveness of a selected sys-
tem comprising [EMIM][OAc], [EMIM][DCA],
and DMSO in cellulose dissolution, validated
through a 5% cellulose solution, and the use of
such systems as initiators of epoxy resin curing.
In epoxy resin systems, the cellulose fibers formed
in situ affect the mechanical properties of the final
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materials, which in the work presented here were
flax fiber-reinforced epoxy composites. Differential
Scanning Calorimetry (DSC) showed that cellulose
inclusion minimally affected curing temperatures
but reduced enthalpy. Scanning Electron Micros-
copy (SEM) demonstrated in situ cellulose fiber
generation during mixing, ensuring high compat-
ibility with the resin matrix. Mechanical testing
revealed promising outcomes, including increased
glass transition temperature (T,) and enhanced
Heat Deflection Temperature (HDT). However,
a 50% reduction in impact strength indicated
increased brittleness.
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Introduction

Cellulose is one of nature’s most widely distributed
natural biopolymers, which has proven itself for many
years in a variety of applications such as the manu-
facture of paper, textiles, and fibers. It is used as a
thickener in the food industry or as an important sta-
bilizing component in pharmaceutical preparations.
In addition, because of its high natural availability, it
is used in the production of biofuels or building mate-
rials with insulating properties.

However, all these applications are due to the
elaborate structure of this polymer, which is charac-
terized by high chemical and physical resistance. The
priority task in the search for new areas of applica-
tion and exploitation of the potential of cellulose is to
study in depth the degradation of this biopolymer to
obtain monomers and simpler chemicals, which will
enable advanced modification of its structure. This is
not an easy task, mainly because of the challenge of
bringing cellulose into a liquid state, enabling further
modification or mild degradation processes. It seems
that the breakthrough moment in cellulose research
was the discovery of the ability of ionic liquids (ILs)

@ Springer

dissolution of cellulose in ionic liquids appeared in
2002, thanks to a group of scientists led by Professor
Robin D. Rogers (Swatloski et al. 2002). This article
launched the research of scientists around the world,
which, after a little more than 20 years, made it pos-
sible not only to thoroughly study the process of dis-
solving cellulose in ILs, but also to optimize the pro-
cess and propose further steps involving, for example,
the recovery of cellulose in an altered structural form.

Ionic liquids are a group of chemical compounds
with different structures that retain ionic properties and
exist at room temperature or temperatures below 100
degrees Celsius in the liquid state. In addition, they
can be polar or non-polar in nature, exhibit very high
thermal stability, and thanks to the multitude of poten-
tial cation and anion structures, both organic and inor-
ganic, are compounds with almost unlimited design
possibilities to suit a specific application (Zajac et al.
2019; de Jesus and Maciel Filho 2022). Currently,
many ionic liquids are known to dissolve cellulose. In
particular, research has focused on 1-ethyl-3-meth-
ylimidazolium  and  1-butyl-3-methylimidazolium
cations along with halide anions, formate, or phos-
phate (Isik et al. 2014). At the beginning of the stud-
ies, it was believed that the selection of the appropriate
anion was of key importance in the ability of an ionic
liquid to dissolve cellulose, and therefore acetates, in
particular 1-butyl-3-methylimidazolium acetate and
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1-ethyl-3- methylimidazolium acetate. However, fur-
ther studies have shown that the cation structure is of
no less importance in the effective dissolution of cellu-
lose (Lu et al. 2014). Furthermore, not only the IL itself
is important in terms of process efficiency, but also the
presence and selection of the co-solvent (Andanson
et al. 2014; Zhang et al. 2021). In addition to dissolv-
ing biomass, ionic liquids have numerous other applica-
tions. They can be used as alternative solvents in chemi-
cal reactions (Welton 2018), catalysts (Haumann 2020;
Seitkalieva et al. 2021), electrolytes (Kazemiabnavi
et al. 2016; Liu et al. 2022), and energy storage (Miao
et al. 2021; Stettner and Balducci 2021). In the context
of this work, their use as latent initiators of the harden-
ing of epoxy resins, which are the building material of
composite materials, is important (Rahmathullah et al.
2009). Under the influence of the supplied temperature,
ILs decompose, leading to the release of compounds
(derivatives of cations, e.g., amines or anions, e.g.,
dicyanamides), which actively initiate the resin cross-
linking process, leading to the formation of dense poly-
mer networks (Livi et al. 2022).

