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VOC-free tricomponent reaction platform for
epoxy network formation mediated by a recyclable
ionic liquidf

Marwa Rebei,® Andrii Mahun,? Zuzana Walterova,® Olga Trhlikova,?
Ricardo K. Donato (2 *® and Hynek Benes () *

Herein we propose a simple, volatile organic solvent (VOC)-free tricomponent reaction platform for the
stoichiometric step-growth polymerization between diepoxy resins and dicarboxylic acid in an imidazo-
lium IL medium. The established epoxy resin diglycidyl ether of bisphenol A (DGEBA), as well as the bio-
based diglycidyl ether of methyl hydroquinone (DGEMHQ), were used as epoxy sources, while bio-
sourced succinic acid was used as the binding building block in this reaction platform performed under
mild conditions (T = 80-120 °C). Moreover, no co-solvents, co-catalysts or conventional polymerization
initiators were used in our platform as the IL acted as both solvent and initiator/catalyst, and as no direct
residue was produced, this concept fully complies with most of the 12 principles of green chemistry. In
addition, post-reaction IL-recyclability was studied to further prove the sustainability and cost-effectivity
of this platform. The ring-opening of DGEBA and DGEMHQ was followed by FTIR analysis and confirmed
with NMR, showing a full consumption of the oxirane ring within 3 to 5 h of reaction. Also, MALDI-TOF
mass spectrometry was used for the detection of the intermediates formed in different reaction steps to
define the initiation mechanism. Finally, crosslinking and network structure of the optimized solid epoxy
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Introduction

Epoxy thermosets find applications in many industrial fields
such as coatings, electronics, and composites due to their
excellent thermo-mechanical properties, reduced flammability,
and good resistance to chemical and environmental
degradation."™® Ring opening of epoxides proceeds via two
different types of mechanism: an electrophilic attack on the
oxirane ring oxygen atom or a nucleophilic attack on its
carbon atom.” However, the molecules used for this task are
usually limited to a handful and predominated by nitrogen
compounds such as polyamines, polyamides, and
polycarbamides.>® Consequently, even the efforts to obtain
bio-based alternatives to crosslinkers are highly focused on
this class of compounds.*’

A more sustainable alternative to this issue is the use of
crosslinkers based on functional groups such as carboxylates

“Institute of Macromolecular Chemistry, Czech Academy of Sciences, Heyrovského
ndam. 2, Prague 6, 162 06, Czech Republic. E-mail: benesh@imc.cas.cz

bNational University of Singapore, Center for Advanced 2D Materials, Singapore
117546, Singapore. E-mail: donato@nus.edu.sg

tElectronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2py01031c

5380 | Polym. Chem, 2022, 13, 5380-5388

materials were characterized using dynamic-mechanical and thermogravimetric analysis.

and alcohols, as they are amongst the most abundant groups
in nature."'™"® This vastly increases the access to alternative
bio-based monomers as polymer building blocks. However,
due to their low reactivity/selectivity, they mostly rely on high
temperature and moisture-sensitive processes such as polycon-
densation.'* Nevertheless, acidic compounds have been recog-
nized as curing agents/crosslinkers for many commercial
resins, such as Bisphenol A diglycidyl ether (DGEBA), and
other natural-based epoxies resins,">™"” but they still rely on
the application of catalysts such as organometallic com-
pounds,'® triethyl benzyl ammonium chloride’ and other
amine-based compounds,">'®'® especially imidazole-based
compounds.’>*' However, besides the many technical issues
of applying catalysts on an industrial scale, most of these pet-
roleum-based catalysts/hardeners are effective only at high
temperatures and have many serious environmental issues
associated with their disposal.>"®

In this context, ionic liquids (ILs) are effective multifunc-
tional additives for epoxy materials, bringing together their
excellent physicochemical properties, such as low flammabil-
ity, negligible vapour pressure, low melting temperature, and
low viscosity, and their tuneable property upon changing the
anion/cation combinations.>*** Moreover, some ILs are “green
solvents”, used as a medium for polymerization reactions, as

This journal is © The Royal Society of Chemistry 2022
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polymer plasticizers, or as stabilizing agents ensuring the mis-
cibility and homogeneity between the epoxy resin and the
crosslinker.>* For the oxirane ring opening, imidazolium>*>°
and phosphonium-based*”"*® ILs were found to be the most
promising. They are used in epoxy homopolymerisation
without an external curing agent,” working as latent hard-
eners** and crosslinking the epoxy network even in complex
systems such as ternary mixtures with thermoplastic
polymers.*°

Moreover, we have recently demonstrated that carboxylic
acid-functionalized imidazolium ILs have a self-catalytic
behaviour, allowing fast and selective reaction with epoxy
groups under mild conditions.?"

More importantly, in the same study, we have also noticed
that this catalytical behaviour is present both when the car-
boxylic group is within the IL structure (referred to as intra-
molecular mechanism) or with an exogenous carboxylic source
(referred to as intermolecular mechanism).*" Considering that
in this work we exploit in detail the latter intermolecular
mechanism for a tricomponent epoxy resin/dicarboxylic acid/
IL system. Due to the abundance of bio-sourced carboxylic
acids and epoxy resins and the vast number of combinations
of components allowed by this platform, we believe it presents
a unique approach to producing epoxy materials with adapt-
able properties driven by specific application requirements.
This reaction platform uses imidazolium IL (1-butyl-3-methyl-
imidazolium chloride) as an all-in-one (solvent, initiator/cata-
lyst and compatibilizer) reaction media for the step-growth of
copolymers based on epoxy and carboxylic acid building
blocks. As a proof-of-concept, we investigate the curing reac-
tion of both petroleum-based and vanillin-based epoxy resins
with a natural-based dicarboxylic acid (succinic acid) in the
presence of imidazolium-based ILs. Moreover, this platform
allows IL’s recycling, further improving its sustainability and
cost-effectiveness.

Experimental

Materials and methods

Bisphenol A diglycidyl ether is noted as DGEBA (D.E.R 332,
Dow Chemical Company, 357 g mol ') with an epoxy equi-
valent weight of 179 g mol™". Succinic acid (118.09 g mol™")
and activated charcoal were purchased from Sigma Aldrich
and used as received. The IL 1-butyl-3-methylimidazolium
chloride (99%, Iolitech, 174.67 g mol™") is purified using the
active charcoal method described in the literature 32 and is
measured by 'H NMR to check its purity (see ESI, Fig. S17).
1-Butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)
imide (419.36 g mol™") and 1-butyl-3-methylimidazolium
methanesulfonate (234.32 g mol™') were purchased from
Sigma Aldrich and used without further treatment. For the syn-
thesis of the bio-based epoxy, 2-methoxyhydroquinone (97%,
Alfa aesar, 140.14 g mol™"), triethyl benzyl ammonium
chloride (TEBAC, 99%, Aldrich, 227.77 g mol™"), and
epichlorohydrin (Aldrich, 92.52 g mol™") were used as received.

This journal is © The Royal Society of Chemistry 2022
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Fourier transmission infrared spectroscopy (FTIR) measure-
ments of the obtained samples were performed using a
Spectrum 100 spectrometer (PerkinElmer) equipped with a
mercury—-cadmium-telluride (MCT) detector and universal ATR
(attenuated total reflectance) accessory with a diamond prism.
The spectra were averaged over 32 scans with a selected resolu-
tion of 4 cm™". The disappearance of the peak at 915 cm™ " is
followed during the reaction as it is attributed to the C-O
stretching of the oxirane group.’’ The quantification of the
progress of the polymerization reaction is calculated using
the area of the epoxy band at 915 cm™" related to the area of
the reference band at 1507 cm™", attributed to the aromatic
ring 34. The conversion of the epoxy group is calculated
according to the following equation®>>®

a(%) = [(Ao — A;)/4o] x 100 (1)

where 4, is the area ratio (4915/A1507) at curing time ¢t = 0 h
and 4, is the area ratio (A915/41507) at the curing time ¢.

Matrix-assisted laser desorption ionization-time of flight
(MALDI-TOF) mass spectra were obtained with an
UltrafleXtreme (Bruker Daltonics, Bremen, Germany) in the
positive ion reflectron mode. The spectra were the sum of
25000 shots with a DPSS, Nd:YAG laser (355 nm, 2000 Hz).
Delayed extraction and external calibration were used. The
samples were prepared by the dried droplet method: solutions
of the sample (10 mg mL™") and DHB (2,5-dihydroxybenzoic
acid; Sigma-Aldrich, 98%, 20 mg mL™") as a matrix in DMSO
(methyl sulfoxide, Sigma-Aldrich, spectrophotometric grade,
99.9%) were mixed in the volume ratio 4:20. 1 pL of the
mixture was deposited on the ground-steel target plate. The
drop was dried in an ambient atmosphere.

Nuclear Magnetic Resonance (NMR) 'H and “C NMR
spectra were recorded using Bruker Avance III 600 spectro-
meter operating at 600.2 MHz for 'H and 150.9 MHz for *C.
All samples were dissolved in DMSO-d¢ at 295 K. '"H NMR
spectra were acquired by applying a 90° pulse (width = 18 ps)
with a 10 s recycle delay and 32 scans. For recording "*C NMR
spectra, 14 ps 90° pulse was used with 10 s recycle delay and
7168 scans. High-power proton decoupling (inverse-gated
mode) was used for removing "H-">C interactions. The chemi-
cal shifts are relative to TMS using hexamethyldisiloxane
(HMDSO, 0.05 ppm from TMS in 'H spectra, and 2.0 ppm
from TMS in '*C spectra) as an internal standard.

Dynamic-mechanical and thermal analysis (DMTA) of the
cured epoxy samples was measured on an ARES G2 rheometer
(TA Instruments). The temperature dependence of complex
shear modulus (G*) was determined on rectangular samples
(20 x 10 x 2 mm) using oscillatory shear deformation (0.1%
strain) at 1 Hz frequency from 0 °C to 200 °C at a temperature
ramp rate of 3 °C min™". The main transition temperature (7,)
was determined as the tan § peak maximum.

Thermogravimetric analysis (TGA) was carried out with a
thermogravimetric analyzer Pyris 1 TGA (PerkinElmer). A
sample of ca. 5 mg was heated from 30 °C to 600 °C at
a heating rate of 10 °C min™" in nitrogen flow (25 cm® min™").
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Synthesis of bio-based epoxy resin (DGEMHQ)

The 2,2"-[(2-methoxy-1,4-phenylene)bis(oxymethylene)]bis
(oxirane) (DGEMHQ) was synthesized following the method
mentioned in the literature with few adaptations.>® The epoxy
equivalent weight of DGEMHQ is determined to be 153.51 g
mol ™', with a yield of reaction of 84.24%. The details of the
synthesis of DGEMHQ, as well as its FTIR, 'H and *C NMR
spectra that confirmed the formation of functional groups in
the final product, are described in ESI (Fig. S2-5S47). The bio-
based epoxy monomer was also analysed by GC/MS and struc-
tures present in the monomer are shown in ESI (Fig. S57).

Curing of epoxy resins

The chemical structures of epoxy resins (DGEBA and
DGEMHQ), ILs and dicarboxylic acid used in this work are
summarized in Fig. 1a. First, succinic acid (SA) and IL were
mixed for 30 min at 80 °C under an N, atmosphere. After SA
solubilization, epoxy resin (DGEBA or DGEMHQ) was added to
the mixture (the reaction beginning). Immediately after adding
the epoxy resin, a biphasic mixture was formed. The mixing/
reaction steps of the tricomponent system DGEBA/SA/BMImCI
are shown in Fig. 1b. The molar ratios of epoxy resin/SA/IL =
1/1/1.6 was considered ideal for the reaction as they were
based on the solubility limits of both the epoxy resin and
dicarboxylic acid towards BMImCI, and the avoidance of gel
formation at the reaction temperature.

—

a) oy resins corboyic acd
: 1 =

1
cHs /*qi o \O‘Q"/—\]
o o—< >—|—<\ o
o CH3 o_
CH;

Bisphenol A diglycidyl ether
(DGEBA)

of
(DGEMHQ)

lonic liquids

ty imi ium |1 1-Butyl-3 imi ium || 1-Butyl-3
chloride il N e i
(BMImCl) Hi

i

1 Y o o T i
| H i FosNs T i
3 ] ] " ”

: o il HC HiC ¢ It Hye F)F( o o\[/‘r !
1 i o i !
i i I

AN\t~ CH i I !
1 Ny 5 L N7 Sy+—CHs I !
i \—/ i ) ] NS - CH |
i
i i
! 1
i
! ]
! ]

(BMImMes) I

(b)

Fig. 1 (a) Chemical structures of epoxy resins, ILs, and dicarboxylic acid
used in this work. (b) Experimental steps of the tricomponent DGEBA/
SA/BMImCI system. These steps prove the homogeneity of the system
due to the addition of BMImCL, which acts here as the solvent. It is
important to mention that the transparent homogeneous mixture is
already formed after ca. 10 min of mixing of all components at 80 °C
(photo not shown here). The final product (the mixture after 24 h, photo
4) looks visually similar to the mixture after ca. 10 min but has a much
higher viscosity and a gel-like structure.
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Ionic liquid recycling

The IL-recycling from the mixture DGEBA/SA/BMImCI, after
the step-growth reaction, was performed to better understand
the system’s sustainability and cost-effectiveness. A large-scale
DGEBA/SA/BMIMCI reaction is performed, where 12 g of
BMImCI is mixed with 5 g of SA and 14.31 g of DGEBA for 24 h
under an N, atmosphere, producing 31.05 g of product
(Fig. 1b). After 24 h, the reaction mixture was diluted with dis-
tilled water under ultrasound to better solubilize the IL. Then,
the mixture was subjected to filtration and the solution con-
taining water and BMImCI is dried in a rotary evaporator
under a vacuum. A transparent yellowish viscous liquid was
obtained and characterized by FTIR and "H NMR to confirm
the purity of the recycled BMImCI.

Results and discussion

Previously, we have described in detail the self-catalytic reac-
tion mechanism for Brgnsted-acidic ILs and monofunctional
epoxide groups under solvent-free and mild conditions.*
Besides observing a robust reaction of these ILs with epoxides
via intramolecular catalysis, since the IL was bearing both a
reacting group (carboxylate) and the catalyst/initiator (cation
and anion), this reaction also occurred via an intermolecular
approach (reactant and catalyst/initiator in different mole-
cules).*" Thus, here we exploit this intermolecular mechanism
using difunctional epoxide and dicarboxylic acid, allowing for
polymerization and/or crosslinking reactions and following
both the evolution of the epoxide ring-opening and the step-
growth mechanism between epoxides and carboxylic acids.

Epoxide ring-opening mechanism investigation

Initially, bicomponent systems, DGEBA/SA (IL-free, Fig. 2,
route 1) and DGEBA/BMImCI (dicarboxylic acid-free, Fig. 2,
route 2) are performed to study individual roles of dicarboxylic
acid and ILs during the epoxy polymerization. The FTIR
spectra of the DGEBA/SA mixture show the presence of the
epoxy band (at 915 cm™')***” even after 24 h of heating at
80 °C (Fig. 2, route 1) which proves that SA alone is not able to
react with DGEBA under such mild conditions without a cata-
lyst. This complies with the literature that shows that the
epoxy/acid reaction is mainly initiated by amines, imidazole,
pyridine derivatives, or organic catalysts at temperatures above
30 OC'3874O

In contrast, the DGEBA/BMImCI system (without SA, Fig. 2,
route 2) shows a colour change from transparent yellow to
dark red during heating at 80 °C, which indicates the increase
in aromaticity and average molecular weight.*" Slight con-
sumption of epoxy groups is confirmed via FTIR (Fig. 2, route
2) for system DGEBA/BMImCI. Also, the formation of carbonyl
groups C=0 is confirmed (band at 1738 cm™", Fig. $67) and is
related to the epoxy ring-opening and formation of ether
groups initiated by BMImCL>***** The carbonyl group for-
mation during the epoxy/imidazolium IL reaction has been
previously demonstrated as the result of the imidazolium rings

This journal is © The Royal Society of Chemistry 2022


https://doi.org/10.1039/d2py01031c

Published on 01 September 2022. Downloaded by Institute of Macromolecular Chemistry on 2/14/2023 9:09:27 AM.

Polymer Chemistry

View Article Online

Paper

DGEBA/SA DGEBA/BMImCI
_——o0h 100 ——0h 100
s —o,5h_\§g S[——05h 80
Gl 2h & 5——2h X60
ST Sw © ® <[aie
gl—sh ®y CHy s gf—5h 3
E—11h “olese—s Bicomponentlo, o~ )~ )-o °[Bicomponent 2105 20

CH: 4 J) I

£2——24h 0 5 10 15 20 25 system o system 2 24h 0 5 10 15 20 25
] Time (h) DGEBA o Time (h)
8 S
< <

936 924 912 900 888 876
Wavenumber (cm™)

I~ ®

936 924 912 900 888 876

Tricomponent
Wavenumber (cm™)

systems

DGEBA/SA/BMImMeS

DGEBA/SA/BMImCI

!

DGEBA/SA/BMIMNTf.

936 924 912 900 888 876
Wavenumber (cm™)

|
_F—0n 100 | __[——on 100
S——1h _ 80 .\ Sl—o5h 80
& —3h §gg I & 2h ggg
N | 3 Sy
g—th 0 i g71(”1 0
2 24h 0 5 10 15 20 25 I Q[——2h
o Time (h) I o
3 3
< : <
|
|
|
|

936 924 912 900 888 876
Wavenumber (cm™) 3

936 924 912 900 888 876
Wavenumber (cm™)

|
1
MMAAAAAA 4 | | __[—on 100
/ I 5|—3h _80
/f : ©|——6h X 60
= 4
I g g|——10h% 0
——24h
: s 0| v-v-v——
05.10152025 1 -E 0 5 10 15 20 25
Time (h) | 9 Time (h)
1 o
1 <
1
1
1
1

Fig. 2 FTIR spectra of the epoxy band and its conversion (a) versus time (inset graphs) for bicomponent DGEBA/SA (routes 1) and DGEBA/BMImCL
(route 2) systems, and tricomponent DGEBA/SA/BMImMeS, DGEBA/SA/BMImCI, and DGEBA/SA/BMImNTf, systems (route 3). The whole FTIR

spectra of all systems are available in ESL.}

Hoffmann elimination from the newly formed polymer
chain.”®** Under the mild conditions investigated, the rate of
homopolymerization is very slow, showing an epoxy ring con-
sumption below 50% after 24 h (Fig. 2, route 2).

