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ABSTRACT: Herein we present a comprehensive study on the

role of Bronsted-acidic imidazolium ionic liquids (ILs) and ", v
imidazolium salts promoting the reaction between carboxyl and
epoxide groups in a controlled manner at solvent-free and mild
conditions. ILs were evaluated toward their ability to self-catalyze
reactions between carboxyl groups and epoxy rings. Thus, an epoxy
model reactant denoted phenyl glycidyl ether (PGE) was reacted

g Self-catalyzed reaction with PGE

(
(€4

with different ILs, and the reaction kinetics was followed by time- w.>  © o W > :
dependent FTIR spectroscopy. The resulting products were , OOl S B! ¢
characterized by 'H NMR and MALDI-TOF, which also allowed ¢ oo TR e I

a comprehensive investigation of the reaction mechanism by

following the reaction intermediates formation. The detected

intermediates were then evaluated by density functional theory (DFT) simulations to calculate their energy profiles, revealing
the preferred mechanism pathways. These mono-, bi-, and tetra-functionalized ILs (with carboxyl groups) acted as all-in-one
reaction systems for materials synthesis or modification, with the potential of producing a broad range of epoxy based materials
via metal catalyst-free coupling reactions.

KEYWORDS: Ionic liquid, Catalysis, One-pot reaction, Ring-opening, Mechanism, Solvent-free

B INTRODUCTION

The reactions between epoxy and carboxyl moieties are
extremely interesting, especially due to the abundance of
these functional groups in nature and consequent potential for
obtaining/modifying diverse products based on natural
monomers/polymers. However, their chemistry is generally
complicated to achieve under strict control and is governed by
four main reactions: (1) addition esterification of carboxylic
acids (C) and epoxy rings (E), forming a hydroxymonoester
(M); (2) etherification (E + M, homopolymerization); (3)
esterification between carboxylic acid and hydroxymonoester
(C + M) forming a diester (D); and (4) a reversible

especial attention for preparing polymer networks with
thermoplastic/thermoset behavior due to the labile and
thermosensitive nature of these bonds, which allow the
formation of vitrimers.”

Similarly complex are the reaction mechanisms between
epoxide groups and the imidazolium cation of salts and ionic
liquids (ILs). ILs are organic salts with ionocovalent structures,
remaining as liquids in a broad temperature range below 100
°C. They present a quite impressive set of properties,
including; extremely low vapor pressure and insignificant
flammability, high thermal and chemical stability, wide
electrochemical windows, good thermal conductivity, high

transesterification (M + M) forming D and glycol. Under
stoichiometric conditions, the monoester formation is favored
(1), since the etherification (2) and condensation esterification
(3) are much slower and appear only at the nonstoichiometric
compositions. However, once the formation of monoester is
promoted the reversible transesterification (4) occurs to form
diester and glycol even under stoichiometric conditions.'
Recently, the control of these reactions has been receiving

-4 ACS Publications  © 2019 American Chemical Society

ionic mobility and stability in the presence of air and moisture,
etc.” As proposed by Maka et al, the ILs deprotonation,
dealkylation, decomposition, and/or fragmentation form
nucleophilic imidazole species, which promote the epoxide
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Figure 1. Ball-and-stick representation of the ILs studied, showing their structure, length of the shortest bond, and binding energy (between the
cation/anion pair) at the relaxed state, as obtained by DFT simulations. Carbon atoms are represented in gray, oxygen in red, nitrogen in blue,
hydrogen in white, sulfur in yellow, fluorine in cyan, and chlorine in green.

ring—opening.s’6 However, this approach is mostly justified by
the high temperatures or basic conditions, required for
processing of the resulting networks, while their mechanism
at lower temperatures are not clearly understood. Accordingly,
recently we have reported that some imidazolium ILs do not
cause epoxide ring-opening when used at relatively low
temperatures (80 °C) in the alkoxysilane-based sol—gel
process.” Moreover, they led to the formation of well-
structured silica xerogels, based on 3D cages, containing fully
reactive oxirane rings easily miscible with the epoxy-amine
network.

Taking that into account, once the previously discussed
hurdles are overcome, the introduction of these ionic
structures into polymer systems could be an interesting
alternative to produce reinforced but labile interphases. The
introduction of ijonicity into polymer nanocomposites and
blends interphases, especially in the presence of other physical
interactions, has been recently demonstrated as a practical
option for obtaining high performance smart materials.””
Partially ionic materials produce complex ionic and multiple
hydrogen-bonding (H-bond) nanocomposite interphases that
allow controlling the nanocomposite structure, morphology,
and properties in different matrices and processes.'”'*~"” Also
due to the bond lability produced, they avoid the usual
brittleness at lower temperatures,® additionally exhibiting
properties such as shape-memory and self-healing.*'*"'"'*!”