The ionic liquid 1-ethyl-3-methylimidazolium
dicyanamide ([EMIM][DCA]) was investigated as a
curing agent for epoxy resins in a study by Binks et al.
(Binks et al. 2018a). They found that polymerization
initiated by [EMIM][DCA] begins at 122 °C, with
peak activity at 142 °C and 180 °C, and concludes at
198 °C. This contrasts with the known decomposi-
tion temperature of [EMIM][DCA] (275 °C) reported
by Forsyth et al.(Forsyth et al. 2004), indicating that
the curing process of epoxies by ionic liquids is not
solely dependent on thermal stability. This suggests a
more intricate relationship between thermal stability
and curing activity. Additionally, the study highlights
the complexity of the polymerization process, which
involves both cations and anions. Therefore, although
ionic liquids demonstrate thermal stability, they can
still effectively initiate curing at lower temperatures,
emphasizing the multifaceted nature of the curing
process initiated by ionic liquids.

The use of cellulose in widely understood mate-
rials relies heavily on the use of cellulose fibers as
composite reinforcement or for biomedical applica-
tions. Numerous reports using ionic liquids in the
preparation of such fibers are known in the literature
(Liu et al. 2021; Azimi et al. 2022). However, what is
important from the point of view of materials science
is the possibility of forming hybrid materials with

dissolved cellulose as a strategy for obtaining highly
specialized materials with tunable properties. Some
ionic liquids may have groups in their structure capa-
ble of creating a polymer network under the influ-
ence of various types of stimuli, such as: a radiation
beam of a specific length (Minamimoto et al. 2015;
Zajac et al. 2019), or the presence of an exterior ini-
tiator (Salminen et al. 2022). The research proved that
polymerization carried out in a solution of a polymer-
izable ionic liquid in which cellulose was previously
dissolved allows for obtaining a material containing
cellulose embedded in the polymerized ionic liq-
uid network, and it was proven that this biopolymer
is highly compatible with such a matrix (Murakami
et al. 2007; Isik et al. 2014). In turn, a slightly more
simplified approach for forming cellulose-conven-
tional polymer networks is achieved by co-dissolving
cellulose and the polymer in IL and then precipitating
the copolymer by, for example, adding water to the
system. Numerous studies have proven such connec-
tions, and the method for producing such materials is
simple (Isik et al. 2014). Another example of cellu-
lose processing for its use in a composite is the fibril-
lation of biopolymer fibers by ionic liquids (Berglund
et al. 2017). It has been proven that the production of
cellulose nanofibers by treating them with ionic lig-
uids is a more effective process than traditional ones,
as it saves energy during production and bleaching.
The use of ionic liquids (ILs) in cellulose process-
ing presents several potential challenges and negative
aspects, as highlighted in various studies. These issues
include reactivity with cellulose leading to chemi-
cal modifications, potential impurities catalyzing side
reactions, and the risk of losing IL moieties over time,
which is particularly problematic in medical applica-
tions. Furthermore, the incompatibility of certain ILs
with oxidized cellulose limits their applicability in
certain derivatives. The reversibility of reactions and
the need for complex analytical techniques add layers
of complexity. Lack of inertness of ILs with cellulose
can lead to unexpected reactions, and anion reactivity
may interfere with derivatization processes. Caution is
advised in biological applications because of the risk
of unwanted reactions. In addition, concerns about
impurities impacting recyclability and the environ-
mental impact of disposal highlight sustainability chal-
lenges. Finally, cost and scalability issues may hinder
widespread industrial adoption. In conclusion, while
ILs offer unique properties, their usage in cellulose
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processing necessitates careful consideration of these
challenges to maximize their potential benefits in sus-
tainable applications(Ebner et al. 2008; Schrems et al.
2010; Zweckmair et al. 2015, p. 1).