On the other hand, the tricomponent system (DGEBA/SA/
BMImCI) shows a homogeneous transparent mixture and a
fast epoxy ring-opening, proven by the complete disappearance
of the epoxy band at 915 cm™" within 5 h of reaction (Fig. 2,
route 3, DGEBA/SA/BMImCI) and by the appearance of ester
stretching vibrational band at 1730 em™ (Fig. S71). Thus,
herein BMImCI has a triple role as (i) initiator of the dicar-
boxylic acid/epoxy ring reaction, (ii) solvent for SA and (iii)
compatibility agent of DGEBA/SA. Moreover, the "H NMR
spectra confirm the FTIR results showing a gradual dis-
appearance of the epoxy ring signals (signal 1 at 2.68 ppm,
2.82 ppm and signal 2 at 3.29 ppm) in the DGEBA/SA/BMImCI
system at 80 °C reaching the complete epoxy ring conversion
into esters in ca. 5 h (Fig. 4c). This tricomponent reaction
platform was also tested with adipic acid showing the fast
epoxy ring-opening and ester group formation (Fig. S8%).
The similar reaction progress of the tricomponent systems
with SA and adipic acid demonstrates the universality of this
approach.

Since we previously observed that the IL-anions play a
major role in the epoxy ring-opening mechanism,*" three tri-

This journal is © The Royal Society of Chemistry 2022

component systems DGEBA/SA/IL with different ILs based on
their anion basicity and coordination strength, (BMImNTY,,
BMImMeS and BMImCI) are compared (Fig. 2, route 3).

The use of BMImNT(, leads to a non-homogeneous mixture
without evidence of epoxy ring-opening (see Fig. 2, route 3,
DGEBA/SA/BMImNT(,) and no ester bond formation (Fig. S97).
The NTf,™ anion is considered a weak base, however, it acts as
a poor nucleophile in our tricomponent system, probably due
to the anion bulkiness and, consequently, a steric hindrance
that disables the epoxide ring-opening.>**"** Differently,
DGEBA/SA/BMImMeS produces a homogeneous and transpar-
ent mixture with defined epoxy ring-opening and ester for-
mation as indicated by the FTIR spectra (Fig. S10t). This
system shows a complete epoxy conversion after ca. 13 h of
reaction at 80 °C, indicating a slower reaction compared to the
DGEBA/SA/BMImCI (100% of epoxy conversion after 5 h)
(Fig. 2, route 3, see conversion curves insets for DGEBA/SA/
BMImMeS and DGEBA/SA/BMImCI). Although the reactivity of
IL anions is strongly dependent on many factors such as the
reaction medium and temperature,”**>***> our results indi-
cate that the anion is directly involved in the mechanism of
these tricomponent reactions, where the CI™ anion shows the
best catalytic effect.

For this reason, DGEBA/SA/BMImC] was investigated in
greater depth, willing to unveil its mechanism. Accordingly,

Polym. Chem., 2022, 13, 5380-5388 | 5383
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the MALDI-TOF mass spectrum of the DGEBA/SA/BMImCI
system after 24 h reaction at 80 °C (Fig. 3a) shows the for-
mation of three distributions of molecular ions (sodium
adducts), which present the same mass increment of 458 Da
corresponding to the DGEBA-SA repeating unit, and two
different types of end-groups (COOH and Cl-opened epox-
ides, Fig. 3b). Furthermore, the MALDI-TOF mass spec-
trometry evidence the presence of a monomeric DGEBA-
derived structure with two terminal Cl-opened epoxy rings
(the violet diamond marked structure of m/z = 434, Fig. 3b).
The end-group analysis enables us to investigate the
initiation mechanism of epoxy ring-opening induced by IL in
the presence of SA.

View Article Online
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Three IL-based routes of initiation of the epoxy ring-
opening are well-described in the literature: carbene for-
mation, imidazolium decomposition and counter-ion route
(anion nucleophilic attack).>® At the reaction conditions of this
study, no direct effect of the imidazolium cation, related to its
decomposition, is observed. This can be stated based on the
'H NMR spectrum signals 10 and 9 (Fig. 4a, at 9.34 and
3.86 ppm, respectively), which do not show any change in the
imidazolium ring related to its deprotonation or dealkylation
during the reaction. Moreover, no intermediates containing
the imidazolium ring were detected by MALDI-TOF. This
hypothesis is also corroborated by many previous studies
showing that carbene formation and imidazolium ring dealky-
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lation only occur at much higher temperatures and require
specific conditions.*®

Based on the aforementioned, the main reaction in the tri-
component DGEBA/SA/BMImCI system is proposed as the poly-
addition of epoxy resin and dicarboxylic acid (Fig. 3c),*® which
is initiated by a nucleophilic attack of the IL-anion.***!
Herein, the chloride anion of BMImCI attacks the less hin-
dered carbon of the oxirane ring (Fig. 3c). At the same time,
the epoxy ring is activated by the acidic proton from SA. Then,
a subsequent nucleophilic attack of SA-anion on the carbon
associated with Cl is performed releasing Cl~, which becomes
available for the next epoxy ring-opening initiation, forming a
tandem reaction system. The initiator (Cl”) thus remains
chemically bound only during the ring-opening process and
then the carboxylic acid is attached to the DGEBA structure
backbone, obtaining an alternating linear SA-DGEBA-SA struc-
ture (the green circle marked distribution, at m/z = 599 in
Fig. 3b). This mechanism proves our concept that SA works as
a binding building block.

Since a reliable protocol was established for DGEBA/SA/
BMImCI, it was further tested using a bio-based epoxy resin
(DGEMHQ). Accordingly, the DGEMHQ/SA/BMImCI system
was prepared and reacted at 80 °C. The ring opening in this
system is detected by FTIR, as evidenced by the total consump-
tion of the epoxy band (915 cm™) within 3 h and the for-
mation of ester groups (1730 cm™', Fig. S111).'**” Also, a
broad band at around 3300 cm ™" attributed to the OH groups
is formed as a result of the oxirane ring-opening during the
reaction between SA and DGEMHQ (Fig. S117).*®

The "H NMR also evidences the epoxy ring-opening in
DGEMHQ/SA/BMImCI, where signal 1 at 2.68 ppm, 2.82 ppm
and signal 2 at 3.29 ppm (Fig. 4b) vanish after 3 h of reaction.
The signals from the imidazolium ring remain unchanged
during the reaction (signals 19 and 20, at 3.86 ppm and
9.28 ppm, respectively, in Fig. 4b) proving that the initiation
mechanism does not involve the IL cation. This is in accord-
ance with the mechanistic study of the DGEBA/SA/BMImCI
system showing an epoxy initiation mechanism via IL chloride
anion (Fig. 3c). It is worth mentioning that in this system the
initial monomer DGEMHQ is slightly oligomerized, which is
indicated by the presence of the group of 'H NMR signals
around 4 ppm (signals 9, 10 and 11 in Fig. 4b).** Epoxy conver-
sion calculated from the 'H NMR spectra shows a similar
trend for both systems, DGEBA/SA/BMImCI (100% at ca. 5 h)
and DGEMHQ/SA/BMImCI (100% at ca. 3 h) (Fig. 4c).

Ionic liquid recycling

Subsequently, we investigated the recyclability of BMImCI
using a very mild and simple approach, consisting of the
direct extraction with distilled water. The IL recovery reaches
79% (details are in the Experimental section), which is corre-
lated to the free (non-bonded) IL. The remaining 21% is phys-
ically bonded IL plasticizing the epoxy network formed. The
FTIR spectrum of the recycled BMImCI (Fig. 5a) shows consist-
ently all the characteristic bands related to the imidazolium
ring at 1568 cm™", C-N stretching vibration at 1169 cm™" and

This journal is © The Royal Society of Chemistry 2022
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Fig. 5 (a) FTIR and (b) *H NMR spectra of the neat and recycled
BMImCIL. Insets show the photos of the neat and recycled BMImCL. The
traces of impurities (residuals from the reaction mixture) are denoted by
an asterisk (*).

the broad band at 3389 cm™" attributed to quaternary amine
salt with chloride.>® The peak assignment of IL signals in the
'H NMR spectrum of the recycled BMImCI is nearly identical
to the neat BMImCI (Fig. 5b) and is also in great consistency
with the literature®>* revealing that BMImCI remains unal-
tered during the reaction and recovery processes.

Optimized epoxy networks

As demonstrated above, this platform only works properly as a
tricomponent (epoxy resin/dicarboxylic acid/IL) system that,
on one hand, demands enough IL (as a solvent/compatibilizer)
for proper interaction between epoxy and dicarboxylic acid
and, on the other hand, as little IL as possible (as an initiator)
to avoid reducing the final molecular weight of the step-growth
reaction products.>® Therefore, our next effort was to under-
stand the influence of the reduced amount of IL in the tricom-
ponent system, to reach an optimized process that is more
suitable for scaling up.

The IL content was gradually reduced, reaching an
optimum epoxy resin/dicarboxylic acid/IL molar ratio of 1/1/
0.2 (8 times less IL than in the initial system). This IL content
is the lowest possible for obtaining a homogeneous system
and keeping a sufficiently fast reaction. The progress of the
epoxy-acid addition for DGEBA/SA/BMImCI at this optimized
ratio was followed by FTIR, showing epoxy ring-opening along
with ester formation at a slower rate than in system DGEBA/
SA/BMImCI (1/1/1.6) (Fig. S127).

The products of DGEBA/SA/BMImCI and DGEMHQ/SA/
BMImCI at the optimized molar ratio (1/1/0.2) tricomponent
systems, were submitted to a post-curing process (120 °C, 48 h)
yielding solid and optically homogeneous materials (Fig. 6a);
i.e. ones that can be used in applications such as cast systems
and encapsulants for electronics, composites, protective coat-
ings, etc., replacing traditional epoxides."> The FTIR spectra of
DGEBA/SA/BMImCI and DGEMHQ/SA/BMImCI solid products
confirm the complete reaction (Fig. 6b). The DMTA results of
both materials (Fig. 6¢) display the shape of storage modulus
(G") curve typical for thermoset materials with a visible rubbery
plateau, slightly increasing with the temperature indicating
the formation of covalent networks. The crosslinking mecha-
nism is most probably related to the presence of secondary
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Fig. 6 (a) Photos, (b) FTIR spectra, (c) DMTA results and (d) TGA results of post-cured tricomponent DGEBA/SA/BMImCl and DGEMHQ/SA/BMImCL

systems.

hydroxyl groups formed during the acid-epoxy addition reac-
tion (Fig. 3c¢).

These hydroxyl groups are capable of further reacting (i) with
SA via condensation forming ester linkages or (ii) with epoxides
promoting epoxy ring opening and formation of ether linkages
or (iii) with ester bonds via transesterification.**>*>

Both systems at the glassy state show the high G’ values
which are typical for epoxy materials (Fig. 6¢).>® Upon heating,
the transition from glassy to a rubbery state is clearly visible
from the steep G' drop when the temperature reaches ca.
45 °C. The main transition temperature (7,,) is clearly observed
and determined as the tan § curves maximum; both materials
exhibit one 7, at 57 °C (DGEBA/SA/BMImCI) and 55 °C
(DGEMHQ/SA/BMImCI). Similar T, and G’ values at the rubber
state of both materials signify similar rigidity and crosslink
density, which also means that, when using our IL-based tri-
component platform, the bio-based epoxide is a competitive
sustainable alternative to petrochemical-based epoxides.

The TGA results (Fig. 6d) show that both post-cured epox-
ides are thermally stable up to ca. 250 °C with Tgse, of 331 °C
(DGEBA/SA/BMImCI) and 324 °C (DGEMHQ/SA/BMImCI). This
agrees with previously reported epoxy/IL systems,””**>”

5386 | Polym. Chem., 2022, 13, 5380-5388

showing that the addition of dicarboxylic acids does not com-
promise the good thermal stability of the systems. The thermal
stability of our samples is also comparable to classical
high-performance amine cured-epoxy materials.**>®* The TGA
results further reveal a similar two-stage decomposition of
both materials (Fig. 6d), which is typical for crosslinked epoxy
materials.">** The first loss is connected with the decompo-
sition of residual IL (BMImCI)>* and weak bonds (herein ester
groups) in epoxides,” while the second weight loss comprises
thermal degradation and pyrolysis of the remaining material.
A char yield (at 790 °C) was much higher for DGEMHQ/SA/
BMImCI (25 wt%) compared to DGEBA/SA/BMImCI (9 wt%)
due to the high content of aromatic species from DGEMHQ,
which are graphitized during TGA in a nitrogen atmosphere.
These results are promising for potential use in flame retar-
dancy applications.®

Conclusions

Our VOC-free, one-pot tricomponent reaction platform with a
recyclable IL-medium based on the epoxy resin (DGEBA or

This journal is © The Royal Society of Chemistry 2022
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DGEMHQ), succinic acid and imidazolium IL, and performed
in temperatures as low as 80 °C, successfully delivers (in
gram scale) competitive sustainable alternatives to classical
epoxy systems. After testing different ILs (BMImCI,
BMImMeS, and BMImNtf,) in the DGEBA/SA/IL reaction, the
IL-anion (Cl7, MeS™, or NTf,”) strongly affects the progress
of the reaction, where Cl~ yielded the best results by
reaching 100% of epoxides conversion in only 5 h. The
nucleophilic attack of the IL-anion on the epoxy group was
identified as the initiation mechanism of this tandem reac-
tion, where the dicarboxylic acid forms an o-hydroxy ester
bond with epoxy and acts as a binding building block.
Moreover, IL plays a triple role as solvent, compatibilizer and
initiator and, due to its high solvation strength, allows func-
tional reactions in molar ratios as low as 10 mol%
(i.e. epoxy/dicarboxylic acid/IL = 1/1/0.2) while also present-
ing recyclability rate up to 79% (for epoxy/dicarboxylic
acid/IL = 1/1/1.6).

Our model systems (DGEBA/SA/BMImCl and DGEMHQ/SA/
BMImCI) yielded soft transparent solids that can be post-cured
into sturdy translucent solid materials with T, and G’ values
similar to some classical cured epoxy resins (T, = 55-57 °C,
G'glass ~ 1 GPa and G'rupbery ~ 2 MPa), and outstanding
thermal stability (Tys9, ~ 330 °C and Tgmax above 400 °C).

Altogether, besides the intrinsically increased sustainability
of this platform presented by the aforementioned mild reac-
tion conditions, VOC-free character and IL-recyclability, it also
allows replacing the classical petroleum-based epoxies with
bio-based ones.

Another added advantage is the use of multifunctional car-
boxylic acid binding building blocks that allow vast system
variations by applying these bio-based precursors due to their
abundance in nature. We believe it will be a very useful plat-
form for manufacturing the products of the fast-growing bio-
based epoxy resin market, estimated to reach USD
220.1 million by the year 2027.°* Moreover, this reaction plat-
form produces epoxy materials bearing p-hydroxyl esters,
which might be adapted as dynamic ester crosslinks for the
design of reprocessable epoxy vitrimers.>® This approach will
be further elaborated in our next paper.
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Purification of 1-butyl-3-methylimidazolium chloride

The active carbon (5 w%) was added to the IL in presence of dichloromethane to decrease the
viscosity of the mixture. The mixture was stirred for 24 h, then filtered and was left to dry at
room temperature. The solvent was removed under vacuum. After, the ionic liquid was put in
a freezer overnight for crystallization. The structure and purity of IL was confirmed by '"H NMR
(600 MHz - DMSO-ds - Fig. S1), 6 9.33 (s, 1H), 7.81 (t, ] = 1.76 Hz, 1H), 7.74 (t, ] = 1.73 Hz,
1H), 4.18 (t, J =7.17 Hz, 2H), 3.86 (s, 3H), 1.76 (quint, J = 7.26 Hz, 2H), 1.25 (sext, ] = 7.6,
2H), 0.89 (t, J = 7.37 Hz, 3H).
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Figure S1: "H NMR spectra of BMImCI (in DMSO-db).
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Synthesis of bio-based epoxy resin (DGEMHQ)

The synthesis of bio-based epoxy resin was proceeded as follows: methoxyhydroquinone (1
mol), TEBAC (1 mol) and epichlorohydrin (10 mol), were mixed at room temperature for 1 h
and at 80 °C for 30 min. The mixture was then cooled down to room temperature and 266 mL
of NaOH solution (5 M) and of TEBAC (0.1 mol) were added to the mixture and it was stirred
for 30 min at 25 °C. After, a mixture of ethyl acetate/distilled water was added to the mixture
and mixed for 5 min. Then, an extraction was carried out in an aqueous phase with ethyl acetate.
The organic phase containing the epoxy resin was rinsed with an aqueous solution of sodium
chloride. The excess of ethyl acetate and epichlorohydrin was eliminated by rotary evaporator.

The final product was dried overnight under vacuum and measurements as FTIR, 'H and '*C
NMR, GC/MS were carried out.
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Figure S2. FTIR spectra of bio-based epoxy (DGEMHQ).
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One of the main drawbacks of high-performance epoxy-anhydride thermosets is slow cross-link kinetics requiring
high temperature and long curing cycle. Herein, the accelerating effect of imidazolium metal-based ionic liquids
(MILs) bearing (FeCly)’, (ZnCls)%, and (CoCly)? anions on epoxy-anhydride copolymerization was investigated. It

f\z];og:;zmaﬁon was observed that MILs accelerated bisphenol diglycidyl ether (DGEBA) — methylhexahydrophthalic anhydride
Cros};-linking (MHHPA) cross-linking, better than the reference catalysts (1-methylimidazole and 1-butyl-3-methylimidazolium
Kinetics chloride), especially at low temperatures through their ability to activate a rapid anhydride ring opening and

formation of carboxyl groups, which initiates polyesterification. A detailed investigation of the polymerization
mechanism revealed the formation of alternating epoxy-anhydride copolymers although several MILs-induced
initiation mechanisms were detected. Despite the multiple-initiation consisting of imidazole, counter anion,
and polyesterification pathways, the cross-linking kinetics was successfully fitted up to vitrification by the
Kamal-Sourour model. Finally, MILs-induced cross-linking leads to homogeneous network build-up enabling to
produce thermosetting materials with an increased cross-link density, a glass transition temperature above

150 °C, and excellent thermal stability.