Using a similar approach, previously we observed that
carboxy-functionalized ILs (carboxylic-IL) presented selective
high reactivity with epoxy-based compounds, even in viscous
and complex epoxy—silica nanocomposite systems, forming
nanocomposites with dramatically improved mechanical
properties with the addition of very small amounts of IL
(~0.2 wt %).>° However, previously we could not fully explain
the organic/inorganic interface modification process induced
by the carboxylic-ILs. Thus, herein, the reactivity of different

carboxylic-ILs toward an epoxy species was studied, aiming for
better understanding the reaction mechanism and structural
dependency of carboxylic-ILs to be self-catalyzed (Figure 1). In
order to simplify the characterization and give a better idea of
the polymerization/reticulation steps, the monofunctional
epoxy molecule Phenyl glicydyl ether (PGE) was used, as it
presents a very similar reactivity to standard epoxy precursors
(e.g., diglicydyl ether of bisphenol A).”' The reaction between
PGE and the different carboxylic-ILs was investigated using
FTIR, enabling us to follow the epoxide group consumption as
a function of time. The obtained experimental data were
further compared with the final relaxed structures and their
energy profiles, as calculated by density functional theory
(DFT) simulations. The final products, after epoxide group
consumption, were characterized by '"H NMR and MALDI-
TOF, and the results were used to perform a comprehensive
(IL) structure—mechanism correlation study.

B EXPERIMENTAL SECTION

Materials. All reagents were purchased from Sigma-Aldrich, Alfa
Aesar, or TCI and were used as-received, without further purification.
Anhydrous solvents were obtained from a PURESOLV SPS400
apparatus developed by Innovative Technology Inc.

Imidazolium Salts and lonic Liquids. The 1-butyl-3-methyl
imidazolium chloride (C,MImCl, >99% Sigma-Aldrich) IL was
purchased from Sigma-Aldrich and used without any previous
treatment. The I1-carboxymethyl-3-methylimidazolium chloride
(CH,CO,HMImCl), 1-carboxypropyl-3-methylimidazolium chloride
(C3H(CO,HMImCI), and 1,3-dicarboxymethylimidazolium chloride
(CH,CO,H),MImCl ILs, were synthesized as described in the
literature.”> The 1-carboxymethyl-3-methylimidazolium bis (trifluor-
omethyl-sulfonyl) imide (CH,CO,HMImNT%,) IL was prepared by
anion exchange from its CI~ correlate (CH,CO,HMImCI). The latter
was performed by mixing CH,CO,HMImCI together with lithium
bis(trifluoromethylsulfonyl)amide (LiNTf,, 99% Sigma-Aldrich) (1/
1.05 molar ratio) in dichloromethane, and stirring for 48 h. The
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Figure 2. FTIR spectra presenting kinetics of PGE’s epoxide ring-opening with CH,CO,HMImCIl (a), C;H4CO,HMImCI (b), and
CH,CO,HMImNTHY, (c) at 25 °C; and with CH,CO,HMImCI (d) and C;H,CO,HMImCI (e) at 100 °C.

precipitated LiCl salt was removed by filtration and
CH,CO,HMImNTf, was obtained after solvent removal under
vacuum. Their purities were checked by 'H NMR and *C NMR,
and were in accordance with published data. The 1,3-bis(4-
carboxyphenyl)imidazolium chloride ((Benzoic),ImCl) and 1,3-
bis(3,5-dicarboxyphenyl)imidazolium chloride ((Isogphtalic)ﬂmCl)
were also synthesized as described in the literature®”** with a few
adaptations (details in the Supporting Information, SI), their purities
were checked by '"H NMR, *C NMR, and MALDI-TOF, and were in
accordance with published data (SI Figures S1—S6).

Epoxy-Carboxylic Acid Model Reaction. In order to evaluate the
epoxide ring-opening mechanism of phenyl glycidyl ether (PGE),
initiated by the carboxy-functionalized ILs, model reactions between
both components, used in stoichiometric ratio of functional groups
(1.0 mmol), were performed at 25 °C as well as at 100 °C. For better
dispersion of ILs and PGE at 2S5 °C, the mixtures were initially treated
in an ultrasound bath (320 W) for 3 min. The process of PGE’s
epoxide ring-opening was followed using FTIR measurements of
aliquots collected during the reaction, while the final products were
characterized by 'H NMR and MALDI-TOF.

Additionally, we performed reactions, at 25 °C, between PGE and
acetic acid with/without addition of C,MImCI (as a nonfunctional-
ized IL), in the following molar ratios; acetic acid/PGE (1/1) and
acetic acid/C,MImClI (1/0.3 and 1/1).

Methods. Density Functional Theory. The computational
approach was based on density functional theory (DFT) as
implemented in SIESTA code.”® We used triple- basis set with
polarization orbitals (TZP), norm-conserved Troullier-Martins
pseudopotentials,”® and mesh cutoff of 400 Ry. The exchange-
correlation functional is in Vydrov-van Voorhis (VV10) approx-
imation.”” All the structures were optimized until the forces were
smaller than 0.040 eV/A. Binding energies were calculated with
Boys—Bernardi counterpoise method for basis set superposition error
correction.”®

Infrared Spectroscopy. The infrared (FTIR) spectra of the
products were measured 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 selected resolution of 4 cm™. The progress of the epoxide-
IL reaction was monitored as for the disappearance of the peak at
~915 cm™! corresponding to the C—O stretching of epoxide group.”

Nuclear Magnetic Resonance. '"H NMR spectra were acquired
with Bruker Avance III 600 spectrometer operating at 600.2 MHz

19053

with C,D50D as the solvent at 295 K. The width of 90° pulse was 10
pus with relaxation delay 10 s. The acquisition time was 2.18 s with
16—32 scans. The chemical shifts are relative to TMS using
hexamethyldisiloxane (HMDSO, 0.05 ppm from TMS in 'H NMR
spectra) as internal standard.