In our opinion, research conducted on cellulose dis-
solved in ionic liquids is strongly focused on the fol-
lowing: (i) biomass processing and recycling toward
the recovery of high-quality cellulose, (ii) modification
of dissolved cellulose to valorize it after re-precipita-
tion from the system with ionic liquids, and (iii) cel-
lulose degradation processes in ionic liquids, leading
to the production of valuable monomers and chemical
compounds. It should be noted that research on the use
of cellulose solutions in ILs is limited, and it is this
step that has limited the widespread use of cellulose for
decades. Hence, it is necessary to look broadly at the
potential of dissolved cellulose and to find applications
in areas that today require new solutions, especially
those that are environmentally friendly. One such area
is biocomposites and their modifications to increase
their competitiveness and attractiveness in relation to
epoxy composites, whose negative impact (both, epoxy
resins itself, hardeners and modifiers) on the environ-
ment has been repeatedly emphasized in numerous
works (den Braver-Sewradj et al. 2020). The aim of
this study was to examine the influence of incorporat-
ing cellulose, previously dissolved in an ionic liquid
system ([EMIM][OAc] and [EMIM][DCA]) along
with DMSO as a co-solvent, on the curing process of
epoxy resin. This system was strategically designed to
initiate the in situ generation of cellulose nanofibers
within an epoxy resin matrix when combined, serving
as a latent initiator for resin hardening. We used this
system to fabricate epoxy biocomposites reinforced
with flax fibers and in situ generated cellulose nanofib-
ers. This study involves comprehensive evaluation of
the thermal and mechanical properties of the obtained
materials. The main idea was to understand how the
inclusion of dissolved cellulose in an ionic liquid sys-
tem would impact both the curing process and the
mechanical performance of the composites.

Experimental

Materials

1-Ethyl-3-methylimidazolium
1-ethyl-3-methylimidazolium

chloride >99.0%,
acetate > 98.0%,

@ Springer

and 1-ethyl-3-methylimidazolium dicyana-
mide>98.0% were purchased from IoLiTec
GmbH (Heilbronn, Germany), Dimethyl sulfox-
ide>99.9% (DMSO) and microcrystalline cellu-
lose (20 pm) were purchased from Merck GmbH
(Darmstadt, Germany), epoxy resin LH 301
was purchased from Havel Composites CZ s.r.o.
(Praslavice, Czechia), and flax fabric was pur-
chased from TC3 sp. z 0.0. (Szczecin, Poland). All
organic solvents used in this study were of HPLC
grade and were purchased from Merck GmbH
(Darmstadt, Germany).

Cellulose dissolution

Tonic liquids mixed with the co-solvent in appropriate
molar ratios (discussed later in the article) were thor-
oughly dried on a vacuum pump and then used to dis-
solve microcrystalline cellulose. The mixture of ILs
and co-solvent was first heated to 100 °C, and then
microcrystalline cellulose was added in portions to
the constantly stirred system (each portion was added
after the previous one was completely dissolved) until
the cellulose content in the system was 5% wt. The
prepared systems were additionally dried on a vac-
uum pump overnight before further experiments.

Preparation of composites

The vacuum bag method was used to produce compos-
ite structures, which is an improvement over the manual
lamination method. The epoxy resin and the ionic liquid
system with or without cellulose (4.0% wt.) were heated
to 32 °C before saturating the fabric. The first step was
to make a given items using the contact method, and
then apply auxiliary materials to its surface and cover
the entire thing with a flexible bag attached to the edges
of the mold with an adhesive gasket. Then, the air
with the excess resin mixture was sucked out through
the vacuum pump stub placed in the mold. The auxil-
iary materials used to produce the composite were as
follows: (i) Peel ply, which guaranteed the cleanliness
of the surface and the required texture; (ii) perforated
release film, which isolated the composite from other
surfaces; and (iii) a venting and draining fabric made of
needle-punched non-woven fabric, which was intended
to facilitate even distribution of the vacuum over the
surface of the entire item and to remove excess resin
mixture. Composite structures reinforced with flax
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Fig. 1 Schematic diagram presenting the composite preparation process

fiber with a weight of 200 g/m” and a 2x 2 weave were
prepared. The composite structures from which appro-
priate measurement shapes for individual tests were
prepared (by cutting strips from prepared composites
using a table saw with water cooling) were 4 mm thick
(7 layers) and cured at temperature 130 °C for 3 h with
temperature ramp 1 °C/min. Because the flax fabric is
hydrophilic, and this directly influenced the hardening
process of the composite, before its production, the fab-
ric was dried at a temperature of 70 °C for 3 h. Perfectly
dry fabric was used for the preparation of composite
structures. A schematic of the preparation of compos-
ite structures is shown in Fig. 1, while supplementary
information includes photos of the various stages of
fabrication of composite structures.