1. Introduction

The alternating copolymerization of epoxides and cyclic anhydrides
has always been a promising and bourgeoning area of research [1] due
to its capability of providing thermosetting materials exhibiting excel-
lent thermal, mechanical and optical properties which allow production
of high-tech engineering materials for electrical and electronic appli-
cations and composite matrices for aerospace and transport [2-5]. Un-
like other curing agents, anhydride hardeners can provide highly cross-
linked epoxy networks exhibiting a high glass transition temperature
(Tg), low reaction heat release and reduced shrinkage [2,6]. Neverthe-
less, the epoxy-anhydride systems suffer from the limitation of being less
reactive, requiring high curing temperatures, long curing cycles and
associated high energy costs. Therefore, suitable accelerators promoting
anhydride ring opening have to be added [5].

The most common accelerators of the epoxy-anhydride reaction are

* Corresponding author.
E-mail address: benesh@imc.cas.cz (H. Benes).

https://doi.org/10.1016/j.eurpolym;j.2024.113077

highly reactive tertiary amines [7] and imidazoles [8,9]. In particular, 1-
substituted and 1-unsubstituted imidazoles are promising initiators for
the anionic alternating copolymerization of epoxides and cyclic anhy-
drides [10,11]. Short pot life, too high curing temperatures, and low
stability are the main drawbacks of imidazole compounds. Therefore,
solutions for improving imidazole processability by stabilizing the lone
pair of nitrogen atoms are sought. One strategy involves the preparation
of metal-imidazole complexes. In particular, zinc and cobalt metals have
proven to be efficient anionic initiators for the ring-opening of epoxides,
specifically Zn/imidazole complexes [M(imidazole)z(anion);] [12].
Unfortunately, metal-imidazole complexes are mostly crystalline sub-
stances with very low solubility in epoxy systems [13]. Thus, the use of a
solvent is often required, which limits its applicability due to the release
of volatile compounds [14,15]. On the other hand, the use of discrete
metal and rare earth metal complexes enables well-controlled poly-
merization progress, [1] however, their cost and toxicity often limit
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their widespread use [16].

To overcome the above-mentioned drawbacks, ionic liquids (ILs)
have been considered in terms of their use as catalysts to provide a
“greener’’ and solvent-free one-pot reaction medium [17]. ILs are
recognized as efficient catalysts/initiators for ring-opening polymeri-
zation [18-20]. Their structure combines various cation options (imi-
dazolium, pyridinium, phosphonium, etc.) with a variety of anions
(halogens, phosphates, imide, triflate, etc.) [21,22]. Different combi-
nations of cations and anions give rise to the possibility of physical
property tuning, resulting in outstanding properties, such as excellent
chemical and thermal stability, negligible vapor pressure, and good
conductivity [23,24]. Based on this knowledge, ILs are considered
promising accelerators for epoxy cross-linking in solvent-free medium
[17,25,26].

Recently, a new class of ILs, metal-based ionic liquids (MILs), con-
taining a metal atom in the IL anion, has been explored [27]. Typical
MILs are composed of [MX4]2' anions, where M can consist of various
metals, e.g. Zn, Co, Fe, Ni, and Cu, and X is a halide, usually chloride,
tetrahedrally coordinated to metal atoms [27]. Bis(1-alkyl-3-
methylimidazolium) tetrahalogenomanganate [Cy.4mim]2[MnCl4],
[28] ethyl methyl imidazolium iron(III)chloride [EMIMCI]FeCls, [29]
[BMIM]»[CoCly] and [BMIM],[ZnCl4] are typical examples of synthe-
sized MILs.[30] By introducing a metal into an imidazolium-based IL
structure, its Lewis acid character can be enhanced [29,31,32]. It has
been shown that the acid-base character of MILs can affect their catalytic
activity [27]. Nevertheless, to date only a few applications of MILs as
catalysts / accelerators for polymerization have been reported in the
literature; e.g. the use of Ln-containing ILs in electric and magnetic
switchable devices [27] or the application of aluminum, palladium,
zinc, and iron-based ILs for polystyrene formation [33,34]. A recent
study reported the accelerating effect of magnetic phosphonium- and
imidazolium-based ILs with FeCly anions on epoxy—anhydride curing
reaction [35].

Based on our previous study showing the catalytic ability of the
chloride anion of imidazolium IL, [36] in this work, we hypothesize an
accelerating effect of imidazolium MILs for epoxy-anhydride copoly-
merization due to the enhanced Lewis acidity of MIL-anions bearing Fe,
Zn, and/or Co atoms. Therefore, a series of MILs are synthesized and
used as accelerators for epoxy — anhydride cross-linking under solvent-
free conditions. A detailed kinetic investigation using differential scan-
ning calorimetry (DSC) and near-infrared (NIR) spectroscopy is per-
formed and kinetic parameters are determined via isothermal modeling.
MALDI-TOF mass spectrometry enables us to propose a MILs-induced
epoxy - anhydride copolymerization mechanism. Finally, the pro-
duced epoxy networks are characterized using dynamic mechanical
analysis (DMA) and thermogravimetric analysis (TGA).

2. Experimental
2.1. Materials

Bisphenol A diglycidyl ether epoxy resin DGEBA (D.E.R 332) with an
epoxy equivalent weight of 179 g/mol was supplied by DOW Chemicals.
Hexahydro-4-methylphthalic anhydride (MHHPA, 96 %) and 1-methyl-
imidazole (1IMIM, 99 %) were provided by Sigma Aldrich. 1-butyl-3-
methylimidazolium chloride (BMIMCI, 99 %) was supplied by Iolitech.
Iron (III) chloride (anhydrous, 98 %) and cobalt (II) chloride (anhy-
drous, 99 %) were supplied by Acros Organics, while zinc (II) chloride
(anhydrous, p.a.) was provided by Lach-Ner.

2.2. Synthesis of epoxy-anhydride networks

In the present study, metal-based ionic liquids (MILs) incorporating
Zn (II), Co (II), or Fe (II) were synthesized in accordance with estab-
lished methodologies outlined in previous reports [37-42]. Compre-
hensive details of the synthesis procedure and characterization methods
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are described in the Supporting Information (SI). Subsequently, the
epoxy monomer (DGEBA) and anhydride (MHHPA) were mixed in an
equimolar ratio with various amounts (from 0.05 to 5.00 mol%) of 1-
methylimidazole (1MIM), 1-butyl-3-methylimidazolium chloride
(BMIMCI), 1-butyl-3-methylimidazolium tetrachloroferrate ((BMIM)
FeCly), 1-butyl-3-methylimidazolium tetrachlorocobaltate ((BMIM)s.
CoCly), or 1-butyl-3-methylimidazolium tetrachlorozincate
((BMIM)2ZnCly). The resulting mixtures were homogenized for 10 min,
followed by casting into open aluminum molds. The curing process
proceeded at 80 °C for 4 h, 150 °C for 2 h, and finally at 180 °C for 4 h in
a vacuum oven to avoid bubbles formation and mitigate undesired
oxidation. For a comparative analysis of the overall reactivity and final
material properties, reference samples, DGEBA/MHHPA/1MIM using
the conventional catalyst 1-methylimidazole [43] along with DGEBA/
MHHPA/BMIMCI were employed. The structural representations and
acronyms of the catalysts used are elucidated in Fig. 1.

2.3. Model reaction of monofunctional epoxy and anhydride

1,2-Epoxy-3-phenoxypropane (phenyl glycidyl ether, PGE, 99 %,
Sigma-Aldrich) and MHHPA were mixed in an equimolar ratio and then
2.70 mol% of 1MIM, BMIMCI, (BMIM)FeCly, (BMIM);CoCl4, or
(BMIM),ZnCly was added and homogenized using a magnetic stirrer.
The reaction was carried out at 80 °C. The mixture was regularly
sampled and the reaction progress was monitored using FTIR and
MALDI-TOF mass spectrometry.

2.4. Monitoring of the epoxy-anhydride cross-linking

Near-infrared (NIR) spectra were acquired using a Nicolet iS50 FTIR
spectrometer (Thermo Fisher Scientific) in transmission mode using an
HT-32 heating cell and handmade cuvettes made of two glass slides and
tape as spacers to determine the thickness of the sample (d = 1 mm).
Dynamic runs were performed from 30 to 300 °C at a heating rate of
5 °C/min. The isothermal runs were performed at 60 °C for 2 h. In both
types of time-resolved experiments the spectra were collected every 20 s
(32 scans per spectrum, data spacing of 1 em ™). The collected spectra
were integrated using a fixed two-point baseline in the regions of
4502-4568, 4803-4867, 5100-5190, 5210-5272, and 6800-7132 cm
to monitor the epoxy, anhydride, ester, moisture, and hydroxy groups,
respectively. The integral intensities obtained were calibrated based on
the intensity of the integrated reference band in the region 4592-4652
cm L. The conversions of epoxy, anhydride, ester, moisture, and hy-
droxy groups are defined as follows (equations 1-5):

Agszo(1) Auena (1)

A1) gy = * Asaso(t = 0) Ayt = 0) v
() putyariae = 7A4‘:;8(2: (:t)()) A4226(2t2 (:Z)O) @
) = o)y Lol Y
AOstoisrare =1 = ASZZZ(SIZ (:t)()) mif(z: (:Z)O) v
()i = Aposs7030(?) Asen (1) ®)

A6985:7030(mux) Aser2 (l‘ = 0)

Dynamic and isothermal differential scanning calorimetry (DSC)
measurements of the reactive mixtures were performed using a DSC
calorimeter (Q 2000, TA Instruments) calibrated for indium. Samples
(5-15 mg) were hermetically sealed in Tzero aluminum pans with a
pinhole and measured under a nitrogen flow of 50 mL/min. Dynamic
DSC runs were performed from 20 °C to 300 °C at a heating rate of 5 °C/
min.
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Fig. 1. Structures and acronyms of the used ionic liquids.

The conversion curves (conversion vs. time) were obtained by
measuring the reactive mixture in DSC using dynamic and isothermal
runs. An additional ramp DSC run at 10 °C/min was performed to
measure the residual reaction heat (AHy;) after isothermal curing. The
conversion of epoxy groups (a) was calculated from the DSC data ac-
cording to equation (6) [44]:

Jo &t gy

a(t)psc :AUI;’ ]*(1
totai

AH,; + AHj,,

(6)
AH,(,,,,]

where dH/dt is the instantaneous time derivative of the heat during the
dynamic or isothermal run, AH,,q is the total enthalpy of the reaction
determined from the dynamic DSC runs and AHj, is the heat of reaction
measured from the isothermal DSC scans.

Then, the epoxy-anhydride cross-linking was modelled using the
Kamal-Sourour model [45] according to equation (7):
9 = (ko) (10" @

t

where k; and k; are rate constants for the non-catalytic and the auto-
catalytic reactions respectively, and m and n are partial reaction orders.
A numerical integration using the 4th order Runge—Kutta method was
used to calculate model-predicted asin, values for each tested tempera-
ture. These values were then compared to experimentally found aeyp
(from isothermal DSC) using the ordinary least squares (OLS) error
(Microsoft Excel) [46]:

OLS =) [tesy — in; ®

This OLS criterion was then minimized using the GRG algorithm
(Microsoft Excel). By this procedure, the rate constants of non-catalysed
(k1) and auto-catalysed (kp) reactions were determined for each tem-
perature. The Arrhenius equation was used for the determination of the
activation energy of the reactions:

E,
k = Aexp(— —= 9
xp(— o) 9
where A is the pre-exponential factor, E, is the activation energy, and R
is the universal gas constant.

2.5. Characterizations

Fourier-transmission infrared spectroscopy (FTIR) measurements of
the obtained samples were performed using a Spectrum 100 spectrom-
eter (PerkinElmer) equipped with a mercury—cadmium-telluride (MCT)
detector and an universal attenuated total reflectance (ATR) accessory
with a diamond prism. The spectra were averaged over 32 scans, with a

resolution of 4 cm ™. The disappearance of the peak at 915 em ! was
followed during the reaction, attributed to the C-O stretching of oxirane
group [47].

MALDI-TOF mass spectra were acquired using an UltrafleXtreme
TOF - TOF mass spectrometer (Bruker Daltonics, Bremen, Germany)
equipped with a 2000 Hz smartbeam-II laser (355 nm) in the positive ion
reflectron mode. Panoramic pulsed ion extraction and external calibra-
tion were used for molecular weight assignment. The dried droplet
method was used in which the solutions of the sample (10 mg/mL),
matrix DHB (2,5-Dihydroxybenzoic acid; 20 mg/mL), and ionizing agent
sodium trifluoroacetate (CF3COONa; 10 mg/mL) in THF were mixed in
the volume ratio 4:20:1. 1 pL of the mixture was deposited on a ground
steel target.

Dynamic-mechanical and thermal analysis (DMTA) of the cured
epoxy samples was measured on an ARES G2 rheometer (TA In-
struments). The temperature dependence of the complex shear modulus
(G*) was determined for rectangular samples (20 x 10 x 2 mm) using
oscillatory shear deformation (0.01 - 0.1 % strain) at a frequency of 1 Hz
from 25 °C to 220 °C at a temperature ramp rate of 3 °C/min. The main
transition temperature (T,) was determined to be the tan & peak
maximum. The cross-link density (v,) was calculated using equation
(10):

v, = Gy /RT (10)
where Gy is the storage modulus of the network in the rubbery plateau at
T = Ty + 50 °C, R is the universal gas constant, and T is the absolute
temperature in Kelvin. The average molecular mass between the cross-
links (M) was calculated by equation (11):

M. = pRT /G, a1
where p is the calculated density, T is the absolute temperature in Kelvin
at Ty + 50 °C, and G’y is the storage modulus of the networks in the
rubbery plateau at T.

Thermogravimetric analysis (TGA) was carried out using thermog-
ravimetric analyser Pyris 1 TGA (PerkinElmer). A sample of approxi-
mately 5 mg was heated from 30 °C to 800 °C at a heating rate of 10 °C/
min under nitrogen flow (25 crn3/min).

3. Results and discussion
3.1. Non-isothermal epoxy-anhydride cross-linking
The synthesized metal-based ionic liquids (MILs) were applied as

accelerators for the epoxy-anhydride (DGEBA/MHHPA) reaction and
were compared with a metal-free IL (BMIMCI) and a commercially used
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catalyst (1MIM) [43,44,48]. First, the cross-linking of DGEBA/MHHPA
reactive mixtures with 2.70 mol% of accelerators was studied using non-
isothermal (dynamic) DSC at a heating rate of 5 °C/min. Fig. 2(a) plots
the DSC runs showing a significant exothermic peak related to the
epoxy-anhydride reaction (except for the accelerator-free system, which
shows only a small exothermic peak above 230 °C due to non-catalytic
curing [49], which leads to a partially cured epoxide with a low final
Tg (Table S2, entry 1). Both reference systems (DGEBA/MHHPA/1MIM
and DGEBA/MHHPA/BMIMCI) showed similarly one exothermic peak
with Tonset at approximately 100 °C (Table S2, entries 2 and 3). The MIL-
containing systems showed a shift of the main exothermic peak toward
lower (DGEBA/MHHPA/(BMIM)FeCly; and DGEBA/MHHPA/(BMIM),.
CoCly) or higher (DGEBA/MHHPA/(BMIM),ZnCly) temperatures, while
their determined AHiut, values were slightly lowered compared to the
conventionally catalyzed systems (Fig. 2(a) and Table S2).

Moreover, the DGEBA/MHHPA/(BMIM)FeCly system displayed an
additional exotherm, appearing as a new peak at low temperatures be-
tween 60 and 75 °C (Fig. 2(a)). This peak was the most intense for the
system with (BMIM)FeCly, while for the systems with (BMIM),ZnCl4 and
(BMIM),CoCly it appeared as a small shoulder, which intensity increased
with the increasing MIL content (Fig. S4-S6). The presence of two well-
defined peaks in the DSC thermograms most likely indicates the occur-
rence of an additional reaction mechanism [44]. A similar low-T exo-
therm during the curing of the epoxy-anhydride system containing
(BMIM)FeCl, was recently described by Freitas et al., who suggested the
formation of active species through the interaction of the (FeCl4)" anion
and the carbonyl group of the anhydride [35].

The non-isothermal conversion (apsc) curves (Fig. 2(b)) show that
the addition of MILs accelerates the cross-linking reaction in the low-
temperature region (60-70 °C), where there is a sudden increase in
conversion (the jump is most noticeable for the system with (BMIM)
FeCly), leading to a divergence from the sigmoid shape of the conversion
curve typical of reference (imidazole-accelerated) system.

To deeper explore the origin of the low-T exotherm and to obtain
better insight into the curing mechanism of DGEBA/MHHPA/MILs
systems, non-isothermal cross-linking (heating rate of 5 °C/min) was
monitored using NIR spectroscopy, which enabled us to follow the
evolution of the characteristic bands of epoxy (4530 cm™!), anhydride
(4828 cm 1), ester (5158 cm™Y), hydroxyl (the broad overlapping OH
bands of alcohol and carboxylic acid functionalities in the region of
6800-7130 cm™ ) groups and moisture (5252 em™ ), Fig. S7 and
Table S3) [50-52]. The decreasing intensity of the epoxy and anhydride
bands with increasing temperature during cross-linking shows an
ongoing curing process in all studied systems (Fig. 3). Consequently, the
ester group content gradually increased with increasing reaction
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temperature. The graphs further show that anhydride consumption was
always faster at the beginning of the reaction and synchronized with
decreasing moisture content, suggesting that the MHHPA ring opening
was initiated by water at the initial stage of the reaction (Fig. 3). The
deviation between the epoxy and anhydride conversion curves,
observed before the copolymerization is initiated, can be ascribed to a
higher level of moisture in the formulation owing to the hygroscopic
nature of the MILs. In the case of the MILs-containing systems, this
decrease in moisture content was connected to an increase in the hy-
droxyl band that appeared at 90, 110, and 60 °C for the DGEBA/MHHPA
system with (BMIM),CoCls4, (BMIM)»ZnCl4, and (BMIM)FeCly, respec-
tively (Fig. 3(a-c)). The increased intensity of the OH group bands in-
dicates the formation of carboxylic acids due to the hydrolysis of the
anhydride ring. This reaction is followed by a fast decrease in OH, epoxy,
and anhydride functional groups, proving the quick onset of the subse-
quent esterification reaction. This reaction route was the most signifi-
cant in the case of the DGEBA/MHHPA system with (BMIM)FeCl,.