Matrix-Assisted Laser Desorption/lonization-Time-of-Flight
Mass Spectrometry (MALDI-TOF). MALDI-TOF mass spectra were
acquired with an Ultraflex (Bruker Daltonics, Bremen, Germany) in
the positive ion reflection mode, using delayed extraction. The spectra
were the result of averaged values of 3 measurements, each from the
sum of 30 000 shots with a DPSS, Nd: YAG laser (355 nm, 1000 Hz).
External calibration was used.

The samples were prepared by the dried droplet method.
Dimethylformamide (DMF) solutions of the sample (10 mg/mL),
the matrix: DHB (2,5-dihydroxybenzoic acid; 20 mg/mL), and the
cationization agent: sodium trifluoroacetate (NaCF3COO; 10 mg/
mL) were mixed in the respective volume ratio 4:20:1.1 uL. The
mixture was deposited on a ground-steel target plate, and the analyte
drop was dried at ambient atmosphere.

B RESULTS AND DISCUSSION

As previously described by Binks et al.,** ILs with halide anions
can induce a complex anionic initiation mechanism, where one
of the possible rotes is, as they refer to, a “counter ion route”.
More specifically for Bronsted-acidic ILs, Ranu et al. also
described a mechanism for the cleavage of epoxides to
halohydrins without requirement of any other catalyst or
solvent.”® In their proposed mechanism, besides the halohy-
drins, also a zwitterionic species derived from the original IL
should be formed (vide infra). However, the referred work did
not present any correlated discussion.

Since we have been investigating the chemical insertion of
the imidazolium cation into the epoxy network, this work
comprises a detailed study on the IL’s reactivity in relation to
their chemical structure. Different Bronsted-acidic ILs varying
the number of functional carboxyl groups per imidazolium unit
(from mono- to tetra-functionalized) and the steric nature of
both cation and anion were selected (Figure 1).

Reactivity of ILs in Relation to Their Functionality.
For a better understanding the extent of self-catalyzing capacity
of the ILs, the characterizations and discussions of the PGE-IL

DOI: 10.1021/acssuschemeng.9b04810
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Figure 3. Structures detected by MALDI-TOF in the systems derived from the reaction between PGE and CH,CO,HMImCl at 25 °C (a—c, e—g),
CH,CO,HMImCI at 100 °C (a—d, f), CH,CO,HMImNTHY, at 25 °C (a, ¢, f—h), C;H,CO,HMImCI at 25 °C (i—m), and C;H,CO,HMImClI at

100 °C (i—m).
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Figure 4. "H NMR spectra of reactions (at 25 °C) between PGE and CH,CO,HMImClI (a), C;H,CO,HMImCI (b), and CH,CO,HMImNT¥,
(c). Signals were assigned as n’ when the same proton presented different field shifted signals between reactant and product or between different

adducts.

systems were segregated based on the number of functional
groups per imidazolium unit. Moreover, due to the large
number of overlapped bands among the system components,
time-dependent FTIR was used mainly to evaluate (semi-
quantitatively) the oxirane ring band consumption, and the
formation of ether/ester bonds (C—O bands) and stable
carboxylate anions (O—C—O~ band).”> The final product
conversions were calculated using NMR and MALDI-TOF.
NMR was also used to evaluate the PGE oxirane ring
consumption, to match FTIR results, and detect the PGE-IL
coupling reaction products, while MALDI-TOF was used to
evaluate the ratio between unreacted and reacted IL-cations
(since it was measured in positive-ion mode) by perfectly
matching their masses (all results are summarized in Table 1,

considering the peaks’ intensity contributions). All the FTIR,
NMR, and MALDI-TOF supporting data are presented in the
SI and are systematically referred throughout the text.
Monofunctional ILs. When considering the reactions at 25
°C, the fastest epoxide ring opening processes were observed
for the systems with both monofunctional ILs containing the
chloride anion (CI7) (CH,CO,HMImCI and
C;H,CO,HMImCl). CH,CO,HMImClI caused higher epoxy
consumption than C;H4,CO,HMImCI only at the beginning of
the reaction, which could be due to its better solubility/
dispersion in the reaction system (as observed during the
reaction). Despite the quite different oxirane ring consumption
after $ h, CH,CO,HMImCI and C;H,CO,HMImClI revealed a
very similar efficiency after 48 h of reaction (Figures 2a and b

19054 DOI: 10.1021/acssuschemeng.9b04810
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Figure S. FTIR spectra presenting the kinetics of the reaction between; PGE and (CH,CO,H),ImCl at 25 °C (a) and 100 °C (b); and PGE and

(Benzoic),ImCl at 100 °C (c).

and 3). Accordingly, the 'H NMR and MALDI-TOF
measurements (after 48 h reaction) showed epoxy con-
sumption of ~98% and 100% (absence of 'H NMR peaks
related to the residual oxirane rings at 6 ~ 2.8 ppm, Figure 4a
and b), while only about 46% and 22% (Figures S14 and S15)
converted into the PGE-IL coupling products (Figure 3, f, k,
and 1), for the systems containing CH,CO,HMImCIl and
C;H4CO,HMImC], respectively. Despite the good reactivity of
the ILs, the majority of these ILs cations remained in their
monomeric form (Figure 3a and (i), stacked clusters partially
stabilizing their zwitterionic species formed by the loss of the
carboxyl proton (Figure 3b, e, and j) or zwitterionic species
stabilized by the coupling product (Figure 3f and 1).