Thermal analysis
Differential Scanning Calorimetry (DSC)
All experiments using DSC, both involving the

study of the ionic liquid system with or without
cellulose, as well as the study of the epoxy resin

hardening process, were carried out on the DSC 3
device (Mettler-Toledo GmbH, Greifensee, Switzer-
land) according to the procedure described in detail
in previous works of the authors (Zajac et al. 2019;
Zielinski et al. 2021). In brief, the heating and cool-
ing rate was 10 °C/min, and the analysis was per-
formed in 50 mL/min nitrogen flow.

Scanning electron microscopy (SEM)

Images using a scanning electron microscope were
taken on a SU3500 instrument. (Hitachi Ltd., Tokyo,
Japan).

Mechanical properties

Dynamic Mechanical Thermal Analysis (DMTA)

Tests using DMTA were performed using a DMTA
Q800 device (TA Instruments Inc., New Castle, USA)

Q Springer

111181



/1/_PRACA [AT]

6752

Cellulose (2024) 31:6747-6760

with the three-point bending mode in the range of
25-250 °C (heating rate 3 °C/min, amplitude 1 Hz,
strain 20 pm).

Heat Deflection Temperature (HDT)

HDT tests were performed using the D-VICAT/HDT-
2-300/SA apparatus (Donserv, Warsaw, Poland)
according to the PN-EN ISO 75-2 standard, using
a nominal surface stress of 1.8 MPa for flat samples
(method A, variant f, width approx. 10 mm). The
tests were conducted at temperatures of 25-250 °C
in silicone oil (heating rate 120 °C/h, counting after
5 min from the moment of applying the load) using 3
samples of a given composite.

Vicat softening temperature

Softening temperature tests using the Vicat method
were performed using the D-VICAT/HDT-2-300/SA
apparatus (Donserv, Warsaw, Poland) according to
the PN-EN ISO 306 standard (A120 method) using
a needle load equivalent to a pressure force of 10 N
for flat samples (width approx. 10 mm). The tests
were conducted in silicone oil (heating rate 120 °C/h)
using 4 samples of a given composite.

Charpy V-notch test

Impact strength tests were performed with a Charpy
hammer (Kogel Werkstoff- und Materialpriifsysteme
GmbH, Leipzig, Germany) with an energy of 3.922 J
(0.4 kpm) according to the PN-EN ISO 179-1 stand-
ard (notchless method) using samples with a width
of approximately 10 mm (type 1, impact perpen-
dicular to reinforcement layers (fU)). The tests were
conducted at room temperature using 3 samples of a
given composite.

Fig. 2 Structures of the
selected ionic liquids

[EMIM][OAc]
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Results and discussion
Cellulose dissolution

To dissolve the cellulose, a system consisting of two
ionic liquids (1-ethyl-3-methylimidazolium chlo-
ride, [EMIM][CI] and 1-ethyl-3-methylimidazolium
acetate [EMIM][OACc]) and a co-solvent in the form
of DMSO was selected first. The optimal ratios of
the individual components and the ability to dis-
solve cellulose for such a system have been studied
in depth and described in the literature (Stolarska
et al. 2017). The well-established understanding of
the functioning of this system in dissolving cellulose
led to its selection for preliminary testing. Moreover,
[EMIM][OAc], which is a component of this mix-
ture, also has epoxy resin curing properties, as con-
firmed in literature reports (Carvalho et al. 2020).
The results of preliminary tests, in which a solu-
tion of dissolved cellulose (5% wt.) was used along
with epoxy resin, effectively curing it, were used to
optimize the composition of the mixture. The deci-
sion to replace [EMIM][CI] with [EMIM][DCA] was
made on the basis of the inefficiency of [EMIM][CI]
in dissolving cellulose and its ineffectiveness in initi-
ating resin polymerization. [EMIM][DCA] was cho-
sen for its excellent crosslinking properties toward
the resin, and numerous research groups have stud-
ied its associated curing process (Rahmathullah et al.
2009; Binks et al. 2018b; Carvalho et al. 2020). The
structures of the ionic liquids are presented in Fig. 2.