To reach more information about the low-T process, the DGEBA/
MHHPA/(BMIM)FeCl, formulation was followed under isothermal
conditions at 60 °C (Fig. S8(a)), showing initial fast hydrolysis of an-
hydride, proved by the decrease of anhydride and moisture bands, fol-
lowed by a temporary increase of the OH band (due to COOH groups
formation) and a final fast consumption of carboxylic functions due to
their reaction with the epoxy ring and OH groups producing ester
linkages, indicated by the sudden decrease of OH and epoxy bands, and
the increase of the ester band. Furthermore, the process is almost
stopped when the acidic functions are consumed (after ca 6 min at 60 °C,
Fig. S8(a)). Then, the decrease of epoxy and anhydride bands becomes
moderate and synchronous, implying a slow subsequent alternating
copolymerization (Fig. S8(a)).

At the later stage of curing (at T above ca 100 °C), the consumption of
epoxy and anhydride groups is further accelerated until their full con-
sumption (at around 200 °C, Fig. 3 and Fig. S8(b)). The conversion of
epoxy and anhydride groups is simultaneous, indicating an overall
alternating copolymerization behavior [53]. The OH groups start to
increase again at the last stage of the cross-linking reaction, probably
due to the formation of sterically-hindered OH groups inaccessible for
further reaction due to topological limits of the formed highly cross-
linked epoxide network.

3.2. Isothermal cross-linking of epoxy — Anhydride with MILs

For better understanding of the accelerating effect induced by MILs
and to determine the kinetic parameters of cross-linking reactions, the
isothermal DSC runs were performed with a constant catalyst loading of

1.0
—— (BMIM)FeCl,

0.8+ —— (BMIM),ZnCl,
—— (BMIM),CoCl,

0.6 ——BMIMCI
— 1MIM

0.4

0.24

0.04

50 100 150 200 250

Temperature (°C)

Fig. 2. (a) Non-isothermal (dynamic) DSC curves and (b) conversion (apsc) curves during non-isothermal cross-linking of DGEBA/MHHPA with 2.70 mol% of

catalyst at 5 °C/min.
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Fig. 3. Development of content of functional groups according to NIR spectroscopy. Non-isothermal (5 °C/min) cross-linking of DGEBA/MHHPA with different
accelerators (2.70 mol%): (a) (BMIM)FeCly, (b) (BMIM)2ZnCly, (c) (BMIM),CoCly, (d) BMIMCI, and (e) 1MIM. Left Y-axis for epoxy, anhydride and moisture; Right Y-

axis for ester and hydroxyl.

2.70 mol%. Table S4 summarizes the calorimetric isothermal data
showing that the application of MILs as accelerators allowed to reach a
higher final monomer conversion compared to the reference (1MIM-
catalyzed) system. Fig. 4(a-e) compares the isothermal DSC conversion
curves of all studied systems, illustrating that the type of accelerator and
the curing temperature have a crucial impact on the epoxy-anhydride
kinetics.

To better understand the curing kinetics, the experimental results
were treated with the autocatalytic Kamal-Sourour model (see equation
(7)), which adopts a model-fitting algorithm and is commonly used to
describe the autocatalytic behavior of a large number of epoxy curing
reactions [48,54-56]. This model proposes that the curing reaction is
governed by two, non-catalytic (k;) and catalytic (k) rate constants. The
overall reaction order (m + n) was initially fixed to 2 based on the
literature data [54,57]. The first fitting results for the reference
imidazole-catalyzed system showed partial reaction orders of m = 1 and
n = 1 (DGEBA/MHHPA/1MIM, Fig. 4(e)), which were maintained for
fitting of all systems. The model simulation correlates well with the
experimental data up to conversions of about 0.80 (Fig. 4), describing

well the chemically controlled kinetics [58]. At the later stage of curing,
the simulation data begin to diverge due to vitrification, as the cross-
linking reaction becomes diffusion controlled [54,59,60]. This dif-
fusion-driven reaction cannot be described by this model and new pa-
rameters must be considered to describe kinetics beyond vitrification,
[46] which is nevertheless out of the scope of this study.

For both reference systems accelerated by either 1MIM or BMIMCI,
the simulation curves fitted well the experimental values at all tested
temperatures (Fig. 4(d,e)). In contrast, the MILs-induced cross-linking
(Fig. 4(a-c)) exhibited good fitting results at higher temperatures and a
certain deviation from the model at lower temperatures (100 and 110 °C
for (BMIM)FeCly, and 90 °C for (BMIM)>CoCl4 and (BMIM)>ZnCly). A
better fit for the low-T region was obtained when all parameters (k;, ko,
m and n) of the Kamal-Sourour model were allowed to be adjusted. Then,
the fitting results for MIL-containing systems at low temperatures show
excellent agreement with the experimental conversion data (blue and
magenta lines in Fig. 4(a-c)). However, the reaction orders (m, mn)
increased significantly, losing their original physical meaning [61]. In
general, the reaction orders show only a low variation on the curing
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Fig. 4. (a-e) Comparison of experimental (points) and fitted (Kamal-Sourour model fit, lines) values of DSC conversion (a) during isothermal cross-linking of DGEBA/
MHHPA with different accelerators (2.70 mol%): (a) (BMIM)FeCly, (b) (BMIM)>ZnCly, (c) (BMIM)>CoCly, (d) BMIMCI, and (e) 1IMIM. (f) Temperature dependence of
ky (non-catalytic) and k;, (catalytic) rate constants of Kamal-Sourour model (m = 1, n = 1) determined from the fitting of DSC conversion (@) data during isothermal
cross-linking of DGEBA/MHHPA with different accelerators (lines are linear fits according to Arrhenius equation (9)).

temperature assuming an unaltered reaction mechanism [62]. Herein,
the observed substantial increase in reaction orders, especially in the
kinetic exponent m representing the catalytic reaction, suggests an
additional cross-linking mechanism proceeding at low temperatures,
which is probably related to the formation of new catalytic centers
induced by MILs. This observation is in good correlation with the non-
isothermal DSC runs (the appearance of the second low-T exotherm,
Fig. 2) and NIR results (the fast conversion increase at the low-T region,
Fig. 3) described above.

Further insight into the kinetics of the two stages of the cross-linking
is gained from the comparison of the rate constants (k; and k) listed in
Table S5 and Fig. 4(f). For both reference DGEBA/MHHPA systems
accelerated by 1MIM and BMIMC], a typical S-shaped conversion curve

was observed as a result of the two various curing steps characterized by
two different rate constants (a non-catalyzed k; and a catalyzed k) with
two activation barriers (E,; and E,»- calculated from the Arrhenius
equation (9) (Fig. S9-S13) [44]. Usually, the non-catalytic route is
dominant only at very low temperatures due to its lower activation
energy (Ea; < Eag, Table S5). Herein, for 1MIM- and BMIMCl-accelerated
curing, kz > kj in all tested temperature ranges (Fig. 4(f)), which means
that the non-catalyzed pathway (k;) is much slower than the catalyzed
route (kz) and the cross-linking is driven by the catalytic (imidazole)
pathway [63]. In contrast, the conversion curves of the MILs-accelerated
systems revealed an exponential-like behavior (Fig. 4). Similar behavior
for the IL-cured DGEBA was attributed to a change in mechanism due to
the presence of chloride anion of IL acting as an initiator/cocatalyst
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[55]. Therefore, the exponential kinetics observed for the MILs-induced
epoxy-anhydride cross-linking can also be ascribed to the catalytic
ability of the MCly anions, especially at low temperatures. Based on the
NIR results, this MCls-initiated reaction pathway includes formation of
carboxylic acids and their subsequent esterification (as evidenced
below). The kinetic modelling shows that for MILs-containing systems at
low temperatures (90 — 110 °C), the non-catalytic rate constant kj is
always higher than k; (Fig. 4(f)). This indicates that the MILs-
accelerated polyesterification pathway involving the formation of new
acidic initiation centers and the subsequent rapid monomer conversion
causes an increase in the k; rate constant. In contrast, at higher tem-
peratures, the catalytic constant k2 becomes more dominant, and the
cross-linking is then driven by the anionic mechanism, similar to the
reference systems. The results of the kinetic study show the considerable
complexity of the epoxy-anhydride cross-linking accelerated by MILs.
This complicates the application of the Kamal-Sourour model, especially
at low temperatures, where MIL-induced esterification is the dominant
mechanism.

Overall, the activation energies (E,; and E,y values) for the MIL-
containing systems are higher than those of the reference systems
(Table S5, Fig. S9-S13) and those reported in the literature for epoxy-
anhydride systems (60 to 75 kJ/mol) [48,64,65], demonstrating the
distinct mechanism of MILs-induced epoxy-anhydride cross-linking.
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3.3. Mechanism of epoxy-anhydride cross-linking induced by MILs

The above-mentioned NIR results revealed a complex DGEBA/
MHHPA cross-linking mechanism induced by MILs. To find out the
origin of the MILs-induced epoxy-anhydride reaction, model reactions
between mono-functional epoxy resin, phenyl glycidyl ether (PGE), and
MHHPA in the presence of accelerators (MILs, BMIMCI and 1MIM) were
conducted. Supposing an alternating copolymerization mechanism, the
PGE/MHHPA reaction produces a linear soluble polymer suitable for
MALDI-TOF mass spectrometry, allowing the determination of end-
groups and repeating units of the growing polymer chains. The PGE/
MHHPA reactions were performed at 80 °C to explore the low-T curing
mechanism. The MALDI-TOF mass spectra of the reaction mixtures after
15 min and the assigned structures are given in Fig. 5 and Fig. S14-18.
First, the MALDI-TOF mass spectrum of the imidazole-catalyzed refer-
ence system (PGE/MHHPA/1MIM) was analyzed showing only one
major distribution with a mass increment of 318 Da, consisting of
alternating MHHPA (168 Da) and PGE (150 Da) units, and 82 Da ter-
minal unit assigned to 1-methylimidazolium (Fig. S14). This indicates an
initial step involving a nucleophilic attack of 1MIM to the oxirane ring
and formation of an alkoxide [53]. In the subsequent propagation step,
the alkoxide attacks an anhydride group yielding a carboxylate anion,
which is able to open another oxirane ring [66]. This anionic mechanism
results in the formation of a strictly alternating copolymer (Scheme S1).

The presence of MILs and BMIMCI as accelerators induced the
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Fig. 5. MALDI-TOF mass spectra (a-c) and assigned structures (d) of PGE/MHHPA reaction mixture after 15 min reaction at 80 °C accelerated by (a) (BMIM)FeCl,,
(b) (BMIM),ZnCly, and (c) (BMIM),CoCl,. The whole-range MALDI TOF mass spectra are available in SI.
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formation of five distributions of molecular ions having different end-
groups but the same mass increment of 318 Da, which was composed
of alternating PGE (150 Da) and MHHPA (168 Da) units (Fig. 5 and
Fig. S15-18), confirming a strictly alternating copolymerization. The
different positions of the signals in the mass spectra prove the presence
of various end groups and suggest several different initiation mecha-
nisms. It is known that imidazolium ILs can initiate the epoxy ring
opening via three main routes: carbene formation, imidazolium
decomposition (‘imidazole’ route) and counter-ion route (anion nucle-
ophilic attack) [36,44,53,67]. Herein, the MALDI-TOF mass spectrom-
etry revealed the dealkylation of butyl (the black-marked structure and
signals in Fig. 5) and methyl (the green-marked structure and signals in
Fig. 5) chains of the imidazolium ring confirming the initiation mech-
anism via the ‘imidazole’ route [67,68]. The formed dealkylated nitro-
gen atom causes the opening of the epoxy ring, as similarly suggested in
Scheme 1(a) to the conventional imidazole catalyst (here 1MIM).
Nevertheless, three dominant distributions detected in the MALDI-TOF
mass spectra of all MILs-containing systems reveal the formation of
structures end-capped with i) terminal Cl-opened epoxy ring (the blue-
marked structure and signals in Fig. 5), ii)) OH (the red-marked struc-
ture and signals in Fig. 5), and iii)) COOH (the violet-marked structure
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and signals in Fig. 5). The presence of Cl and OH end-groups proves the
counter-ion nucleophilic initiation route. Herein, the chloride anion of
MILs attacks the less hindered carbon of the oxirane ring (in a similar
manner as the non-metal BMIMCI [36]) forming an alkoxide anion. This
anion can either directly attack another anhydride group to create a
carboxylate anion [53] (Scheme 1b) or, due to its willingness to facile
hydrolyzation, [69] be first transformed to a hydroxy-alkoxide, which
subsequently reacts with another anhydride to form a carboxylate anion
(Scheme 1Db). In both cases, the reaction further propagates by nucleo-
philic attack of carboxylate anions to another epoxy ring in an alternate
manner [69] obtaining an alternating epoxy-anhydride copolymer (the
blue- and red-marked structures and signals in Fig. 5).

At the same time, the formation of carboxyl group end-capped
alternating PGE-MHHPA copolymer chains (the violet-marked distri-
bution and signals in Fig. 5 and Fig. S15-18) indicates an additional
reaction pathway initiated by carboxyl groups formed during hydrolytic
decomposition of anhydride rings. Considering that the formation of
carboxyl groups in the low-T region is only visible in the case of MILs
(see the NIR results above, Fig. 3), it can be assumed that this initiation
pathway involves the formation of active species through the interaction
between the MCly (especially FeCls) counter-anion and anhydride ring.

R, R,

Ry

o
00
o/\’:o HO o/\[o Y~oH
—
° o

Ry

Scheme 1. Proposed mechanisms of epoxy-anhydride reaction initiated by MILs via (a) ‘imidazole’, (b) counter-ion, and (c) esterification route.
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Freitas et al suggested the formation of carboxylate anions with a
carbonyl group linked to FeClsy counter-anion, capable of promoting
anionic copolymerization with an oxirane ring [35]. Nevertheless,
herein the different reaction mechanism is suggested based on the NIR
and MALDI-TOF mass spectrometry results. Due to the Lewis acid
character of the MILs [69], an anhydride-MCl4 counter-anion complex is
formed as a first step (Scheme 1c). The generated complex facilitates an
attack of trace amounts of water (presumably originating from hygro-
scopic ILs) which leads to hydrolysis of the cyclic anhydride producing
two carboxyl groups. The acidic proton of the carboxylic group activates
the epoxy ring and causes its fast opening and formation of a hydrox-
yester [53]. In general, the carboxylic acid-epoxy esterification is slow
and therefore only significant at high temperatures [63]. However, the
initiation of the polyesterification pathway is highly accelerated by MILs
causing the fast conversion of the anhydride groups to the hydroxyesters
at low temperatures and low degrees of conversion. The following
propagation step comprises further esterification of the hydroxyesters by
reaction with another anhydride group yielding the alternating epoxy-
anhydride copolymer with a terminal carboxyl group (Scheme 1c and
the violet-marked distribution and signals in Fig. 5 and Fig. S16-18).

Altogether, the MILs-accelerated hydrolysis of the anhydride ring
and the subsequent polyesterification substantially affect the overall
epoxy-anhydride cross-linking kinetics (as mentioned above). The MILs
demonstrate a faster initiation of the epoxy-anhydride reaction and an
overall higher reactivity when compared to the conventional non-
metallic BMIMCI. This is attributed to the incorporation of the metal
chloride anions into the structure of ILs, thereby enhancing its acidity
[70]. Numerous studies have proved that chlorometallate ILs exhibit a
more pronounced Lewis acid character than conventional ILs
[29,31,70,71]. This is controlled by the electrophilicity of the metal and
by the mole fraction of the metal chloride used in MIL synthesis [32].
The pronounced Lewis acid property makes the MIL effective catalysts of
various reactions, thereby manifesting efficient catalysis in the epoxy-
anhydride curing reaction.
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3.4. Thermal and mechanical properties of the obtained networks

The first sign of the overall perspective of using MILs as accelerators
for the epoxy-anhydride cross-linking can be seen from the achievement
of a high T, of the cross-linked networks after the dynamic DSC runs
(Table S2). For deeper comprehension of the properties of the MIL-
induced networks, the amount of the accelerators was first optimized
using the dynamic DSC runs of reactive systems aiming to reach com-
plete cross-linking reaction (maximal reaction enthalpy, AH) and three-
dimensional network build-up (maximal Tg, Table 56) [72]. It was found
that the amount of 0.2, 1.0 and 1.0 mol% of (BMIM)FeCl,, (BMIM),_
CoCly, and (BMIM)»ZnCly, respectively, was optimal as epoxy-anhydride
networks with the highest Ty values were obtained with the content of
MILs kept at the lowest possible level. A minimal concentration of
accelerator has to be kept to ensure that all reactive moieties can be
activated [73] thus avoiding incomplete cross-linking (indicated by the
lowered AH and Ty values in Table S6). On the other hand, too high
contents of accelerators cause a lowering of Ty (Table S6) due to the
plasticizing effect [35]. It is worth mentioning that the optimal amount
in the case of (BMIM)FeCl, was found to be 7-fold lower compared to the
non-metallic BMIMCI and more than 3-fold lower compared to the
conventional 1MIM catalyst which is advantageous from both environ-
mental and economic points of view.

After optimization, all reactive systems were subjected to a complete
curing cycle (including the post-curing step at elevated temperature —
see experimental part) afterwards the thermomechanical properties of
the final epoxy-anhydride networks were evaluated (Fig. 6(a-d) and
Table 1).

DMTA shows a one-step change in storage modulus (G’) and a single
distinct relaxation tan § peak at 155-160 °C corresponding to the Ty
which indicates a homogeneous network structure for all samples with
the exception of the DGEBA/MHHPA/BMIMCI and DGEBA/MHHPA/
(BMIM),ZnCly4 samples. In these cases, a peak shoulder on the tan §
curve in a sub-glass transition region (around 100 °C) appears, indi-
cating a partly heterogeneous network structure [66], probably due to
the presence of less cross-linked local domains [74]. However, for all
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Fig. 6. The DMTA (a,c) and TGA (b,d) results of the epoxy-anhydride networks fabricated using different accelerators: temperature dependence of (a) storage
modulus (G’) and (c) loss factor (tan &), and (b) thermogravimetric and (d) derivative weight curves during TGA under N, atmosphere.
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Table 1

European Polymer Journal 212 (2024) 113077

Results of dynamic mechanical and thermal analysis (T, — maximum of the tan & peak, M. — molecular weight between cross-links and v, — cross-link density) and
thermogravimetric analysis (Tgs, Tq10, Tamax — temperatures at 5%, 10% and maximum mass loss, and char yield) of the epoxy-anhydride networks prepared using

different accelerators.