The IL stacking via hydrogen bonding, C—H—x interactions
and 77— stacking could be clearly evidenced by the higher field
shifted “satellite” signals of the imidazolium ring (Figures 4 and
S7; signals 8', 9’, 10’, 11’) and decreased signal 8 (related to
the C2 hydrogen).” ™"

Moreover, the size of stacked clusters could be determined
by MALDI-TOF, since their exact mass matches perfectly with
the structure of clusters composed of IL cation (e.g, m/z =
141 for CH,CO,HMImCI) and multiple deprotonated IL
cations forming zwitterions (e.g., structures at Figure 3b, e, and
j). Interestingly, the sizes of these clusters vary with the IL
structure, but with a common feature of always presenting a
total charge +1 due to the presence of one unaltered cationic
species. Finally, the presence of the carboxylate anion (as
evidence for the zwitterion formation) could also be observed
by FTIR, as the suppression in the C=O vibrational mode
(~1710 cm™) and appearance of a new band at lower
wavenumber (~1615 cm™', Figure $12),** which is often
observed in amino acids in the zwitterion form.*® It is worth
noting that these stacked structures are also present in the neat
IL structures (Figures SS and S6), showing that it is a natural
self-stabilizing tendency of this type of IL.

However, the reaction at 25 °C between PGE and
CH,CO,HMImNTf,, containing the bulkier anion bis-
(trifluoromethylsulfonyl)amide (NTf,”), presented a different
behavior compared to its Cl™ anion correlate. Besides the
apparently slower oxirane ring band disappearance (Figure 2c),
and no O—C—0O~ band formation (Figure S12), a '"H NMR
signal (7’) related to the neat CH,CO,HMImNTY, was
observed (Figure 4c), indicating a small amount of unreacted
IL in the final product. Moreover, the reaction between PGE
and CH,CO,HMImNTY, also led to the formation of small
amounts (about 9% of the total reacted IL) of dimers and
trimers of PGE via etherification reaction (Figure 3g and h),
which could be detected by both '"H-NMR (Figure 4c) and
MALDI-TOF (Figure S14). These results suggest the presence
of more than one reaction mechanism between PGE and the

ILs, and a major influence of the IL’s anion on the reaction
mechanisms, most probably presenting a role as a nucleophile
that initiates the ring-opening reaction.

As expected, when the reactions were performed at 100 °C,
they proceeded in a much faster rate for both carboxylic-ILs
with Cl™ anion (compare Figure 2a vs d and Figure 2b vs e). In
this case, the fastest reaction was for the system containing
C;H4CO,HMImCI, which could be a consequence of its
improved solubility/diffusion with increasing the temperature,
leading to a higher reactivity with the epoxide groups. At this
temperature, after only 10 min of the reaction, all the epoxide
groups of PGE were consumed, as evidenced by FTIR (Figure
2e) and 'H NMR (Figure S8), and about 92% (MALDI-TOF)
of the IL reacted with PGE (Figures 3k and S1S5). Such
behavior corroborate with our previous results,”” concerning
the formation of the most reinforced organic/inorganic
interphase in epoxy-silica nanocomposites modified by
C;H4CO,HMImCI. It is worth noting that specifically for
the reactions between the PGE and C;H,CO,HMImC], in
both temperatures, also a coupling product between an
imidazolium ring and PGE was detected in small amounts
(Figure 3m). This could indicate that, despite the mild
temperatures, some IL decomposition via C—N bond cleavage
is produced during the reaction process, allowing then the
imidazole N atom nucleophilic attack to PGE.*’

CH,CO,HMImCI also led to a considerable increase in
reaction rate at 100 °C, with total oxirane ring consumption
after 2h (Figures 2d and S7), and about 92% of PGE-IL
coupling reaction (Figure S14). Interestingly, exclusively the
reaction between PGE and CH,CO,HMImCI at 100 °C,
presented a small amount of structures formed after a second
cation insertion, probably via transesterification or condensa-
tion esterification reaction (Figure 3d). However, trans-
esterification could not be proved since the formation of
glycol was not detectable by MALDI-TOF in positive
ionization mode.

Difunctional ILs. In order to unveil the influence of the
number of IL’s carboxyl groups on both epoxide ring-opening
and coupling processes, the reactions between PGE and two
difunctional ILs ((CH,CO,H),ImCl and (Benzoic),ImCl)
were also performed. The structural differences between
(CH,CO,H),ImCl and (Benzoic),ImCl also allowed evaluat-
ing the influence of the ILs’ cation side-chain mobility
(aliphatic vs aromatic) on the reaction.

Although the (CH,CO,H),MImClI reacted with PGE at 25
°C, at this temperature the reaction medium presented some
turbidity, suggesting lack of solubility, what reflected on the
reaction yield. The FTIR spectra showed a large fraction of
unreacted epoxy species and zwitterionic IL formation (Figures
Sa and S13), which was confirmed by MALDI-TOF showing
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Figure 6. Structures detected by MALDI-TOF in the system derived from the reaction between PGE and (CH,CO,H),ImCl at 25 °C (a—c, ¢, f)

and 100 °C (a—d) and (Benzoic),ImCl at 100 °C (g—i).

only about 5% of PGE-IL coupling reaction product (limited
to the reaction with only one of the carboxyl groups, Figure
6b) and a large amount of unreacted IL and its stacked
structures (Figures 6a, c, e, and f and S16). The lack of
solubility (and consequent turbidity) did not allow for a
reliable NMR characterization of this system.