Table 1 Chemical composition of the prepared mixture based
on ILs for cellulose dissolution

Ingredient Molar ratio

[EMIM][OAc] 35
[EMIM][DCA] 15
Dimethyl sulfoxide [DMSO] 50

o4

/N\// ® oN
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1-ethyl-3-methylimidazolium dicyanamide

[EMIM][DCA]
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Table 2 Curing process parameters determined based on DSC
analysis

Tonscl Tmax Ttndxel AH
[°C] [°C] [°C] /gl
A — without cellulose 88.3 107.6 128.6 80.1
B — with cellulose 89.6 105.2 119.5 55.8

The system thus developed was used for further
testing, and the composition of the final blend is
presented in Table 1. Cellulose was dissolved in
this formulation at 5% wt. and used in further tests.
Moreover, for the mixture itself as well as for the
cellulose-containing mixture, tests were performed
using differential scanning calorimetry to identify
phase transformations; however, no transformations
were observed in the range of -80 to 250 °C.

Curing process

The next step of the study was to use DSC to charac-
terize the curing process. The greatest emphasis when
analyzing the results was to evaluate how the pres-
ence of cellulose in the resin mixture would affect the
start (Typee) and end (T, temperatures of polym-
erization, as well as the temperature peak (T,,,,) of
the curing process and its energy efficiency (AH). It
was shown that cellulose does not affect significant
changes in the curing process, and therefore does not
cause a shift in temperature values compared with a
reference in which there was no cellulose. Table 2
summarizes the experimental data for the tested sys-
tems, where System A is a mixture of ionic liquids
and DMSO, and System B is a mixture containing an
additional 5% wt. of dissolved cellulose.

It should be noted that the presence of cel-
lulose reduces the enthalpy of the process from
80.1 J/g to a 55.8 J/g for the system containing cel-
lulose. Lowered enthalpy during the polymeriza-
tion process has significant implications for thermal
efficiency(Ghanbari et al. 2023). It affects various
aspects of the reaction, from heat transfer proper-
ties to energy requirements and final material prop-
erties. Studies indicate that reducing the enthalpy
can influence non-bonding interactions within the
polymer system, thereby impacting thermal con-
ductivity and heat transfer efficiency(Huo et al.
2020). Moreover, lower enthalpy can lead to faster

reaction rates and improved control over the polym-
erization process, potentially resulting in higher
yields of the desired polymer product(Huang et al.
2022). This reduction in enthalpy also influences
the heat release during the curing reaction, affect-
ing factors such as reaction kinetics, curing time,
and final material properties. In certain cases, such
as in epoxy-talc composites, increased filler content
correlates with decreased curing enthalpy, suggest-
ing less exothermic reactions and lower heat gen-
eration during polymerization(Shnawa 2022). Fur-
thermore, the transition from one stage to another
in the polymerization process, as seen in the shift
from A-stage to B-stage resins, indicates significant
network formation, reducing the energy required for
subsequent curing steps(Gupta et al. 2024). This
optimized reaction range is crucial for industrial
applications where energy costs are critical. Molec-
ular dynamics simulations have also shown promise
in optimizing crosslinking network structures with
minimum energy input, further enhancing thermal
efficiency(Du et al. 2023). In essence, controlling
the enthalpy during polymerization processes is key
to achieving efficient and cost-effective manufactur-
ing processes. The graph presented in Fig. 3 shows
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Fig. 3 DSC thermogram for the curing process of epoxy resin
with IL and cellulose. A — ILs/DMSO, B — ILs/DMSO/Cellu-
lose
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the thermal curve during the curing process and the
overlap of the thermal conversion values during the
curing of the two systems. In conclusion, the sys-
tems containing 5% by weight of cellulose give off
less thermal energy during crosslinking compared
to systems without the biopolymer, while at the
same time a reduction in the temperature of the end
of polymerization of about 10 °C is observed. The
slight reduction in the energy released in the pro-
cess may be a direct result of the presence of cel-
lulose and the absorption of some of the process
energy in favor of its own structure in the cured
material.

Properties of composites

A key element of the ongoing work was to conduct
a series of tests on the mechanical parameters of
the fabricated composite structures. Biocomposite
structures were constructed based on epoxy resin,
flax fabric serving as reinforcement, and a system
of ionic liquids with DMSO and dissolved cellulose
(B). As a reference, analogous cellulose-free struc-
tures were prepared (A). It is worth noting that when
preparing resin mixtures with the IL/DMSO/Cellu-
lose system, serving as a hardener and in situ gen-
erated filling/reinforcing the composite, when the
ingredients are mixed, cellulose dissolved in ionic
liquids is precipitated under the influence of the
epoxy resin, in the form of microfibers/cotton wool,
of which the amount increases with time and inten-
sity of mixing until all dissolved cellulose is recon-
stituted in the resin matrix. The process of mixing
the system evenly at a constant speed throughout the
volume is crucial for maintaining the proper homo-
geneity of the mixture and the distribution of cel-
lulose fibers throughout the resin. An inadequately
mixed system promotes the formation of large
clusters of reconstituted cellulose and biopolymer
clumps, increasing inhomogeneity. Proper distribu-
tion of the generated fibers ensures that the desired
mechanical parameters of the final structure are
maintained. The resin mixture prepared in this man-
ner was used to laminate flax fabric fibers and then
to create composite structures. Nevertheless, before
evaluating the composite structure from a mechani-
cal point of view, the focus was on the morphologi-
cal evaluation of the cellulose.