Accelerator Ty M, Ve Tamax Tys Ta10 Char
mol% wt% Q) (g/mol) (mmol/cm®) Q) “Q) Q) (wt.%)
1MIM 2.7 1.3 164 490 2.4 437 349 385 7.0
BMIMCL 2.7 2.8 160 435 2.7 427 333 376 8.1
(BMIM)FeCl, 0.2 0.4 171 207 5.6 419 374 393 11.8
(BMIM)»ZnCl, 1.0 2.8 167 343 3.4 407 337 359 8.9
(BMIM),CoCl, 1.0 2.8 170 308 3.8 406 356 370 11.4

MILs-containing materials, the T, values were higher than those of the
reference DGEBA/MHHPA/1MIM displaying formation of overall dense
networks. These findings are in accordance with the determined high G’
values at the rubbery region (Fig. 6a). The calculated values of cross-link
density () and average molecular mass between cross-links (M,) of the
MILs-containing samples (Table 1) indicate the formation of highly
cross-linked networks as a result of several cross-link mechanisms dur-
ing epoxy-anhydride network build-up. The highest v, achieved for the
(BMIM)FeCl-containing material correlates well with the largest extent
of the low-T esterification cross-link pathway (as suggested in Scheme
1c) for this sample (see the DSC and NIR results above). This suggests
that DGEBA/MHHPA networks cured with MILs present not only fast
curing but also produce epoxy networks with improved thermo-
mechanical properties, which makes these compounds promising
agents for newly developed epoxy materials.

The influence of added MILs on the thermal stability of the final
networks was evaluated using TGA showing a single decomposition step
for all samples (Fig. 6(b,d)). The highest thermal stability (the highest
T4s and Tq10 values, Table 1) and enhanced char-forming ability were
observed for the DGEBA/MHHPA samples containing (BMIM)FeCl4 and
(BMIM),CoCly, which can be explained by the combination of network
homogeneity (see also the DMTA results in Fig. 6(a,c)), high cross-link
density (Table 1), and the presence of thermally stable metal anions
[75]. In general, the epoxy networks bearing MILs display a higher char
yield (8.9-11.8 wt%) than those with 1MIM and BMIMCI (7.0-8.1 wt%,
respectively). This char residue improvement is mainly due to the for-
mation of a highly cross-linked structure and the presence of the anionic
part of the IL that contains a metal center (Fe, Co, Zn). This could exert a
protection of the epoxy matrix from combustion by prohibiting the
transfer of volatile compounds and heat through a heat barrier effect
[76]. To conclude, the addition of MILs for epoxy-anhydride cross-
linking produces DGEBA/MHHPA networks with excellent thermal
stability and high char yield.

4. Conclusions

In this work, we have shown that 1-butyl-3-methylimidazolium-
based metal ionic liquids (MILs) containing metal-anions such as
(FeCly), (ZnCl4)2', and (CoCl4)2' can be used as accelerators for epoxy-
anhydride cross-linking reactions, particularly the epoxy-anhydride
copolymerization (DGEBA-MHHPA). MILs were found to significantly
accelerate the DGEBA-MHHPA cross-linking reaction, especially at low
temperatures (60-80 °C) due to their ability to activate a rapid hydro-
lytic decomposition of the anhydride ring and the subsequent formation
of carboxyl groups, which further initiates polyesterification. A detailed
investigation of the polymerization mechanism revealed the formation
of an alternating epoxy-anhydride copolymer. A complex initiation
mechanism induced by MILs was revealed to take place via several
pathways, specifically, the so-called imidazole, the counter anion, and
the above-mentioned polyesterification routes. A detailed isothermal
kinetic study was performed by adopting the autocatalytic Kamal-
Sourour model, and the rate constants and activation energies of the
investigated systems were adequately determined. The produced epoxy
networks are highly cross-linked thermosets (the crosslink density is in

10

the range of 3.4 — 5.6 mmol/cm®), with high glass transition temperature
(approximately 150 °C), and very good thermal resistance.

Our comprehensive investigation demonstrates that MILs are effec-
tive accelerators of epoxy — anhydride cross-linking, allowing fast curing
at low temperature. Moreover, the thermosetting materials with a high
Tg, enhanced cross-linked density and very good thermal resistivity can
be obtained. From this point of view, we believe that the study disclosed
herein provides valuable insight into the use of MILs as prospective
accelerators for high-performance epoxy materials in applications
requiring a moderate exotherm profile (typically curing of thick com-
posites) and/or a lower temperature for cure onset (using mold mate-
rials sensitive to temperature).
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Synthesis of metal-based ionic liquids (MILs)

The metal-based ionic liquids (MILs) were synthesized by reacting BMIMCI (10 g, 57.3
mmol) with a metal chloride, FeCl; (9.3 g, 57.3 mmol), CoCl; (3.8 g, 29.3 mmol), or ZnCl»
(3.9 g, 28.6 mmol) at 100 °C, 150 °C, or 80 °C, respectively, for 2-6 h. The liquids were then
filtered over a pad of celite and heated to approximately 100 °C to remove unreacted metal
chloride. The obtained MILs were stored in an argon atmosphere using conventional Schlenk-
line techniques [1]. The MILs yielded 81 — 99 % of the product and were characterized by
FTIR spectra shown in Figure S1. The 'H and *C NMR spectra were measured only for
(BMIM)2ZnCly4, and compared to BMIMCI (Figures S2 and S3). TGA determined thermal
stabilities of MILs, and all thermograms are presented in Figure S4. Elemental analysis of the

metal content of each IL is presented in Table S1.
Analysis of the metal-based ionic liquids (MILs)

The structural and thermal stability analysis of the synthesized imidazolium-based ILs bearing
anionic transition metals, namely (BMIM)FeCls, (BMIM)>CoCls, and (BMIM)2ZnCls, were
investigated using various analytical techniques, including FTIR, 'H and '3C NMR, AAS and
TGA. The FTIR spectra exhibited indicative bands of the imidazolium ring, with characteristic
peaks observed at 1630 and 1570 cm™! corresponding to the stretching vibration of C=C and
C=N groups, respectively (Figure S1). Additionally, the bands in the range 2800 to 3000 cm"
! were attributed to the C-H stretching modes of the butyl chain of the imidazolium ring [2,3].
In the BMIMCI spectra, the peak observed at 853 cm™! attributed to the hydrogen bonding
between N-H of the imidazolium ring and the Cl anion was shifted to 843 cm™ in
(BMIM)>CoCls, and (BMIM),ZnCly, and to 828 cm™! in (BMIM)FeCla. This is explained by
the increased strength of the hydrogen bond resulting from the larger anion species present in
the MIL (ZnCls*, CoCls*, and FeClys') [3,4]. The 'H and '3C NMR spectra of (BMIM),ZnCl4
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further confirmed the formation of an imidazolium ring compared to BMIMCI (Figure S2-
S3). This is proven by the presence of signals for ('H) at 9.314 (s, N-CH-N) for BMIMCI
and 9.166 (s, N-CH-N) for BMIMZnCls. The §('*C) were found at 136.642 (1C, N-CH-N) for

BMIMCI and 136.530 (1C, N-CH-N) for (BMIM),ZnCl..

The metal content in the IL was determined by AAS analysis (see Table S1). The cobalt, zinc
and iron contents correspond to theoretical values. The water content of the synthesized MILs
was further verified using FTIR and TGA/MS analyses. Both spectra exhibited evidence of a
minimal amount of adsorbed water in the samples (Figure 2 and Table S1). The thermograms
of the MILs showed a decomposition of the adsorbed water from 0.5 to 1 wt% in the
temperature range between 120 and 150 °C (Figure 2 (a-c)). Additionally, the synthesized
MILs showed overall high thermal stability. The MIL bearing FeCls anion started to

decompose at T ~ 195 °C, while (BMIM),CoCls and (BMIM),ZnCl4 at approximately 250 °C.

This indicates that (BMIM)2CoCls and (BMIM)2ZnCls have slightly higher thermal stability

than (BMIM)FeCls.
C-H
imidazolium ring C-H alkyl
[4
-
S
3]
—
] FAVANE
c
©
Kol
E =
2
o |—2nChL
< BMIMCI
— (BMIM),ZnCl, 1571 898
— (BMIM),CoCl, ;
BMIMFeCl, ;

4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm)

Figure S1. FTIR spectra of BMIMCI, (BMIM)FeCls (BMIM),CoCls (BMIM)2ZnCls.
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Figure S2.'H NMR (DMSO-D6) spectra of BMIMCI and (BMIM),ZnCls.
BMIMCI: § 0.893 (t, H5C-) 1.247 (m, -CHy-CHs) 1.758 (p, -CH>-CH,-CHs) 3.371 (s, H:0)
3.856 (s, HsC-N) 4.174 (t, -CHo-CHy- CH,-CHs) 7.746 (s, HoC=CH>-N-R) 7.817 (s,
HoC=CH,-N-CH3) 9.314 (s, N-CH-N). BMIMZnCly: 8 0.848 (t, H3C-) 1.232 (m, -CH>-CHs)
1.776 (p, -CHo-CH,-CHs) 3.363 (s, Ha0) 3.851 (s, H3C-N) 4.152 (t, -CHy-CHy- CH,-CHa)
7.711 (s, H2C=CH>-N-R) 7.779 (s, HxC=CH»-N-CH3) 9.166 (s, N-CH-N).

BMIMCI
— BMIM2ZnCl4
>
& | | |
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Figure S3."°C NMR (DMSO-D6) spectra of BMIMCI and (BMIM)>ZnCls.

BMIMCI: 6 13.321 (1C, -CH3) 18.793 (1C, -CH2-CH3) 31.391 (1C, -CHz- CH2-CH3) 35.748
(1C, H3C-N) 48.446 (1C, CH2-CH»- CH»-CH3) 122.287 (1C, H.C=CH»>-N-R) 123.621 (1C,
H>C=CH>-N-CH3) 136.642 (1C, N-CH-N). BMIMZnCl4: 6 13.321 (1C, -CH3) 18.793 (1C, -
CH»>-CH3) 31.401 (1C, -CHz- CH>-CH3) 35.827 (1C, H3C-N) 48.501 (1C, CH2-CHz- CHo-
CH3) 122.269 (1C, H2C=CH>-N-R) 123.615 (1C, H:C=CH>-N-CH3) 136.530 (1C, N-CH-N).
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Table S1. The AAS results showing the metal content of MILs. The TGA/MS results (in
nitrogen atmosphere) showing the water content and the onset decomposition temperature (74,

onset)-
(BMIM):CoCls  (BMIM)2ZnCly BMIMFeCl4
Theoretical metal content, % 12.30 11.03 16.58
Experimental metal content, % 12.74 11.04 16.75
Water content (wt%) 1 0.5
T4, onset (°C) 243 257 195

Table S2. The dynamic DSC results of the reactive mixture at a heating rate of 5 °C/min using
2.70 mol% of accelerating agent: onset temperature (7onset), maximal peak temperature (7max)
and total reaction heat (AHoa1). The glass transition temperature (7%) of the cured system was

determined using the second heating run up to 300 °C at 10 °C/min.

Entry Formulation Cat.; Tonse Towr, Al Te

phr °C °C Jg °C
1 No cat. - 192 237  192+12 110
2 DGEBA/MHHPA/IMIM 1.008 106 130 35721 134
3 DGEBA/MHHPA/BMIMCI 2.143 101 131  334+16 128
4 DGEBA/MHHPA/ (BMIM)FeCly 4.024 57 61 343£19 96
5 DGEBA/MHHPA/ (BMIM),CoCls  5.882 97 128  327+14 147
6 DGEBA/MHHPA/ (BMIM)>ZnCls  5.962 99 142 331+20 148

“mass related to hundred mass of DGEBA+MHHPA
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0.05 mol%
0.15 mol%
0.20 mol%
0.33 mol%
2.70 mol%

Heat flow (a.u.), exo down

0 ' 5]0 ' 160 ' 1&130 ' 260 ' 2&130 ‘ 360
Temperature (°C)
Figure S4. Dynamic DSC results (exo down) of reaction DGEBA/MHHPA/(BMIM)FeCl4
using various mol% of the MIL.

1.00 mol%
2.70 mol%
3.50 mol%
5.00 mol%
10.00 mol%

Heat flow (a.u.), exo down
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Temperature (°C)

Figure S5. Dynamic DSC results (exo down) of reaction DGEBA/MHHPA/(BMIM)>CoCl4
using various mol% of the MIL.
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Figure S6. Dynamic DSC results (exo down) of reaction DGEBA/MHHPA/(BMIM)>ZnCly
using various mol% of the MIL.
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Figure S7. NIR spectra during non-isothermal cross-linking of DGEBA/MHHPA/1MIM

showing the evolution of characteristic bands of (a) epoxy, (b) anhydride, moisture and ester,

and (c) the hydroxyl bands. Bands from red to purple decrease/increase with the increase in
temperature. The moisture band interferes with the ester band in the later stage of the curing

process; therefore, it was monitored only in the early phase of the curing process.
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Table S3. Assignment of selected bands in NIR spectra.

Wavenumber (cm™) Assignment Denotation Note
O-H stretching, alcohol, first
7030 Hydroxyl 1
overtone Followed
O—H stretching, carboxylic acid, together
6985 Hydroxyl 2
first overtone
C—H stretching of an epoxide
6069 Epoxy 2
methylene group, first overtone
C=0 stretching of anhydride, )
5320 Anhydride 2
second overtone
Combination band of O—-H
5252 stretching with H-O—H bending Moisture Followed
due to moisture
C=0 stretching of ester, the
5158 Ester Followed
second overtone
Combination band of C=0O
4828 stretching of anhydride (first Anhydride 1 Followed
overtone) with C—O stretching
Combination band of aromatic
4678 C=C stretching with aromatic Reference 2
C—H stretching
Combination band of aromatic Reference
4622 C=C stretching with aromatic Reference 1 for followed
C—H stretching bands
Combination band of epoxide
4530 C—H stretching and C-H Epoxy 1 Followed

bending
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1,0 (b)1,o- 1.0

Los 0,8 L0.8
Epoxy
0.6 0,6 0.6
I§ \
B = |Anhydride 3
Lo4 0.4 Lo4
102 0,2 102
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Figure S8. (a) Isothermal NIR of DGEBA/MHHPA/2.70mol% BMIMFeCls, at 60 °C for 30
min. (b) After 40 min of curing at 60 °C, the reactive mixture was non-isothermally cured at
a heating rate of 5 °C/min up to 240 °C, showing an accelerated consumption of epoxy and
anhydride groups above ca 100 °C until the full consumption was reached at around 200 °C.
At a later stage of curing (>130 °C), the OH groups started to increase again, which indicated
the formation of sterically-hindered OH groups due to topological limits of the highly cross-
link network. The left axis is for Epoxy, Anhydride and Moisture; the Right axis is for Ester
and Hydroxyl.
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Table S4. Summary of isothermal DSC data for DGEBA-MHHPA cross-linking using
different accelerating agents. The total reaction heat (AHia1) Was determined from the
dynamic DSC runs; AHis. is the reaction heat during isothermal DSC runs, AHes is the residual
reaction heat after isothermal curing; AH\oss 1s the loss of reaction heat during isothermal DSC
runs due to time-lag for reaching and equilibrating target temperature; Qinitial 1S the initial
conversion of the first point that is recorded during isothermal DSC runs and afinal 1s the final
reach conversion during isothermal DSC runs.

Accelerating T  AHowm — AHiso AHhes AHioss®  tnitial”  tfinal
agent 0 g (J/g) (J/g) Jigg (%) (%)
IMIM 100 354 306 43 5 1.5 88

110 354 316 30 8 2.3 92

120 354 301 18 35 9.9 95

BMIMCI 100 375 315 37 23 6.0 90
110 375 315 28 32 8.6 93

120 375 301 25 49 12.8 93

(BMIM)2CoCl4 90 327 275 21 31 9.3 94
100 327 292 11 24 7.5 97

105 327 273 7 47 14.6 98

110 327 275 5 47 14.5 98

(BMIM)2ZnCly 90 321 282 26 13 4.1 92
100 321 289 13 19 5.8 96

105 321 266 8 47 14.7 98

BMIMFeCl4 100 342 300 34 8 2.4 90
110 342 267 24 51 14.9 93

120 342 255 16 71 20.8 96

a A[_Iloss = A[_Itotal - A[_Iiso - AHres

b Oinitial = 100 + AHloss / AHtotal
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Table SS. Kinetic parameters using the Kamal-Sourour model based on isothermal DSC
runs of DGEBA-MHHPA systems using different accelerating agents.

Accelerating T ki k2 Ea Ex
agent (°C) (sh (s (kJ/mol)  (kJ/mol)
IMIM 100 2.7-10° 1.6-10°
110 5.2:10* 3.3:10° 43 88
120 5410 6.8:107
BMIMCI 100 5.8:10* 1.0-1073
110 8.2:10 2.5-10° 49 97
120 1.3:103 4.9-10°
(BMIM),CoCls 90 8.0-10 5.8:10*
100 1.2:103 1.9-10°
105 7.8:10% 3.8:10° P e
110 9.7-10* 4.4-10°
(BMIM),ZnCly 90 7.8-10% 1.0-10*
100 1.0-103 6.5:10 42 217
105 1.410° 1.7-1073
(BMIM)FeCly 100 7.3:10* 0
110 1.3:103 0 55 n.d.
120 1.8:1073 9.4-107
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Figure S9. Arrhenius plot of rate constants k; and k> obtained by the Kamal-Sourour model
for the DGEBA/MHHPA/1MIM.
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Figure S10. Arrhenius plot of rate constants k; and k> obtained by the Kamal-Sourour model
for the DGEBA/MHHPA/BMIMCI.
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Figure S11. Arrhenius plot of rate constants k; and k2 obtained by the Kamal-Sourour model
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Figure S12. Arrhenius plot of rate constants k; and k> obtained by the Kamal-Sourour model
for the DGEBA/MHHPA/(BMIM)>ZnCls.
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Figure S14. MALDI-TOF mass spectrum of PGE/MHHPA/1MIM after 15 min of reaction at
80 °C.
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Scheme S1. Initiation and propagation in 1MIM-accelerated epoxy (PGE or DGEBA) —
anhydride (MHHPA) anionic copolymerization.
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Figure S15. MALDI-TOF mass spectrum of PGE/MHHPA/BMIMCI after 15 min of reaction

at 80 °C.
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Figure S16. MALDI-TOF mass spectrum of PGE/MHHPA/(BMIM)FeCly after 15 min of

reaction at 80 °C.
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Figure S17. MALDI-TOF mass spectrum of PGE/MHHPA/(BMIM),ZnCl4 after 15 min of

reaction at 80 °C.
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Figure S18. MALDI-TOF mass spectrum of PGE/MHHPA/(BMIM).CoCly after 15 min of

reaction at 80 °C.
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Table S6. Dynamic DSC results of the reactive mixture at a heating rate of 5 °C/min.