Only at 100 °C the PGE-(CH,CO,H),ImCl reaction
presented a much faster rate and the consumption of the
majority of PGE’s oxirane rings in about 12 h (Figure Sb).
Moreover, 'H NMR analysis confirmed ~98% epoxide ring
consumption, and the two main products (mono- and
disubstituted, Figure 6b and d) of the reaction were detected.
Their structures and signal assignments were presented in the
SI (Figure S9), where the ratio between the mono- (signals 6,
7, 8,9, 10) and the disubstituted (signals 6', 7', 8’, 9’, 10°)
products was calculated from the ratios of the integrals of
peaks 8:8 and 6:6', and amounted to a 30:70 ratio,
respectively. These results were also confirmed by MALDI-
TOF, since about 45% of the IL produced coupling reaction
products, from which 60% had both carboxylic groups reacted
with two PGE molecules (Figures 6d and S16).

The reaction between PGE and (Benzoic),ImCl was only
characterized and discussed when performed at 100 °C, since
at 25 °C the miscibility with PGE was so low that promoted
the IL’s precipitation. However, at 100 °C, (Benzoic),ImCl
caused an efficient PGE’s epoxy groups consumption (Figure
Sc), with about 98% epoxide ring-opening (Figure S10) and
about 71% of those converted to the coupling products
(Figures 6h and i, and S17). The IL (Benzoic),ImCl also
produced the mono- and disubstituted IL (Figure 6h and i),
and the ratio between mono- (7/, 8’, 9’, 10’) and disubstituted
products (7, 8,9, 10) was calculated (by NMR) from the ratios
between the integrals of the peaks 7':7, and amounted to
22:78, respectively (Figure S10). Interestingly, although
(Benzoic),ImCl presents many p-orbitals for z7—zx stacking,
the structural aggregates were neither detected by FTIR
(Figure S13) nor by MALDI-TOF (Figure S17). This could be
caused by the molecular rigidity of the aromatic six-membered
rings, decreasing the aggregation and leading to higher
reactivity with the epoxide groups.

Tetrafunctional IL. The introduction of two isophtalic
substituents into an imidazolium ring allowed obtaining an IL
with four carboxyl groups ((Isophtalic),ImCl). Similarly to the
(Benzoic),ImCl, the reaction between this IL and PGE was
only characterized and discussed at 100 °C due to the lack of
solubility in the reaction medium at 25 °C.

19056
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Figure 7. FTIR spectra presenting kinetics of PGE’s epoxide ring-
opening reaction at 100 °C, induced by (Isophtalic),ImCl. The curve
labeled as “IL” represents the neat (Isophtalic),ImCl) overlapping
band.

This IL promoted a considerably fast epoxide ring opening,
as the majority of oxirane rings were consumed after 9 h of
reaction (Figure 7). However, it is worth noting that the
(Isophtalic),ImCl presents a vibrational band at 910 cm™,
which overlaps the C—O stretching band of the oxirane ring
and, thus, not allowing observing the total epoxy consumption
(Figure 7). Nevertheless, "H NMR showed that after 12 h the
PGE-(Isophtalic),ImCl system reached ~70% of the epoxide
groups consumption, ie. about 30% of epoxide groups
remained unreacted after the process. Moreover, the large
amount of signals at low field region of "H NMR spectrum (&
~ 7.5—9 ppm) indicates that a mixture of mono-, di-, tri-, and
tetra- substituted products were formed during the reaction
(Figure S11). These results were also confirmed by MALDI-
TOF (Figure S17), which presented about 16% of unreacted
(Isophtalic),ImCl (Figure 8a), and about 84% coupling
reaction products, including the mono- (9.5%, Figure 8b),
di- (13%, Figure 8c), tri- (30%, Figure 8d), and tetra-
substituted products (48%, Figure 8e). Interestingly the
majority of the products were tetra-substituted, representing
an interesting system for cross-linked networks.

Also, no etherification or transesterification products were
observed for this system, which could be a consequence of the
higher steric hindrance of this IL, especially as its tetra-
substituted reaction product.

Reaction Mechanism: Understanding the Intramo-
lecular Self-Catalysis. In order to understand the individual
roles of functional carboxyl group and IL in the epoxide ring-
opening reaction, we also performed experiments with acetic
acid, as a carboxylic acid reference, with and without the
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Figure 8. Structures detected by MALDI-TOF in the system derived from the reaction between PGE and (Isophtalic),ImCl at 100 °C.
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Figure 9. FTIR spectra presenting kinetics of the reactions, at 25 °C, between PGE and acetic acid (a), acetic acid/C,MImCI (1/0.3 molar ratio)
(b), and acetic acid/C,MImCl (1/1 molar ratio) (c).