@ Springer

Scanning electron microscopy

To evaluate the morphology of cellulose reconsti-
tuted from the ionic liquid system during mixing
with epoxy resin, the fibers were isolated, dried, and
examined using SEM and compared with samples of
microcrystalline cellulose used for dissolution in ILs.
Images obtained using the microscope are shown in
Fig. 4. It can be seen that the in situ generated cel-
lulose has a completely different form from its initial
state. The magnifications clearly show the loosen-
ing of bonds in the structure of the biopolymer and
the formation of fibers of considerable length, which
are present throughout the composite. In addition,
because the fibers are formed only at the time of mix-
ing with the epoxy resin, moisture or air does not
have the opportunity to appear in the system; thus the
compatibility of the fiber and the resin matrix is very
high and free of defects in the form of air bubbles or
water molecules.

Mechanical properties

The following measurement parameters were
selected: (i) DMTA analysis, which made it possible
to determine the glass transition temperature for the
composite structures; (ii) HDT measurement, which
made it possible to determine the temperature at
which the structure undergoes the assumed deforma-
tions; (iii) measurement of the softening temperature
using the Vicat method (VST) and (iv) determination
of impact strength using the Charpy method (CIT).
The obtained mechanical properties are summa-
rized in Table 3. All results were collected not only
for the previously mentioned Systems A ([EMIM]
[OAC]:[EMIM][DCA]:DMSO) and B ([EMIM]
[OAc]:[EMIM][DCA]:-DMSO +5% wt. of cellu-
lose) but also, performed for the system containing
[EMIM][OAC]:[EMIM][CI]:DMSO and 5% wt. of
dissolved cellulose, in order to confirm the validity of
replacing the ionic liquid [EMIM][CI] with [EMIM]
[DCA] in terms of the mechanical parameters
obtained. This system is marked in the table with the
symbol "0—preliminary".

Depending on the parameters that were used
to determine the glass transition temperature, or
rather, the temperature range at which the com-
posite structure exhibits glass transition character-
istics, it was noted that the addition of cellulose
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Fig. 4 SEM images of microcrystalline cellulose and cellulose present in the epoxy resin matrix. The degree of magnification is

indicated in parentheses

significantly increases the value of this parameter,
which in the case of System B reaches an upper
value of almost 100 °C, based on storage modu-
lus G’. Graphs showing the course of the DMTA
analysis are shown in Fig. 5. A significant increase
in the glass transition temperature caused by the
presence of cellulose is also reflected in the resist-
ance of the produced structures to deformation

under the influence of temperature(Laresser et al.
2024). The HDT values for composites containing
cellulose were 60.9 °C for System B, containing
[EMIM][DCA], and 44.0 °C for system 0, contain-
ing [EMIM][CI], which shows that the exchange
of this compound with [EMIM][DCA] favorably
influenced the deformation temperature. Moreover,
for the composite structure without cellulose, the

Table 3 Mechanical properties of the obtained biocomposite structures

Glass transition HDT VST CIT

-l °cl °Cl

Loss modulus Tan & Storage [kJ/m?] SN P N

G” modulus

G

A — without cellulose 50.5 41.6 57.5 <RT 59.7£1.6 40.4+3.6 13 5 8
B — with cellulose 61.3 794 99.2 609+1.7 219714 20.5+3.2 10 10 -
O0—preliminary 472 583 69.7 440x1.6 227.6+19 245+3.8 11 11 -

HDT—Heat deflection temperature, VST—Vicat softening temperature, CIT—Charpy impact test, P — partial fracture, N — No frac-
ture, SN — number of samples, A — ILs/DMSO system, B — ILs/DMSO/Cellulose system, 0 — [EMIM][OAc]/[EMIM][CIYDMSO/

Cellulose.
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Fig. 5 DMTA curves for the obtained biocomposite structures. On the left side is a graph for System A (ILs/DMSO), and on the

right side for System B (ILs/DMSO/Cellulose)

sample underwent all given deformations at room
temperature.