DGEBA/MHHPA=1/1

Dynamic DSC data

Entries (ngiile};stt Catalyst used Toc? Eeta’ Tglgb’ AJ[/? ]c}é’
1 - No cat. 192 237 192 110
2 2.7 mol% IMIM 106 130 357 134
3 2.7 mol% BMIMCI1 101 131 334 128
4 0.05 mol% (BMIM)FeCl; 159 207 267 132
5 0.15 mol% (BMIM)FeCly 140 189 342 147
6 0.20 mol% (BMIM)FeCl4 132 180 338 148
7 0.33 mol% (BMIM)FeCl4 101 167 337 148
8 0.67mol%  (BMIM)FeCly 57 85 331 128
9 2.70 mol% (BMIM)FeCls4 57 61 343 96
10 0.05 mol% (BMIM),CoCl4 110 137 300 133
11 1.00 mol% (BMIM),CoCl4 102 137 348 145
12 1.50 mol% (BMIM),CoCl4 111 142 326 142
13 2.70 mol% (BMIM),CoCl4 97 128 327 147
14 3.50 mol% (BMIM),CoCl4 92 122 337 130
15 5.00 mol% (BMIM),CoCl4 82 112 325 111
16 10.00 mol% (BMIM),CoCl4 70 103 216 104
17 0.50 mol% (BMIM)2ZnCl4 113 146 325 129
18 1.00 mol% (BMIM)2ZnCl4 105 140 347 145
19 1.50 mol% (BMIM)2ZnCl4 104 140 347 144
20 2.70 mol% (BMIM)2ZnCl4 99 142 331 148

? Onset temperature of the curing exotherm at 5 °C/min

® Temperature at the maximum curing exotherm

¢ Enthalpy of the reaction

4 Glass transition temperature determined at the midpoint of the transition curve after curing
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Fast carbon dioxide—epoxide cycloaddition
catalyzed by metal and metal-free ionic liquids for
designing non-isocyanate polyurethanesf

Marwa Rebei,®® Ctirad Cervinka,” Andrii Mahun,®® Petra Ecorchard,®
Jan Honzi¢ek, ()¢ Sébastien Livi, 2" Ricardo K. Donato (/9 and Hynek Benes () **

The recycling of industrially produced greenhouse gases, such as COs, into high-value-added chemicals
is one of the most relevant strategies for reaching climate targets. Herein, we present a two-step
strategy for how to efficiently convert renewable carbon dioxide (CO,) into B-hydroxyurethanes using
imidazolium ionic liquids (ILs) bearing metal ([ZnCl4]2’ and [CoCl4]2’) or ClI7 IL-anions as all-in-one
catalysts. The first step involves the rapid (1 h) conversion of phenyl glycidyl ether using ILs and
supercritical carbon dioxide (7.7 MPa, 80 °C) to cyclic carbonates in high yield (98%). The DFT
calculations suggested a comprehensive mechanistic pathway for the IL-catalyzed CO,-epoxy reaction
showing a rate-determining step of the initial epoxide ring opening and the direct participation of
IL-anions. Moreover, the applied ILs are also able to catalyze the subsequent reaction of the formed
cyclic carbonates with butylamine resulting in fast formation of B-hydroxyurethanes. Thus, the present

rsc.li/materials-advances

Introduction

Nowadays, advanced polymeric materials are at the forefront of
tackling global challenges, such as environmental issues, while
pursuing research on high-performance materials. Thus, the
development of new synthetic methods is critical for designing
innovative polymer materials and proposing sustainable
solutions to meet the requirements of the circular economy,
which are durability, reusability, and recyclability. Therefore,
scientists must propose functional materials using a design
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concept seems to be a promising strategy for designing non-isocyanate polyurethanes (NIPUs).

approach to develop molecular brick platforms that allow
integration of the required functions at the molecular scale in
the initial synthesis steps, for example, the use of industrially
produced greenhouse gases, such as CO,. Their conversion into
high-value-added chemicals has become one of the most rele-
vant strategies to reduce global warming and thus limit climate
change (the CO, concentration in the atmosphere reached
levels above 412 ppm in 2020).™

CO, is an inexpensive, non-flammable, and abundant car-
bon resource, rendering its use in polymer synthesis economic-
ally viable on an industrial scale. In this context, the
chemical fixation of CO, by cycloaddition of the epoxide ring
represents an environmentally benign route to produce poly-
functional cyclic carbonate-based monomers.* ™" Naturally, the
synthesis of cyclic carbonates via CO, cycloaddition requires
catalysts, e.g. aluminium porphyrin derivatives' or metal-
containing catalysts such as zinc and cobalt complexes, usually
active at high reaction temperatures and requiring the use of a
solvent.™®™* One of the promising applications of cyclic carbo-
nates is the preparation of so-called non-isocyanate polyur-
ethanes (NIPUs), which are synthesized by ring-opening
polymerization of polyfunctional cyclic carbonate monomers
with polyamines. NIPUs represent a promising alternative to
replace conventional polyurethanes (PUs).">'® Nevertheless,
the fabrication of NIPUs from cyclic carbonates™ ™
requires the addition of suitable catalysts and solvents,
long reaction time®> and high temperature,” which decreases

usually
20,21
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the reaction sustainability features and environmental aspects.
Therefore, the development of new materials enabling efficient
CO, absorption, capture and NIPU synthesis presents a challen-
ging task to overcome the above-mentioned drawbacks.

Recently, imidazolium, phosphonium, and ammonium-
based ionic liquids (ILs) were found to be suitable catalysts
for the CO, addition to epoxides due to their high
thermal stability, tunable structure and simple synthetic
routes.'®29242% Fyrthermore, ILs offer value by stabilizing
metal atoms within their structure, without deactivating the
metal’s catalytic functionality and synergizing it with its own
properties. The result is a functionalized-metal-containing IL
(MIL) with high catalytic activity, where the metal atom can be
incorporated by the anion while the cation is, e.g., a catalytically
active imidazolium ring.?” These MILs have demonstrated their
efficacy as catalysts/initiators for ring-opening polymerization
(ROP) reactions of lactones®®>* and epoxides.*' Furthermore,
the utilization of metal-organic frameworks (MOFs) incorpor-
ating ILs has emerged as a promising strategy for the prepara-
tion of recyclable porous catalysts employed in the CO,
cycloaddition to epoxide.®? However, this approach targets the
synthesis of catalysts with desirable properties such as high
surface area and porosity, which facilitates the CO, adsorption
into epoxide compounds efficiently while allowing the fast and
facile regeneration of the catalyst; however, such catalysts
require high temperatures, long reaction times (12-24 h), and
the use of an organic solvent, resulting in less environmentally
friendly processes.>* %

Based on previous findings showing the remarkable catalytic
activity of imidazolium TLs for epoxy ring opening,*® herein we
further investigate the potential of imidazolium ILs in CO,
cycloaddition. Moreover, we explore the catalytic potential of
discrete MILs for the copolymerization of CO, and
epoxides.*”*® Herein, we hypothesize that the MIL introduced
in the initial step for the synthesis of cyclic carbonates can also
catalyse the subsequent reaction between the cyclic carbonates
and amines leading to hydroxyurethanes.

In this study, three distinet ILs, a metalfree IL (1-butyl-2-
methylimidazolium chloride, BMIMCI) and two imidazolium
MILs bearing [ZnCl,]*~ and [CoCl,]*~ anions, were tested as all-
in-one catalysts for both the formation of eyclic carbonates and
their subsequent aminolysis (ring opening) producing B-
hydroxyurethanes. First, the conversion of epoxy groups of
monofunctional phenyl glycidyl ether (PGE) to cyclic carbo-
nates catalyzed by ILs was studied using FTIR and NMR
spectroscopy. Based on the obtained experimental data and
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DFT calculations, a comprehensive mechanism of the IL-
catalyzed CO,-epoxy reaction was suggested. The subsequent
reaction of the synthesized cyclic carbonates with butylamine
without additional catalysis was then studied to verify the
future potential of this approach for the rapid solvent-free
preparation of NIPU materials.

Experimental

Materials and synthesis

PGE was purchased from Sigma-Aldrich (99%, 150 g mol "), 1-butyl-
3-methylimidazolium chloride (BMIMCL, 99%, 174.67 g mol ') was
purchased from Iolitech and purified before use as described in
our previous paper.*® n-Butylamine was purchased from Fluka
Chemicals (73.14 ¢ mol™%). The structures of epoxy monomers,
amines, and all ILs used are shown in Fig. 1.

Synthesis of bis(1-butyl-3-methylimidazolium)
tetrachlorozincate(u), (BMIM),ZnCl,

(BMIM),ZnCl, was synthesized by treating BMIMCI (10 g,
57.3 mmol) with ZnCl, (3.9 g, 28.6 mmol). The reaction mixture
was heated to 80 °C for 6 h. The obtained (BMIM),ZnCl,
appears as a yellow viscous liquid. Yield: 13.75 g (28.3 mmol,
99%). The **C and "H NMR spectra are given in the ESIf (Fig. S1
and S2).

Synthesis of bis(1-butyl-3-methylimidazolium)
tetrachlorocobaltate(ir), (BMIM),CoCl,

(BMIM),CoCl, was synthesized by treating BMIMCI (10 g,
57.3 mmol) with CoCl, (3.8 g, 29.3 mmol). The reaction mixture
was heated to 150 °C for 2 h. The unreacted CoCl, was removed
by filtration over a short Celite pad heated to ~100 °C. The
obtained (BMIM),CoCl, appears as a blue viscous liquid. Yield:
13.3 g (27.8 mmol, 97%). The synthesized (BMIM),CoCl, was
not characterized using NMR spectroscopy due to its magnetic
properties.

Synthesis of cyclic carbonates

The CO, addition reactions were performed under supercritical
CO, (sCO,) using a stainless-steel high-pressure reactor
equipped with a pressure control regulator under solvent-free
conditions. PGE (1a) was reacted with ILs, ie, BMIMCI,
(BMIM),ZnCl,, or (BMIM),CoCl,, added at various concentra-
tions (1, 5, or 10 mol%) to an open aluminium pan, as shown in
Scheme 1(a). The mixture was manually mixed to obtain a

H 2 2- i
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Phenyl glycidyl ether n-butylamine i 2 2 i
PGE BA i BMIMCI (BMIM),ZnCl, (BMIM),CoCl, g

Fig. 1 Structures and acronyms of epoxy monomers, amines and ionic liquids used.
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Scheme 1 Simplified schemes of (a) cycloaddition reaction for PGE using ILs, and (b) synthesis of B-hydroxyurethanes from cyclic carbonate.

transparent homogeneous liquid, which was introduced inside
the CO, reactor. Then, air and moisture were eliminated by
purging the reactor with low-CO, pressure at RT for 5 min. The
reactor containing the reaction mixture was connected to the
sCO, gas cylinder for the entire reaction time (1 h) at a pressure
of 7.7 MPa and a temperature of 80 °C. Afterward, sCO, was
slowly released, and the reactor was cooled down at room
temperature.

The reactions were performed at different times, tempera-
tures, and pressures to reach the final optimal reaction condi-
tions (catalyst loading = 10 mol%, T = 80 °C, and P(sCO,) =
7.7 MPa) and were subject to FTIR and NMR characterizations.

Synthesis of p-hydroxyurethanes

The cyclic carbonates (1b) obtained from the PGE/CO,/IL reac-
tion were mixed in a stoichiometric amount of n-butylamine
(BA) without the addition of any solvent or co-catalyst, as shown
in Scheme 1(b). The reaction mixture was stirred under mild
conditions (7' = 55 °C) for 0.5 to 1 h. The reaction progress was
followed by FTIR spectroscopy, by following the disappearance
of the peak at approximately 1780 cm ™" related to the carbonate
C—0, of the eyclic carbonate.®* The disappearance of such a
peak proves the ring-opening of the cyclic carbonate and the
proceeding of the reaction with functional groups (primary
amines). The obtained products were measured in "H NMR to
confirm the structure and provide the p-hydroxyurethane
yields.

Characterization
Metal-based ionic liquids characterization techniques

FTIR measurements were performed using a Nicolet iS50 or
Nicolet Nexus 670 FTIR spectrometer (Thermo Fisher Scienti-
fic). Mid-FTIR was acquired using a built-in diamond ATR
(attenuated total reflection) crystal in the region of 4000-
400 cm ' (data spacing = 0.5 ecm '). FTIR spectroscopy is
considered an easy tool that provides fast proof of the formed
characteristic functions, such as the imidazolium ring and alkyl
chains. *H and *C NMR spectra were recorded using a JEOL
600 MHz (14.1 T) spectrometer, to confirm the structure and
characteristic bands of the formed MIL. TGA was performed
using a thermogravimetric analyzer Pyris 1 TGA (PerkinElmer)
under nitrogen flow (25 cm® min™"). A sample of ¢a. 5 mg
was heated from 30 to 800 °C at a heating rate of
10 °C min . TGA was carried out to study the thermal stability
of the MIL. Elemental analysis (AAS) was used to determine the
metal content (Co and Zn) in each MIL. The amount of the

© 2024 The Author(s). Published by the Royal Society of Chemistry

sample adjusted according to the expected content of the
measured element (2-10 mg) was weighed into pre-weighed
Eppendorf tubes under dry air in a glove box. The weighed
samples were then quantitatively transferred into the water of
MilliQ purity in a ratio of 1:50. The content of Co and Zn was
measured by atomic absorption spectrometry (AAS) using an
atomic absorption spectrometer (PerkinElmer, model 3110)
with a hollow cathode lamp emitting the spectrum specific
for Co and Zn as the light source. An external calibration
was used.

Cyclic carbonates’ characterization techniques

FTIR measurements of the samples were performed using a
Spectrum 100 spectrometer (PerkinElmer) equipped with a
mercury-cadmium-telluride (MCT) detector and a universal
ATR (attenuated total reflectance) accessory with a diamond
prism. The spectra were averaged over 4 scans at a resolution of
4 cm . The disappearance of the peak at ~915 cm ' is
followed during the reaction as it is attributed to the C-O
stretching of the oxirane group.***° Also, the formation of the
eyclic carbonates is followed by the intensity increase of the
band at ~1790 cm "7 The conversions of epoxy functions
were calculated from the integral intensity of the absorption
band at 915 em ™! (4) and the reference band at 1600 ecm ™ (A.)
according to eqn (1):

A Aref
OFTIR = (1 I AO;ref) x 100 )

Parameters A, and Ay,.r are the intensities of the absorption
bands for neat epoxy resin at given wavenumbers.

H NMR spectra were recorded using a Bruker NEO 400
spectrometer operating at 400.1 MHz. NMR spectroscopy was
utilized to investigate the structure of organic compounds,
determine the components and products of reactions, calculate
the reaction yields and provide the molar ratio of isomeric
products. All the investigated samples were dissolved in DMSO-
d; at 295 K. "H NMR spectra were acquired by applying a 90°
pulse (width = 18 ps) with a 10 s recycle delay and 32 scans. The
chemical shifts were relative to TMS using hexamethyldisilox-
ane (HMDSQ, 0.05 ppm from TMS in "H spectra) as an internal
standard. In general, the conversion of the initial reagent (i.e.
epoxides or cyclic carbonates) can be calculated using the
following equation (eqn (2)):

UNMR = (1 *%) x 100 (Z)

0

where I, and I, are intensities of the signal from the epoxy ring
or cyclic carbonate substituents in the initial mixture at zero
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time of the reaction and at a certain time (¢) of the reaction,
respectively. Melting points of the cyclic carbonates were mea-
sured using DSC Q2000 (TA instruments) on samples (10.0 +
0.5 mg) in hermetically sealed aluminium pans. Experiments
were carried out at a heating rate of 10 °C min %, from 0
to 100 °C (heating/cooling/heating), under nitrogen flow
(80 em® min™1).

Computational models

The initial modelling setup assumed a three-molecular gas-
phase (isolated) cluster composed of a PGE molecule, a carbon
dioxide molecule, and a chloride anion. To investigate the
impact of the solvent on the reaction barriers, up to two BMIM
cations and an additional chloride anion were optionally
included in the simulated clusters for comparison.

Generation of initial structures

First, to obtain a reasonable initial estimate of the geometry of
molecular clusters of reactants, intermediate molecules, and
products, all participating in individual reaction steps, a simu-
lation annealing on the level of classical molecular dynamics
(MD) was performed. This consists of simulating the motion of
clusters of several target molecules upon a gradual slow cool-
ing. It starts at an elevated temperature of 227 °C allowing the
simulated clusters to escape any spurious potential energy
wells. The temperature of the simulated clusters near absolute
zero, —273.15 °C, was then reached after simulating its trajec-
tory covering a 2 us period. Such a procedure typically yields
cluster conformations that correspond to the global minimum
of their potential energy,*" which is important to preselect the
most beneficial intermolecular contacts and intramolecular
conformations of the relevant flexible molecules out of the
large space of all theoretical conformations and mutual
arrangements of molecules in such clusters. Performing this
initial step using the cheap classical MD simulations saves
computational resources in the latter stage.

All simulated annealing runs were performed in Lammps
software,** using an all-atom non-polarizable OPLS force field
and a 1 fs time integration step. For BMIMC]I, the established
CL&P model was used,*® whereas a flexible force field model
was used for carbon dioxide.** For PGE, being the primary
reactant, and for 1-chloro-3-phenoxypropan-2-olate and 1-
chloro-3-phenoxypropan-2-yl carbonate, both expected to occur
in the reaction mechanism, the LigParGen utility”® was used to
generate all the required harmonic bonding parameters, OPLS
torsion parameters and Lennard-Jones parameters for disper-
sion interactions according to the OPLS force field library.*®
Atomic charges in the given molecular entities were adopted
from the CM1A model, scaling the atomic charges by the
default 1.0 factor.*”

DFT calculations

Geometries of the simulation-annealed clusters were further
optimized using density functional theory in Gaussian 16*® at
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the B3LYP-D3(BJ)/6-311+G(d,p) level of theory*®*® to verify the
dynamical stability of all optimized configurations of reactants,
intermediates and products. Tentative relaxed scans of the
potential energy upon variation of the reaction coordinates
were attempted to glimpse the possible geometries of the
relevant transition states. Finally, geometries of the transition
states, corresponding to saddle points on the potential energy
surface, and thus determining the reaction energy barriers,
were optimized using the Synchronous Transit-Guided Quasi-
Newton®" method as implemented in Gaussian 16. Frequencies
of the fundamental vibrational modes were calculated for the
clusters of relevant species within the harmonic approximation
to assess the thermal and entropic effects on the activation
energies. These were plugged together with molecular masses
and moments of inertia (based on the optimized geometries) to
the rigid-rotor harmonic-oscillator model,” yielding enthalpies
and Gibbs free energies of all target molecules at ambient
conditions. This DFT-based procedure consistently yields rela-
tively accurate energies, allowing us to qualitatively rank the
relative stability and thermochemical relationships among the
present molecules.