Table 2. Chemical Properties of IL’s Ion Pairs, Isolated Anion and Cations, and Acetic Acid Molecule As Calculated by DFT*

no. system d (A)® E, (eV)© HOMO (eV)? LUMO (eV)© 7 (eV)
1 acetic acid —7.11 —1.87 2.62
2 Cl —8.31 —=7.27 7.79
3 NTE, —8.27 —-2.95 2.66
4 CH,CO,HMIm -191 -1.17 0.37
5 CH,CO,MIm —5.44 -3.76 1.68
6 CH,CO,HMImCI 191 —4.30 —6.41 -3.13 1.64
7 CH,CO,HMImNTf, 1.94 —-5.43 —7.69 —3.58 2.06
8 C;H4,CO,HMImCl 1.98 -5.00 —6.24 —4.18 1.03
9 (CH,CO,H),ImCl 1.96 —4.30 —6.44 —341 1.52
10 (Benzoic),ImCl 1.89 —2.56 —5.96 —5.67 0.15
11 CH,CO,MImCl 2.58 —-1.32 —6.30 —4.14 1.08
12 (isophtalic),ImCl 2.10 —3.43 —6.54 —4.28 1.13
13 halohydrin intermediate -5.97 —1.84 2.07

“Also, the halohydrin intermediate formed by their reaction, as determined by DFT. bBinding distance between anion and cation. “Binding energy.
dHighest occupied molecular orbital energy. “Lowest unoccupied molecular orbital energy. JChemical hardness.

addition of a nonfunctionalized IL containing n-butyl side-
chain (1-butyl-3-methylimidazolium chloride, C,MImCl). In
this manner, the functional group (carboxyl) and the catalyst
(IL) were segregated into two different molecules, allowing
only the occurrence of intermolecular catalysis.

First, the addition of only acetic acid to PGE did not cause
any epoxide ring-opening process, even after long-term
exposition (Figure 9a). However, the combination of acetic
acid/C,MImCI (1/0.3 molar ratio) allowed a small oxirane
ring consumption (Figure 9b), which was significantly
increased when an equimolar acetic acid/C,MImCI ratio was
used (Figure 9c). Such results evidently display the IL’s

essential role in the epoxide ring-opening reaction, through a
mechanism that is dependent on the IL’s concentration. As
evidence to that assumption, the epoxide ring-opening process
at 25 °C was faster in the system containing
CH,CO,HMImCI, compared to the equimolar acetic acid/
C,MImClI system (compare Figures 2a and 9c).

Reaction Mechanism: DFT Investigation of Reaction
Intermediates. For better understanding the conditions
involved in the ILs’ reactivity with PGE, DFT simulations
were used for determining the ILs™ structural features that
increase/decrease their reactivity and compare with the results
obtained experimentally. On the basis of total-energy density
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ACS Sustainable Chem. Eng. 2019, 7, 19050—19061


http://dx.doi.org/10.1021/acssuschemeng.9b04810

ACS Sustainable Chemistry & Engineering

Research Article

functional simulations, we have calculated chemical properties
such as cation—anion binding energy (E,),”® the highest
occupied molecular orbital energy (HOMO), the lowest
unoccupied molecular orbital energy (LUMO), and chemical
hardness (1) of the ILs. These chemical quantities were
calculated using eq 1.

n = (LUMO — HOMO)/2 (1)

The n was evaluated for determining the stability of possible
intermediates configurations.

In Table 2, are displayed these quantities for: (i) individual
anions, (ii) individual cations, (iii) ion pairs, (iv) acetic acid as
a reference carboxyl species, and (v) the halohydrin
intermediate formed in the oxirane ring-opening reaction by
the anion.’ Moreover, the structure, length of the shortest
bond and binding energies of the neat ILs at the relaxed state
are displayed in Figure 1.

The HOMO was calculated to define the energy of the most
loosely bound electron (at the highest occupied molecular
orbital), and the likelihood of a cation formation. Low HOMO
species, such as CH,CO,HMIm and CH,CO,MIm, indicate a
high likelihood to provide electrons to neighboring chemical
species. In the same way, we calculated the LUMO to
determine the chemical species that will most likely receive
electrons. When a low-LUMO and a low-HOMO species are
close, a bond is formed quantified by the high E, and low
binding distance (d). In fact, the reactivity of these chemical
species can be quantitatively determined through #, where low-
1 (soft) species are more reactive than high-# (hard) species.

The simplest IL structure (CH,CO,HMImCI) was inves-
tigated in more detail to detect the most probable species
promoting the reaction with PGE. Thus, the E,, HOMO,
LUMO, and 7 were evaluated for four possible conditions that
the IL could present during the reaction: (i) its native cation
and anion, (ii) its native cation apart from its anion, (iii) a
deprotonated cation with the native anion, and (iv) its
zwitterionic species, as shown in Figure 10. Moreover, the
values for the halohydrin intermediate were also presented
(Figure 10). It can be clearly evidenced in Table 2 and Figure
10b that CH,CO,HMImCI is able of forming both a very
reactive (soft species), represented by the loss of its anion
(Figure 10b, Table 2 No. 4), and a less reactive (hard) species,
represented by the loss of both its anion and the carboxylic
proton (Figure 10d, Table 2 No. S). This would mean that, if
the proton reacts in the first reaction step, then a hard species
(consisting on a six atom h-bonded cyclic structure stabilizing
a zwitterion) would be formed (Figure 10d), most likely
seizing the reaction.