The loss modulus values for the obtained com-
posite structures, reinforced with flax fiber, were
determined using DMTA analysis and likewise des-
ignated as System A, System B, and a reference sys-
tem (0). The results obtained at various temperatures
and temperature differentials provide insights into
the viscoelastic properties of these composites. All
results are presented in Table 4. The loss modulus
is a measure of the energy dissipated as heat in a
material when subjected to oscillatory stress. It is a
key parameter in the study of viscoelastic materials,
which exhibit both viscous (fluid-like) and elastic
(solid-like) characteristics. In the context of testing
composite materials, the loss modulus is important as
it provides information about the damping properties
of the material, i.e., its ability to dissipate vibrational
energy. This is particularly relevant in applications

where vibration or noise control is crucial(Feng and
Guo 2016; Essmeister et al. 2021).

At the glass transition temperature (T,), System
A exhibited a loss modulus of 32.5 MPa, whereas
System B and the reference displayed higher val-
ues of 207.1 MPa and 278.6 MPa, respectively. This
indicates that System A demonstrated increased
viscoelastic behavior at T, compared with the other
systems(Chen and Lakes 1993; Wei and Li 2021).
Upon reaching T,+30 °C, System A experienced a
substantial decrease in the loss modulus to 5.1 MPa,
signaling a pronounced transition in the viscoelas-
tic properties(Ionita et al. 2015; Avila Torrado et al.
2022; Vizcaino-Vergara et al. 2023). In contrast,
System B and the reference system demonstrated
values of 82.9 and 35.3 MPa, respectively, suggest-
ing a less abrupt change in this temperature range.
Continuing, at 28 °C, System A exhibited the high-
est loss modulus at 213.2 MPa, indicating greater

Table 4 Loss modulus parameters for the obtained composite structures

System Loss modulus [MPa]
atT, atT,+30°C at28 °C at75 °C A28-75°C
A — without cellulose 325 5.1 2132 6.3 2069
B — with cellulose 207.1 829 108.1 150.9 428
0 — preliminary 278.6 353 156.9 40.9 116.0

A - ILs/DMSO, B - [Is/DMSO/Cellulose, 0 — [EMIM][OAc)/[EMIM][CI/DMSO/Cellulose
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viscoelasticity compared with System B (108.1 MPa)
and 0 (156.9 MPa). At 75 °C, System B displayed the
highest loss modulus of 150.9 MPa, suggesting supe-
rior stiffness or resistance to deformation at this tem-
perature. System A and the reference system showed
values of 6.3 and 40.9 MPa, respectively. The tem-
perature differential (A 28 — 75 °C), representing the
change in loss modulus over this temperature range,
was highest for System A (206.9 MPa), followed
by the reference system (116.0 MPa) and System B
(42.8 MPa). This indicates that System A undergoes a
substantial change in the viscoelastic properties over
the tested temperature range. Considering the pres-
ence of cellulose in System B, the results suggest
that the addition of cellulose contributes to enhanced
stiffness and a more gradual change in viscoelastic
properties compared with System A. System B, with
the combined influence of ILs/DMSO and cellulose,
exhibited notable stiffness at both 28 °C and 75 °C.
The reference system, with [EMIM][OAc])/[EMIM]
[C1)/DMSO/Cellulose, demonstrates intermediate
behavior between A and B in terms of loss modulus
values at different temperatures.

The presence of cellulose in the composite struc-
ture significantly increased the softening point value
determined by the Vicat method. Vicat softening
temperature serves as a pivotal measure in materials
testing, specifically for plastics, revealing the tem-
perature at which a material softens under a specified
load. This parameter plays a crucial role in evaluating
the heat resistance, quality, and overall performance
of composite materials. Its significance lies in deter-
mining material compatibility, assessing the potential
for blending with other polymers at lower processing
temperatures, and understanding the impact of addi-
tives on material behavior. Furthermore, the VST, in
conjunction with HDT, provides essential insights
into the quality and performance of both emerging
composite materials and established polymers in the
realm of materials science and engineering(Arndt and
Lechner 2014; Zhang et al. 2015). The increase in this
parameter compared with the system without cellu-
lose was as much as 160 °C. The biopolymer present
in the composite structure causes the temperature of
transition to the plastic mass state to be significantly
increased, which is extremely important in the case
of flax-reinforced biocomposites. In fiber-reinforced
biocomposites, elevating the glass transition tempera-
ture is crucial. These biocomposites often use natural