Solvation models

Since the proposed reactions take place in a highly polar
medium, a combination of implicit and explicit solvation
models was considered to address the solvation effects. The
polarizable continuum model using the integral equation
formalism™ was used for modelling the solvent implicitly.
Solvent parameters had to be newly defined according to an
analysis of the experimental bulk properties of BMIMCI.
Namely, its relative permittivity was estimated to be 8.500,
resulting from an interpolation of literature data within a
homologous series of similar ionic liquids;>**® its refractivity
was estimated at 1.532, resulting from extrapolations of data
measured for binary mixtures, and an effective radius 4.001 A of
the ion pair was estimated from its liquid phase density.*® As a
step towards the explicit solvation, all calculations were per-
formed for comparison also in the explicit presence of either
only a single chloride anion, or a single BMIMCI ion pair, or
two BMIMCI ion pairs for comparison.

Results and discussion
Synthesis of cyclic carbonates

PGE was reacted with supercritical CO, and two types of ILs: (i)
the metal-free ILs (BMIMCI) or (ii) the MILs denoted
(BMIM),ZnCl; and (BMIM),CoCl,; under solvent-free and co-
catalyst-free conditions to receive cyclic carbonates. The synthe-
sized MILs were characterized by various techniques, such as
FTIR, TGA, NMR, and a detailed discussion of their confirmed
structures and thermal stabilities is given in the ESIT (Fig. S1-
§3). First, PGE/CO,/BMIMCI mixtures with IL concentrations of
1, 5 and 10 mol% were reacted in supercritical CO, conditions
(1 h at 80 °C, 7.7 MPa). The reaction yielded solid materials with

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Tablel CO, cycloaddition to PGE catalyzed by ILs: yields and conditions®

IL loading  dppe’  ohawe’ Ten
Entry IL [mol%] (%) (%) TOF?  (°C)°
1 BMIMCI 5 i 97 9.7 87
2 BMIMCI 10 94 98 9.8 75
3 (BMIM),CoCl, 10 99 99 9.9 88
4 (BMIM),ZnCl, 10 93 93 9.8 76

“ Reaction conditions: catalyst loading [mol%] with respect to PGE,7.7
MPa of CO,, 80 °C, 1 h. ® The cyclic carbonates vield calculated vig FTIR
spectra (eqn (1)). © The cychc carbonates vield was calculated from the
'H NMR spectra (eqn (2)).  TOF related to IL: yield/[(Tl. loading in
mol%) x time]. ¢ Melting temperature of cyclic carbonates determined
as the onset of melting endotherm from the DSC runs.

melting temperatures (7y,) between 75 and 88 °C, confirmed by
DSC (Table 1).

The FTIR spectroscopy allowed fast monitoring of the reac-
tion progress as it constitutes an easy tool to follow the
formation of specific functional groups, such as the carbonate
bond C—O of cyclic carbonates (structure 1b, in Scheme 1).
Thus, the FTIR spectra of the product with 10 mol% of BMIMCI
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showed the disappearance of the characteristic peak at 915
em ' confirming the opening of the oxirane ring.***® This
proves at first glance the catalytic ability of imidazolium-based
ILs to initiate the ring-opening of epoxy monomers, which is in
line with our previous findings using BMIMCL*® The use of a
lower concentration of ILs (1 and 5 mol%) revealed only a
partial opening of epoxy groups (Fig. S4, ESIT). Nevertheless,
the formation of cyclic carbonates was observed in all the
formed products with all IL. concentrations. This is evidenced
by the appearance of a new distinct peak at 1787 cm ',
attributed to the carbonate group C—O of cyclic
carbonate.” * In summary, it seems that an IL composition
of 10 mol% is ideal for obtaining a full epoxy consumption
within 1 h in favor of cyclic carbonate formation. Therefore,
this concentration was adopted to investigate the proposed
systems further. Accordingly, the yield of cyclic carbonates
calculated from "H NMR (eqn (2)) was determined to be 98%
and 97% for 10 and 5 mol% of BMIMCI, respectively, while the
use of only 1 mol% BMIMCI was not sufficient to achieve the
desired cyclic carbonate function. Other studies also reported
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Fig. 2
structures of reactants and products detected in *H NMR spectra.
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(a) FTIR and (b} *H NMR spectra of PGE/CO./IL reaction products after 1 h and at 10 mol% of BMIMCL, (BMIM).CoCl,, and (BMIM)LZnCL, (o)
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similar high cyclic carbonate yields using binary DBU catalytic
systems or imidazolium-based ILs.******* However, a high
temperature (T > 100 °C)***® and a long reaction time are
generally needed.*®*”*® Meanwhile, our approach does not
depend on the conditions mentioned above, yet, we speculate
that the high efficiency of the IL obtained could be due to the
use of CO, pressure. Moreover, in this study, DFT calculations
are performed, allowing us to suggest the CO, cycloaddition
mechanism catalysed by ILs.

To compare the catalytic activity of synthesized MILs with
the metal-free BMIMCI, the reactions of PGE/CQO, mixtures with
10 mol% of (BMIM),ZnCl, and (BMIM),CoCl, were performed
by applying the previous conditions (80 °C, 1 h, 7.7 MPa). FTIR
and 'H NMR spectroscopy were used to investigate the inter-
actions between the MILs and PGE/CO, mixtures (Fig. 2).

The FTIR spectra of reaction products showed a full disap-
pearance of the C-O epoxy band at 915 em™* suggesting the
epoxy ring-opening.”®" Additionally, the formation of the
C—O band at 1785 cm ' corresponding to the carbonyl of
cyclic carbonate was observed (Fig. 2a). Other FTIR bands
confirmed the presence of the aromatic backbone of PGE (the
bands in the region of 1600 and 1400 cm %)’ and the C-O
ether group of the cyelic carbonate structure (the stretching
vibration bands at 1274 and 1037 em ™).

The full consumption of epoxy rings was also confirmed
using the "H NMR spectroscopy by the disappearance of the
respective NMR signals, marked as “a” and “b” (Fig. 2b and c)
at 2.74 ppm, 2.89 ppm and 3.34 ppm. The appearance of new
signals “2” and “3” at 4.38 ppm, 4.62 ppm and 5.15 ppm
revealed the formation of cyclic carbonates (Fig. 2b and ¢).”"
Remarkably, the yields of cyclic carbonates obtained from PGE/
CO, with all ILs were between 98-99% as calculated by
"H NMR, which was further confirmed by FTIR spectroscopy
showing similar high yields of the respective cyclic carbonates
(93-99%) (Table 1, entries 2-4). A similar result was reported
previously by Chen et al., where (BMIM),ZnBr, was used as a
catalyst for CO, cycloaddition to propylene oxide by obtaining a
cyclic carbonate yield of 92.6% after 5 h at room temperature;
however, only a yield of 50.5% was obtained when using
(HMIM),ZnCl,.”* These results proved the catalytic ability of
MILs for the CO, cycloaddition. The high catalytic activity of
MILs can be explained by their enhanced Lewis acid character
due to the presence of an anionic metallic moiety.”

Considering the use of PGE as a monomer, the type of the
IL’s anion (Cl~, CoCl,>", ZnCl,®>") exerted little effect on the
CO, conversion to cyclic carbonates. Conversely, when compar-
ing our results with other studies where metal complexes or
organometallic catalysts are used for the CO, cycloaddition,
such as Zn- and Co-based, we found that our MILs deliver
similar if not higher yields of cyclic carbonates, but in a short
time frame and under milder reaction conditions.****”* More-
over, in most of these studies, a combination of a metallic
compound, such as dichlorometals or MOFs, and an organic
salt in a solvent medium was applied to give cyclic
carbonates.”™”® For example, A. Sibaouih et al. used CoCl, in
combination with onium salts and dichloromethane to
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produce cyclic carbonates from CO,/propylene oxide reaction
at 120 °C.”® In another study, Yuan et al. synthesized and used a
Co-based MOF complex for CO,/epoxy reaction yielding 12.6%
of cyclic carbonates when used alone, but 99% after 4 h of
reaction, when used with tetrabutylammonium bromide
(TBABr).”®

Computational investigation of the
mechanism

To reach a better insight into the mechanism of CO, cycloaddi-
tion to PGE via ILs, a density functional theory (DFT) study was
performed on the model reaction PGE/BMIMCI/CO,. Important
points along the proposed reaction path within the potential
energy surface, such as any stable intermediate species and
transition states, imposing energy barriers for individual reac-
tion steps, were investigated using DFT, microsolvation, and
polarizable continuum models (PCM). The analysis of the
vibration frequencies calculated for the reacting molecular
clusters serves to distinguish unstable entities, exhibiting ima-
ginary vibrational frequencies, corresponding thus to transition
states, or stable intermediates, exhibiting only real frequencies.

The computational analysis revealed two transition states
that occurred along the fixation of a CO, molecule from the
initial epoxide to the final cyclic carbonate, along with a stable
chlorinated carbonate intermediate (Fig. 3 and Fig. S5, ESIT).
The first transition state corresponds to a concurrent opening
of the epoxide ring, a nucleophilic attack of the chloride anion
on the terminal carbocation, and another attack of the epoxide
oxygen on carbon dioxide (TS1 in Fig. 3a). Notably, the chlori-
nated alcoholate, initially expected to represent another stable
intermediate structure along the reaction path, could not be
optimized to a minimum on the potential energy surface in the
presence of CO,. All optimization attempts and energy scans of
the chlorinated alcoholate immediately converged to the chlori-
nated carbonate, representing a local minimum on the
potential energy surface. Vibrational analysis of the optimized
geometry of the alcoholate moiety interacting with CO, revealed
a single imaginary normal mode, the eigenvectors of which
correspond to a scissoring mode of the C-C-O epoxide moiety,
approached by the chloride in the nearby presence of CO,. This
confirms the transition state character of the alcoholate moiety
in the presence of CO,. The chlorinated carbonate exhibited
only real positive vibrational frequencies, indicating its
dynamic stability. Following the torsional mode of its carbo-
nate moiety, an oxygen atom can approach the terminal carbon
atom bearing a chlorine substituent. This process can lead to
another transition state with a planar arrangement of the
terminal CH, moiety that is surrounded from up and down,
by the chloride and carbonate moieties, respectively. As
depicted in Fig. S5 (ESIt), this structure exhibits a single
imaginary mode that corresponds to the oscillations of the
CH, moiety between the respective chlorine and oxygen atoms.
This transition state then decays to a cyclic carbonate upon the
release of a chloride anion.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Important points of the Gibbs energy profiles along the sug-

gested reaction path modelled at the B3LYP-D3/6-311+Gld,p) level of
theory. Energies of the reactants (REAC), intermediates (INT), products
(PROD), and both transition states (TS) are compared for multiple solvation
models: no solvation (Gas); implicit solvation in BMIMCL (Impl); explicit
solvation (Expl) departing from reactants solvated by either a single ion
pair (1 IP} or two ion pairs (2IP); and full solvation as a combination of the
implicit and explicit models. Lines tentatively interconnecting Gibbs ener-
gies of individual states are only a guide-for-the-eye to illustrate what the
whole Gibbs energy profile along the reaction coordinate could look like
{the reaction coordinate scale is only schematic). Grey dashed lines relate
the Gibbs energy profiles with particular chemical entities while the
reaction mechanism among those is marked by black arrows, (b} 3D
images of the key molecular fragments representing transition states TS1
and TS2 visualizing the spatial arrangement of the reacting species.

Owing to the polar or ionic nature of the reacting species,
solvation effects can severely affect the optimum structures
along the reaction path or its energetics. Fig. $6 (ESTT) depicts
analogous structures corresponding to the localized minima
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and maxima along the studied reaction pathway, as shown in
Fig. S5 (ESIT), in the explicit presence of a [BMIM]' cation.
Notably, the key molecular contacts of the reactants were not
altered upon the inclusion of an explicit cation solvating the
reacting species; however, new interactions of the reacting
species with the explicit cations stabilize the transition states,
leading to a lowering of the energy barriers. Both transition
states again exhibited a single imaginary mode, with eigenvec-
tors always corresponding to the desired conversions, as
depicted in Fig. $6 (ESIt). Turning on both implicit and explicit
solvation models, the first transition state is predicted to
exhibit distances of 2.10 A and 2.60 A from the terminal carbon
atom to the epoxide oxygen and chloride anion, respectively,
while the carbon atom of CO, is separated from the epoxide
oxygen atom by 2.60 A. For the latter transition state, the key
atomic distances amount to 2.39 A and 2.34 A for the separation
of the terminal carbon atom from the carbonate oxygen atom
and chloride, respectively.

Importantly, DFT calculations predicted the existence of a
strong hydrogen bond between the -CH- imidazolium bridge
and any of the relevant oxygen-anion species. The corres-
ponding O---H distances are of 1.95 A for the first alcoholate
transition state and 2.18 A for the latter carboxylate transition
state. Since halide anions are not particularly active in forming
hydrogen bonds with imidazolium cations,*"” this observa-
tion is crucial for interpreting the mechanism by which the
given IL can facilitate the course of this reaction pathway.
Hydrogen bonding of the otherwise labile and high-energy
transition state geometry to the solvent cation lowers its energy
as well as the activation energy barrier for the entire CO,
fixation pathway.

A comparison of the Gibbs energies of the key states along
the reaction path, as well as the results of the individual
solvation models, is presented (Fig. 3a). It is obvious that in
the gas phase, the primary fixation of CQ, into a carbonate
intermediate is hindered by a substantially larger energy barrier
than the mere cyclization of the carbonate intermediate into
the cyclic carbonate product. The explicit presence of a single
BMIMCI ionic pair stabilizes the first transition state. Never-
theless, the explicit presence of two BMIMCI ionic pairs in the
computational model brings a game-changing stabilization of
the first transition state. Both the chlorine and epoxide oxygen
atoms possess a negative charge but are located on the opposite
sides of the epoxide moiety. As such, they can beneficially
interact with an individual cation at the respective sides of
the reacting PGE molecule. Explicitly two BMIMCI entities
lower the first reaction-free energy barrier below 75 kJ mol™,
representing less than a third of the energy barrier for the same
process to occur in a vacuum (Table S1, ESIt). Thus, these DFT
calculations contribute to proving that the initial epoxide ring
opening is the rate-determining step of the overall process in
the absence of a catalyst.

Concerning the latter energy barrier, the variation in height
observed among the individual models is not significant. In
this case, the presence of explicit ions near the carbonate
intermediate renders its cyclization more energy-demanding,
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as the hydrogen bond of the carbonate to the cation has to be
disrupted upon the carbonate torsion that is required for the
cyclization. However, since the former barrier is the rate-
determining bottleneck, an unfavorable alteration of the latter
barrier by ILs is not important.

Interestingly, applying the implicit solvation model mimick-
ing BMIMCI as a polarizable continuum around the reactant
molecules and two explicit BMIMCI species led to a 25 kJ mol *
increase in the first energy barrier. This can be understood as
an adverse effect of the polar environment, which screens out
the otherwise beneficial electrostatic stabilization of the alco-
holate transition state. The overall positive impact of BMIMCI
on the reaction course can be understood as an interplay
between the beneficial interference of the reactants with expli-
cit ions and the somewhat adverse effect of the moderately
polar solvent. Current DFT calculations thus suggest that the
given CO, fixation pathway should be performed in a less polar
solvent that is, however, capable of formation of strong hydro-
gen bonds, stabilizing the key transition states.

While the first barrier is more than two times higher than
the second one in the gas phase, concurrent application of
the implicit solvation and the explicit presence of BMIMCI
brings both energy barriers to a comparable magnitude of
approximately 87-99 kJ mol™*, greatly facilitating the reaction
to proceed. All the Gibbs energy barriers modelled for
the reaction of PGE with CO, in BMIMCI are summarized in
Table S1 (ESIY}).

Concurrent interpretation of our DFT and NMR results, and
corroborating with previous reports,®"**%%%77%7% the proposed
reaction mechanism steps for the BMIMCl-catalyzed cyclic
carbonate formation is herein presented (Fig. 3a). The strong
hydrogen bonding between the -CH- imidazolium bridge and
the oxygen-anion species (-O- - ‘H-, see DFT discussion) enables
the nucleophilic attack of the chloride anion on the terminal
least hindered carbon of the epoxy ring of the PGE monomer
(TS1, in Fig. 3a). Thus, this forms the first chlorinated alcoho-
late transition state and enables a quick CO, fixation resulting
in the formation of a stable chloro-carbonate intermediate
(INT, in Fig. 3a). Then, the oxygen atom approaches
the terminal carbon atom bearing the chlorine substituent,
forming the second transition state consisting of the terminal
methylene moiety in a planar arrangement surrounded by
the chloride and carbonate moieties (TS2, in Fig. 3a).
Finally, this transition state decays to a cyclic carbonate upon
releasing a chloride anion, as confirmed by *"H NMR analysis
(Fig. 2b).

Analogous DFT calculations of the reaction mechanism in
MILs could not be performed to the same extent using the PCM
model due to the unavailability of properties (mainly the
dielectric constant) required by the PCM model for these novel
MILs. To compare the potential energy profile of the reaction
occurring in various solvents, we created a computational
model of the reaction in (BMIM),ZnCl,, assuming the explicit
presence of a single (BMIM),ZnCl, entity interacting with the
reactants, without any implicit solvation model. This analysis
revealed that the reaction of PGE with CO, in (BMIM),ZnCl,
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proceeds via a mechanism similar to that of BMIMCL. Fig. S7
(ESIT) depicts the geometries of the two transition states and
intermediate entities. The first transition state corresponds to
the ring-opening of the epoxide and a nucleophilic attack on it
by the [ZnCl,]>” anion, and the other corresponds to a nucleo-
philic attack by the carbonate oxygen on the terminal PGE
carbon atom bearing a chlorine substituent at that time.
Interestingly, DFT calculations suggest that the stable inter-
mediate species is a chlorinated carbonate coordinated via a
chlorine substituent to a nearly planar [ZnCl;] ™ residue.