Interestingly, the two hardest species derived from
CH,CO,HMImCI, as predicted by DFT, are carboxylate
anion cyclic structures based on strong intramolecular ionic
and doubly ionic H-bonding (Figure 10c and d), which is a
known cause of 7 increasing in ILs.”® Both of this species are
exclusively possible to form in the ILs with short aliphatic
cation side-chain, namely, CH,CO,HMImCI,
CH,CO,HMImNTf,, and (CH,CO,H),ImCl, due to the
fixed proximity between the carboxyl group with the
imidazolium ring.

The formation of these hard planar structures could be the
reason for both the detection of carboxylate anion stabilization
and the stacked-cluster IL structures, evidenced by MALDI-
TOF analysis of the neat ILs (Figures S5 and S6). However,
after reacting with PGE, both carboxylate anions (Figures S12
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Figure 10. Optimized structures from DFT calculations and energy
diagram for four possible conditions of CH,CO,HMImCI;
CH,CO,HMImCI (a), CH,CO,HMIm (b), CH,CO,MImCl (c),
CH,CO,MIm (d), and the PGE-IL halohydrin reaction intermediate
(e). HOMO energies are shown in blue, LUMO energies in red, and
chemical hardness in black.

and S13) and stacked structures (Figures S14 and S16) were
mainly detected for Cl™ anion-based ILs, even at 100 °C,
suggesting a strong anion-dependent stabilization of these
species.

It is worth mentioning that no direct correlation between the
native ILs’ # and the reactions rate/yield was found, besides
the similar rate/yield increase with increasing the reaction
temperature or individual increase of one of these components
with # decrease (Figure S18). That was somehow expected
since a direct correlation would be obtained only for reactions
with one variable, consisting in only one step, with monofunc-
tional ILs, since once the first functional group would react a
new 77 would be obtained. Simulations of the individual
intermediates, as performed for CH,CO,HMImCl will be
necessary for obtaining reliable correlations at each reaction
step. For this reason, we used the # values only as a
comparative approach to direct to the most favorable reaction
pathway for a specific IL, which was interpreted stepwise.

Reaction Mechanism: Proposed Pathway Based on
the Experimental and the Theoretical Data. As previously
described, there are apparently two different mechanisms
ruling the reaction outcomes that are dependent on the IL’s
anion. These mechanisms seem to be specifically dependent on
the anions’ steric hindrance and nucleophilicity, and they were
further defined as nucleophilic and basic catalysis (Figure 11).

First, in accordance with previously published results,””"'
CIl” anion-based ILs seem to follow a nucleophilic catalysis
pathway, i.e,, the oxirane ring is activated by the acidic proton
from the IL’s carboxyl group, while the IL’s CI™ anion acts as a
nucleophilic agent in the ring opening reaction, forming a
halohydrin (Figure 11, nucleophilic catalysis). At this point,
two possible reaction paths could be followed, involving a
nucleophilic attack on the halohydrin’s carbon associated with
the CI, releasing the CI once again as an anion, which could be
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Figure 11. Proposed nucleophilic and basic catalysis mechanisms for the PGE-IL coupling processes via PGE epoxide ring-opening.

performed by (i) the zwitterionic species formed by the IL’s
proton loss (Figure 11, reaction path 1); or (ii) an unreacted
carboxy-IL (Figure 11, reaction path 2).

Considering the 7, as calculated by DFT, path 2 is favored
since the IL’s protonated structure (Figure 10b) is more
reactive than the zwitterionic one (which stabilizes itself by
intramolecular H-bonding, Figure 10d). Therefore, once again
two outcomes are possible: (i) the zwitterionic species react
with the HCI formed in the step before and the reaction is
finished with a PGE-IL single coupling (Figure 11, path 3),
corroborating with MALDI-TOF and NMR results (m/z =
291, Figures 3c and 4a); or (ii) the zwitterionic species react
with the PGE-IL coupled species, forming a second coupling
(via condensation esterification) reaction between another IL
and PGE-IL (Figure 11, path 4), which seems to be promoted
by the higher temperature since it was obtained only in small
amounts when CH,CO,HMImCI was reacted with PGE at
100 °C (m/z = 413, Figure 3d).

Interestingly, a different reaction mechanism was observed
when the NTf,” anion was present in the reaction with PGE.
In this case, the IL’s anion seems to act as a Brensted base,
rather than a nucleophile, deprotonating the IL’s carboxyl
group and converting it into a reactive carboxylate anion,
which could react with PGE assisted by another IL’s cation
(Figure 11, basic catalysis). This mechanism shift based on the
base character of the IL anion was already reported by Binks et
al,*” however, they reported on nonfunctionalized ILs where

the basic anion subtracts the proton from the imidazolium
ring’s C2-carbon, activating a carbene-based mechanism.
However, for the Bronsted-acidic ILs, the available carboxyl
proton seems to be prioritized. For this to be possible, one
must consider that NTf,” forms HNTT, as the conjugated acid,
which is a strong acid in water (making NTf,” a week base).
But its behavior is much more complex in partially- or
nonaqueous media since it does not deprotonate water when
in the presence of some organic compounds,”’ and it is acidity
is weaker when dissolved in carboxylic acids, e.g.,, pK, = 7.8 in
acetic acid,"" which could allow the NTf,~ behavior as a
considerably active base.