plant fibers, which may have a lower T, than synthetic
fibers. Increasing T, improves the thermal stability
and mechanical properties of the composite. Above
the glass transition temperature, the polymer becomes
more flexible, enhancing the adhesion between fib-
ers and the matrix. Elevating the T, also improves
the composite’s processability, facilitating molding
processes and leading to more efficient production.
For biocomposites used in high-temperature environ-
ments, such as automotive or aerospace industries, a
higher T, is paramount. Thus, raising the glass transi-
tion temf)erature is crucial for achieving superior ther-
mal and mechanical properties, and processability in
biocomposites(Asim et al. 2020; Mahmud et al. 2021;
Madyaratri et al. 2022; Ruiz de Azda et al. 2023). On
the other hand, impact tests of the produced materi-
als showed that cellulose reduces this value by half
compared with an analogous structure without cellu-
lose. Based on all the tested parameters, it can be con-
cluded that the cellulose present in the biocomposite
in the form we propose has a positive effect on most
of the tested properties, and these changes are desir-
able. However, cellulose also makes the composite
more brittle. In our opinion, such a broad look at the
properties of the obtained structures allows for bet-
ter profiling of further application areas of this type
of biocomposites(Bharath and Basavarajappa 2016;
Hasan et al. 2021; Mudoi et al. 2022).

Conclusions

Our study introduces a novel methodology for lever-
aging cellulose dissolved in ionic liquids. The goal of
this study was to investigate the impact of cellulose
addition (previously dissolved and used as a solution)
on the curing process of epoxy resin and subsequently
analyze the mechanical properties of the resulting
biocomposite structures. The chosen system involv-
ing [EMIM][OAc], [EMIM][DCA], and DMSO
exhibited effective cellulose dissolution, as validated
by employing a 5% wt. cellulose solution. The deci-
sion to substitute [EMIM][C]] in the model system
known in literature, with [EMIM][DCA] stemmed
from the recognized crosslinking properties, which
are well documented in prior studies. Analysis of the
curing process using DSC indicated that the inclu-
sion of cellulose in the resin mixture did not mark-

edly influence the curing temperatures (T, s Ty
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Tenase)- Scanning electron microscopy revealed the
in situ generation of cellulose fibers during mixing
with epoxy resin, displaying high compatibility with
the resin matrix and minimizing defects. The addition
of cellulose demonstrated promising outcomes: a sub-
stantial increase in glass transition temperature (T,) to
nearly 100 °C in System B with cellulose, indicating
heightened thermal stability; improved Heat Deflec-
tion Temperature (HDT), signaling enhanced resist-
ance to deformation under temperature influence;
and a noteworthy rise in Vicat Softening Tempera-
ture (VST) by 160 °C, emphasizing superior resist-
ance to plastic deformation. However, the Charpy
Impact Test (CIT) revealed a 50% reduction in impact
strength, showing the composite to be more brittle.

However, it is important to note the shortcomings
of the proposed solutions, which include the observed
increase in the brittleness of the cellulose-reinforced
biocomposite structures. Potential future applications
could involve addressing the brittleness issue by opti-
mizing the cellulose-reinforced biocomposite com-
position. In addition, further research could focus on
developing methods to mitigate the observed increase
in brittleness while maintaining the improved ther-
mal and mechanical properties of the biocomposite
structures. This could involve investigating different
curing processes, alternative cellulose sources, or
the incorporation of additives to enhance the overall
performance of the biocomposites. Applications that
prioritize increased thermal stability and stiffness
over high roughness typically involve environments
or conditions in which structural integrity and resist-
ance to deformation under elevated temperatures are
paramount. In certain industries such as aerospace,
automotive, and electronic, while surface roughness
may be a consideration for certain esthetic or func-
tional requirements, the primary focus is on ensur-
ing the structural integrity, thermal performance,
and mechanical strength of the composite materials.
Therefore, materials with enhanced thermal stability
and stiffness are preferred to withstand demanding
operating conditions and extend the service life of the
components.
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