The comparison of the Gibbs energy profiles for the reaction
proceeding in either BMIMCI or (BMIM),ZnCl, suggests that
the explicit presence of the latter IL has a beneficial effect on
lowering the principal reaction energy barrier (Fig. S8, ESIT).
This may be due to the higher flexibility of the first solvation
shell around the reacting PGE and CO, molecules, enabling
additional structural relaxation of the reaction center and thus
an improved energetic stabilization of the transition state
species. The microscopic explanation for this larger flexibility
can be twofold: (i) the larger size of the [ZnCl,>~ anion
compared to C1~ which contributes to a larger inter-cationic
spatial separation, imparting less electrostatic repulsion; and
(ii) unlike when using Cl1™, an additional [ZnCl;] ™ anionic entity
remains in the solution after the nucleophilic attack by the
[ZnCl,)>" anion, which enables more beneficial configurations
in terms of electrostatic interactions. Most likely, these phe-
nomena contributed to the higher catalytic efficiency of MILs
for CO, fixation. Furthermore, the reaction intermediate pre-
dicted to occur in the (BMIM),ZnCl, catalyzed system appears
to be significantly destabilized with respect to the mere chloro-
carbonate occurring in the case of BMIMCI catalysis, which
decreases the activation energy for the second reaction step
in turn.

The DFT results and the proposed mechanism correspond
well to the other studies showing the key role of the hydrogen
bonding of the epoxide oxygen atom when the IL-functionalized
MOFs used for catalysis of the CO,-epoxide
cycloaddition.*>®* Qur calculations show that the IL anions
directly participate in the CO, fixation process and the cations
play a highly important role in terms of supporting the reac-
tion. These computed results agree well with the experimentally
observed trend where too low a concentration of the IL hinders
the reaction and leads to an incomplete conversion whereas a
high enough concentration accelerates the process.

It is worth mentioning that there are two limitations to our
computational methodology that are related to our efforts to
rationalize the cost and complexity of the current computa-
tional model. First, it includes only two explicit ion pairs
around the active reaction site to mimic the solvent effects,
while the solvated cluster of the reaction center is probably
larger in reality. Nevertheless, our models were sufficient to
demonstrate the beneficial presence of the hydrogen bonding
from the cation near the active reaction site. Sterically, there is
only little space for additional IL cations to closely interact with
the active reaction site directly. We thus expect the impact of
the explicit presence of additional cations on the reaction Gibbs

were
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energy profiles to be rather minor. Also, our model relies on a
single, presumably the most stable conformation of each sig-

isocyanate urethanes

nificant state along the reaction pathway. These findings are

based on the initial simulated annealing procedure and are
verified further by additional scans of the potential energy
related to conformational variations. Both aspects could be
captured in significantly more costly ab initio molecular
dynamics simulations. Since our aim was a qualitative inter-
pretation of the reaction mechanism and identification of the
key states herein, our model proved to be sufficient and other

costly simulations remain out of our current scope.

Among the reported NIPUs,

© 2024 The Author(s). Published by the Royal Society of Chemistry

From cyclic carbonates to non-

Conventional PUs represent a market value of 51.2 Billion €,
and they are usually processed from a polyol, an isocyanate and
a chain extender. The synthesis and use of isocyanates such as
methylene diphenyl 4,4'-diisocyanate (MDI) and toluene diiso-
cyanate (TDI) are well-known to be harmful to human health.
Therefore, cyclic carbonates are more environmentally friendly
alternatives to standard monomers for NIPU production.®?
polyhydroxyurethanes (PHUSs)
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synthesized by ROP of polyfunctional cyclic carbonate mono-
mers with di- or polyamines represent a promising alternative
to replace conventional PUs.®*** For this reason, as a proof-of-
concept for the preparation of potential NIPUs, or a
pre-polymer for a NIPU network, the corresponding cyclic
carbonates (1b) allowed easy mixing with a monofunctional
amine at a low reaction temperature (55 °C). Butylamine (BA)
was used, as it is a commercially available amine, and in the
liquid state at room temperature to study the formation of
urethane linkages (Fig. 1). Cyclic carbonates generally present
low reactivity to aliphatic amines, and the reaction requires the
addition of organic solvents and catalysts.®*®® However, as
observed by FTIR spectra after 0.5 h, the reactions of BA
towards the monocyclic carbonate 1b containing BMIMCI,
(BMIM),ZnCl;, and (BMIM),CoCl,, display a wide band
between 3100-3500 cm ™" attributed to O-H and N-H stretching
vibrations, as result of cyclic carbonates ring opening (Fig. 4a-
¢).%»8% The reactions show a rapid opening of cyclic carbonates
by aliphatic amine to form p-hydroxyurethanes without the
addition of a (co)catalyst or (co)solvent, indicating the universal
catalytic abilities of the selected and designed ILs. This is
proved by the disappearance of the carbonyl group band from
cyelic carbonate at 1780 cm™ " with time, proving the reaction
between cyclic carbonates and amine groups (Fig. 4a—c). This
was further confirmed by the appearance of the new strong
band at approximately 1700 em ™" corresponding to the carbo-
nyl of the urethane group.®®*” The presence of other bands is
also indicative of the formation of urethane bonds, such as the
bands at 1532, 1245, and 1040 cm™* corresponding to N-H (in
the plane bend), C-N (stretch), and C-O (stretch) bonds,
respectively.®®®

The 'H NMR analysis has supported these results by show-
ing the urethane groups’ formation and complete conversion of
eyclic carbonate groups confirmed by the presence of the
respective signals corresponding to -CH,- protons adjacent to
-NH-(C—O)- (marked as 12 and 12, Fig. 4d-f) at around
2.95 ppm and the absence of the NMR signals corresponding
to cyclic carbonate at 4.38 ppm, 4.62 ppm and 5.15 ppm.>"?%

Importantly, "H NMR spectroscopy allowed the distinction
of two formed B-hydroxyurethane isomers: one with a second-
ary hydroxyl group (denoted as 1b’, in Scheme 1) and one with a
primary hydroxyl group (denoted as 1b”, in Scheme 1) and
calculating their corresponding yields. According to the NMR
analysis, the isomer with a secondary hydroxyl constitutes the
majority of the product, which is in accordance with previous
studies suggesting that the reaction between 5-membered ring
eyclic carbonates and amines preferentially gives secondary
hydroxyl groups.”® In the presence of BMIMCI, the obtained
isomers 1b’ and 1b” exhibited yields of 84 and 16%, respec-
tively (Fig. 4d). On the other hand, (BMIM),ZnCl, or (BMIM),.
CoCly, yielded 76% for the isomer 1b" and 24% of the isomer
1b” (Fig. 4e and f). Thus, it seems that the type of ILs initially
present in the cyclic carbonate influences the ratio of the
formed hydroxyurethane isomers. This impact is probably
caused by the high Lewis acidity character’>** of MILs and by
the coordination effect of MIL anions which further promotes
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the formation of primary hydroxyl groups (the isomer 1b").
Previous studies have also reported the influence of catalyst
type on the ratio of B-hydroxyurethane isomers.” *® In contrast
to other studies requiring the addition of specific catalyst
promoting cyclic carbonate ring-opening, herein we have
shown that MILs may act as dual catalysts for the CO, cycload-
dition reaction as well as for the aminolysis of cyclic carbonates
in bulk (Scheme 1(b)). Due to the catalytic effect of the IL
present in cyclic carbonate, the reactivity of BA is increased,
and a Lewis acid-activated cyclic carbonate intermediate is
formed. The presence of the inductive effect of the substituent
(phenyl group) increased the acidity of the negatively charged
oxygen and stabilized the transition state.”” Then, the reaction
proceeds by cleavage of the cyclic carbonate ring leading to a
deprotonated amine and formation of two types of [-
hydroxyurethane isomers, 1b’ (favorable, with secondary hydro-
xyl group), and 1b” (less probable, with primary hydroxyl group)
(Scheme 1(b)).”*

Conclusions

In this study, we successfully used a metal-free imidazolium IL
(1-butyl-2-methylimidazolium chloride, BMIMCI) and two imi-
dazolium MILs bearing [ZnCl,]*~ and [CoCl,]>” anions as all-in-
one catalysts for two-step conversion of carbon dioxide into
B-hydroxyurethanes. For the first step of the supercritical CO,-
epoxy cycloaddition of monofunctional phenyl glycidyl ether
(PGE) to cyclic carbonates, the concentration of ILs was opti-
mized (10 mol%) producing the cyclic carbonates with a high
yield of ca 98% within 1 h at 80 °C. A feasible mechanism for
the CO,-epoxy cycloaddition catalyzed by ILs was proposed
using DFT model calculations. The DFT calculations clearly
identified the epoxide ring opening as the rate-determining
step and formation of the chlorinated carbonate species as the
stable intermediate, which proves the direct participation of the
chloride-based anion in the cycloaddition.

In the second step, the formed cyclic carbonates, containing
the used ILs as catalysts, exhibited high reactivity towards a
monofunctional butylamine. Under solvent-free and co-
catalyst-free mild conditions (35 min at 55 °C), the reaction
yielded PB-hydroxyurethane isomers, with the dominant one
bearing the secondary OH groups (76-84%). Moreover, the
results further showed that the different structure of the IL-
anion affects the formation of individual isomers. Due to the
high variability and facile tunability of the IL structure, this
effect may be further elaborated for the tailor-made preparation
of NIPU networks with variable architecture and properties,
which will be the subject of further research studies in the
future.

Altogether, the tested ILs can be beneficially considered as
promising all-in-one catalysts for CO, conversion into NIPUs
through cyclic carbonate intermediates. On the other hand, the
challenge seems to be the scale-up of the process involving the
use of supercritical CO,, which would allow the transfer of the
technology to an industrial scale.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Metal-based ionic liquids (MILs)

Firstly, the synthesized MILs, (BMIM)>ZnCls and (BMIM).CoCl4, were characterized
to prove the IL structure. The 'H and *C NMR spectra of (BMIM)2ZnCly are shown in Fig. S1
and S2 and compared to BMIMCI.

= BMIMCI 1 ‘ { ]
S | LI
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Fig. S1. 'H NMR (DMSO-D6) of BMIMCI and (BMIM),ZnCls. BMIMCI: & 0.893 (t, H5C-)
1.247 (m, -CH»>-CH3) 1.758 (p, -CH>-CH»-CH3) 3.371 (s, H20) 3.856 (s, H:C-N) 4.174 (t, -
CHy-CH,- CHa-CH3) 7.746 (s, H2C=CH>-N-R) 7.817 (s, H;C=CH>-N-CH3) 9.314 (s, N-CH-
N). (BMIM),ZnCla: § 0.848 (t, H3C-) 1.232 (m, -CHo-CHs) 1.776 (p, -CHy-CHa-CHs) 3.363 (s,
H>0) 3.851 (s, HsC-N) 4.152 (t, -CH>-CHa- CH,-CH3) 7.711 (s, H2C=CH>-N-R) 7.779 (s,
HoC=CH,-N-CH;) 9.314 (s, N-CH-N).

BMIMCI
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Fig. S2. 3C NMR (DMSO-D6): of BMIMCI and (BMIM),ZnCls. BMIMCI: & 13.321 (1C, -
CH3) 18.793 (1C, -CH2-CH3) 31.391 (1C, -CHz- CH2-CH3) 35.748 (1C, H3C-N) 48.446 (1C,
CH>-CHa- CH,-CH3) 122.287 (1C, HoC=CH>-N-R) 123.621 (1C, H.C=CH,-N-CH3) 136.642
(1C,N-CH-N). (BMIM),ZnCla: § 13.321 (1C, -CH3) 18.793 (1C, -CH>-CH3) 31.401 (1C, -CH>-
CH»-CH3) 35.827 (1C, H3C-N) 48.501 (1C, CH>-CH>- CH»-CH3) 122.269 (1C, H,C=CH,-N-
R) 123.615 (1C, H,C=CH,-N-CHj3) 136.530 (1C, N-CH-N).
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The 'H NMR spectra proved the formation of a typical imidazolium ring in
(BMIM),ZnCl4 by the presence of signals at 6 =3.85 (s, H3C-N), 7.71 (s, H-C=CH>-N-R), and
9.166 (s, N-CH-N).! The metal contents (%) in (BMIM)>ZnCls and (BMIM),CoCls were
calculated using elemental analysis (AAS). The results showed that the experimental metal
content values Zn (11.04%) and Co (12.74%) are very close to the theoretical values, 11.03 and
12.30 %, respectively >°, suggesting the effective insertion of the metal centre (Zn and Co) in
the imidazolium IL. When comparing FTIR spectra and thermogravimetric analyses (TGA) of
BMIMCI with (BMIM),CoCls, and (BMIM),ZnCls, the MILs showed a low level of absorbed
water (approximately 1 wt%) (Fig. S3).

(a) (b) —— BMIMCI
BMIMCI 100 (BMIM),CoCl,
—— (BMIM),ZnCl,
-y 80 -
% [(BMIM),CoCl, =
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o w60
8 8
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5 @
g z
20 4
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Fig. S3. (a) FTIR spectra and (b) TGA curves of BMIMCI, (BMIM)>CoCls and (BMIM)2ZnCls.

FTIR spectra of (BMIM)>CoCls, and (BMIM),ZnCls exhibited typical characteristic
bands from the imidazolium ring proved by the presence of bands at 3090 - 3142, 1563 - 1640,
and 1163 cm™!, respectively attributed to the alkyl stretching in imidazole ring (C-H), imidazole
ring stretching, and bending of H-C-C and H-C-N bonds (Fig. S3a).*® The formation of
aliphatic (C-H) alkyl chains were also confirmed by the peaks at 2690, 2877, and 2933 cm™'.3
Thermograms of (BMIM),CoCls4 and (BMIM)2ZnCl4 showed four decomposition steps, unlike
BMIMCI which showed only two steps (Fig. S3b). This proves the presence of the inorganic
material, anionic metal centre into the IL, which starts decomposing at the final stage of the
TGA analysis at temperature after 430 to 547 °C. Moreover, these MILs showed to be thermally
stable at 7" lower than 100 °C, as the first decomposition step starts at onset 7 of approximately
240 °C, which means that the metal salts do not decompose at the reaction temperature selected

in this study (80 °C), and their catalytic activity will not be compromised. The high thermal
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stability of the compound is also due to the imidazolium cation that proved to be more thermally
and chemically stable than other cations of ILs, such as pyridinium, or phosphonium salts.® The
addition of the metal anionic centre was proved to enhance the Lewis acidity of the ionic liquid,
hence increasing its nucleophilic character and therefore catalytic activity.” These properties
provided by the MILs offer the opportunity to use them as new catalytic tools for the CO>

cycloaddition reaction.

Synthesis of cyclic carbonates

s
7/

1787
911

1 mol% BMIMCI

5 mol% BMIMCI

10 mol% BMIMCI

s

3500 3000 2000 1500 1000
Wavenumber (cm™)

Fig. S4. FTIR spectra of PGE/CO2/BMIMCI reaction products at different concentrations of
IL (1, 5 and 10 mol%), and at reaction conditions (T=80 °C, P(CO2)=7.7 MPa).
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Computational investigation of the mechanism

Fig. S5. Geometries of the important points along the overall reaction mechanism in the
minimum representation departing from a 1:1 mixture of reactants catalyzed by a chloride
anion. From left to right: reactants in an optimum mutual configuration, transition state for CO;
fixation, chloro-carbonate intermediate, transition state for carbonate cyclisation, and cyclic
carbonate product. Eigenvectors of the single internal mode exhibiting an imaginary vibrational

frequency are depicted for both transition states.

Fig. S6. Geometries of the important points along the overall reaction mechanism in the
explicitly solvated representation including one whole BMIMCI ion pair in excess to the 1:1
mixture of reactants. From left to right: reactants in an optimum mutual configuration, transition
state for CO; fixation, chloro-carbonate intermediate, transition state for carbonate cyclisation,
and cyclic carbonate product. Eigenvectors of the single internal mode exhibiting an imaginary

vibrational frequency are depicted for both transition states.
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Table S1. Relative Gibbs energies (at 298 K, in kJ mol™!) of important entities along the
reaction of PGE with CO, in BMIMCI, as obtained from B3LYP-D3(BJ)/6-311+G(d,p) level

of theory and for various solvation models of implicit (PCM), explicit (including 1 or 2 ionic

pairs), and full (combining implicit and explicit) solvation. Explicit solvent particles are noted

in brackets.

Solvation model REAC TS1 INT TS2 PROD BAR1 BAR2
Vacuum (1 CI) 66.0 244.8 60.1 110.0 0.0 178.8 49.9
PCM (1 CI") 50.1 245.7 49.1 118.2 0.0 195.6 69.1
Vacuum (1 BMIM" & 1 CI") 334 198.5 31.6 128.4 0.0 165.2 96.8
PCM (1 BMIM" & 1 CI) 40.9 226.7 43.0 118.9 0.0 185.9 76.0
Vacuum (2 BMIM" & 2 CI") 29.9 104.6 32.5 114.1 0.0 74.7 81.5
PCM 2 BMIM" & 2 CI) 40.5 139.5 40.9 128.1 0.0 99.0 87.2
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Fig. S7. Geometries of the important points along the overall reaction mechanism in the
explicitly solvated representation including one explicit (BMIM)>ZnCls4 entity in excess of the
1:1 mixture of reactants. First row, from left to right: reactants in an optimum mutual
configuration, transition state for CO; fixation, chloro-carbonate intermediate, transition state
for carbonate cyclisation, and cyclic carbonate product. Eigenvectors of the single internal
mode exhibiting an imaginary vibrational frequency are depicted for both transition states.
Second row: a detailed view of the most important fragments of the reacting species

representing TS1 and TS2 clusters.
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Fig. S8. Gibbs energy profiles along the suggested reaction paths as modelled at the B3LYP-
D3/6-311+G(d,p) level of theory. Energies of the reactants, intermediate entities, products, and
transition states are compared for the reactions occurring in a vacuum in the explicit presence
of a single stoichiometric entity of BMIMCI or (BMIM)2ZnCls. Lines interconnecting

individual states are only for guide-the-eye.
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