At this point, two outcomes are possible: (i) activation of a
new oxirane ring by the proton previously captured by the
NTf,” anion and ring-opening by the nucleophilic attack of the
zwitterionic species on the oxirane ring’s carbon (Figure 11,
basic mechanism, reaction path 1), forming single PGE-IL
couplings (m/z = 291, Figure 3c); (ii) the zwitterionic species
attack the hydroxyl moieties formed by the epoxide ring-
opening, producing an alkoxide species that could react with
the next PGE molecule (Figure 11, basic catalysis, reaction
path 2). Through this reaction path, after the formation of a
PGE dimer (m/z = 441, Figure 3g), the reaction could be
finished if the oxirane ring would attack the proton previously
captured by the NTf,” anion. However, it could also continue
aggregating PGE molecules if the oxirane ring would be once
again activated by the carboxy-IL, allowing the attack on a new
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PGE molecule and forming trimeric species (m/z = 591,
Figure 3h), matching perfectly with the MALDI-TOF results.

It is worth noting that most of the dimeric and trimeric
species were obtained in small amounts (Table 1), however,
they were pivotal to indicate the different mechanism pathways
for obtaining the different coupling reaction products. Using
the information presented in this study for process
optimizations could allow obtaining suitable products in larger
amounts for practical use.

B CONCLUSIONS

The mono-, bi-, and tetra-functionalized (with carboxyl
groups) ILs used in this study presented anion dependent
reactivity with PGE, and the fastest epoxide ring-opening
process and the most effective for coupling with PGE was
observed for a system with a monofunctional IL containing the
CI” anion (C;H4CO,HMImCI).

At 25 °C both monofunctional-IL systems based on Cl
anion (CH,CO,HMImCI and C;H4,CO,HMImCI) promoted
at least 98% epoxy consumption but less than 46% conversion
into the PGE-IL coupling products after 48 h, with the
majority of these ILs’ cations remaining in their monomeric,
stacked clusters (partially stabilizing their zwitterionic forms)
or zwitterionic species stabilized by the coupling product. The
IL stacking into clusters via hydrogen bonding, C—H-=
interactions and 7— stacking was demonstrated by NMR and
MALDI-TOF, which presented multiples of the mass of a
deprotonated IL cation, evidencing the formation of
zwitterionic IL species, which were also observed by FTIR.
The cluster sizes vary with the IL structure, always presenting a
total charge +1 due to the presence of one unaltered cationic
species. The temperature increase to 100 °C for these reactions
partially disrupted the IL stacking and increased the yield to
~100% epoxy consumption and ~92% conversion into the
PGE-IL coupling products in only 10—20 min of the reaction,
also forming a product of a second IL cation insertion,
probably via condensation esterification reaction. The reaction
between PGE and CH,CO,HMImNTTY,, containing the bulky
NTf,” anion presented a different behavior to that of ILs with
CI” anion, without zwitterionic species and cluster formation.
Moreover, the same IL reacted with PGE forming small
amounts of dimers and trimers of PGE via etherification
reaction, suggesting two different anion dependent mecha-
nisms, herein referred as Nucleophilic and Basic catalysis.

The use of dicarboxylic ILs, although with a break of the
stoichiometry between epoxy and carboxylic groups, also
presented good performances and the (Benzoic),ImCl was
more effective than (CH,CO,H),ImCl with about 71%
conversion to coupling products and ~78% of those were
products with both carboxylic groups reacted (disubstituted)
in less than 12 h. Surprisingly, the tetracarboxylic (Iso-
phtalic),ImCl) presented, after 12 h of reaction, an even higher
conversion than (Benzoic),ImCl but with a mixture of mono-,
di-, tri-, and tetra- substituted products, where almost 50% of
the product is tetra-substituted.

The model reactions between PGE and acetic acid
demonstrated the stoichiometry and intramolecular catalysis
contributions, where the addition of only acetic acid to PGE
caused no reaction but the addition of a “non-functionalized
IL” started the reaction, with considerable increased of its rate
at an equimolar acetic acid/IL ratio. Nevertheless, although
creating the same condition as the most effective reaction
detected for carboxylic ILs, when the intermolecular catalysis is

forced the reaction rate is smaller. Moreover, the use of DFT
demonstrated to be a good tool to help unveiling the reaction
mechanism by observing the reactivity of the possible
intermediates. Interestingly, the two hardest species derived
from CH,CO,HMImC], as predicted by DFT, are carboxylate
anion cyclic structures based on strong intramolecular ionic
and doubly ionic H-bonding, demonstrating a strong anion-
dependent stabilization of these species.

Altogether, this study provided tools for the preparation of a
countless number of formulations between epoxides and
carboxylates using an IL platform. This platform is expected
to be useful for reactions from small molecules coupling to
polymerization and cross-linking processes that fulfill most of
the 12 principles of green chemistry, including; prevention of
waste and atom economy (water is the only residue), low
toxicity reactants and products, solvent-free, energy efficient
(mostly RTP conditions), one-pot reaction, and metal-catalyst
free. Moreover, the theoretical—experimental correlations
allow predicting not only the reactivity of the systems but
also the most appropriate intermediates to be achieved, and
the all-in-one catalyst characteristic of these ILs allow an IL-
structure dependent outcome of the products, which may be
used in complex system with considerable selectivity.
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