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lonic liquids (ILs) have the potential to revolutionize the production of cellulose fibers by offering more
sustainable and eco-friendly processes compared to conventional spinning techniques, which might
involve the use of hazardous chemicals and demand significant energy inputs. At the same time, it is
crucial to acknowledge that the lack of a comprehensive understanding of the ILs' stability and the
nature of possible byproducts remains the central concern associated with their application. In this
study, an investigation into the stability of the novel superbase-derived IL, [N TBNH][OAc], under different
conditions was carried out. Specifically, the IL was subjected to thermal ageing at 95 °C to investigate
intrinsic thermal instabilities in the presence of water and wood polysaccharides. Moreover, natural
ageing at room temperature in the absence of light was also examined. Changes in the composition of
the IL during ageing processes were monitored and byproducts were identified by means of Nuclear
Magnetic Resonance (NMR) spectroscopy and Supercritical Fluid Chromatography coupled with high-
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hydrolysis products, with the six-membered ring being opened and a urea structure being formed,

DOI: 10.1039/d4su00087k dominated. Upon long-term ageing, either of the two heterocyclic rings was oxygenated, under the

rsc.li/rscsus introduction of hydroxyl and keto groups, with subsequent ring-opening and elimination reactions.

Sustainability spotlight

Ionic liquids (ILs) are seen as promising green solvents for cellulose and, therefore, hold a potential for the development of new sustainable cellulose fiber
production technologies. To optimize these technologies, the stability of ILs has to be assessed. The aim of the present work was to develop an analytical
technique for ionic liquid stability analysis and for detection of its degradation products present in minor quantities. The method developed was successfully
applied to access the stability of a new IL [mTBNH][OAc], which was recently proved to be suitable for spinning of high-quality fibers from sustainable feedstock.
Our work aligns with the following UN sustainable development goal: responsible consumption and production (SDG 12).

terms of efficiency, scalability, environmental impact, and
costs, which challenge further expansion of their production.”

Introduction

In the context of a growing demand for sustainable and envi-
ronmentally friendly materials, cellulose fibers are seen as
a promising alternative to traditional synthetic fibers due to
their renewable nature and biodegradability.* As we all know,
current approaches to cellulose fibers can have limitations in
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For example, for cotton growing practices, which substantially
vary depending on the geographical location, the water
consumption for the production of 1 kilogram of fibers, in some
cases, can spike up to 22 tons. This aggravates the already
critical water scarcity issue.>* Furthermore, the utilization of
fertilizers in cotton cultivation contributes to the contamina-
tion of both surface and groundwater.® As for regenerated
fibers, i.e., cellulose which undergoes a dissolution/spinning
sequence, a major concern relates to the use of hazardous
chemicals, such as carbon disulfide in rayon fiber production,
and the release of pollutants into air and water.® In contrast to
rayon manufacture, the lyocell process is considered to be more
environmentally friendly: cellulose is directly dissolved in N-
methylmorpholine-N-oxide (NMMO) without chemical deriva-
tization, followed by extrusion through a spinneret, stretching
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within an air gap, and ultimate regeneration within a spin bath
composed only of water. However, the inherent instability of the
solvent NMMO® requires the incorporation of stabilizers, which
can cause discoloration of the spinning dope and eventually of
the fibers,” necessitating additional washing and bleaching
procedures.

Given the current need to address environmental issues and
to cover the growing “cellulose gap”,® which signifies an
increasing demand for man-made cellulosic fibers, the devel-
opment of new technologies for cellulose fiber production has
become a critical concern. In this context, ionic liquids (ILs)
hold substantial promise as a prominent “green” solvent for
cellulose due to their low melting point, low volatility and
flammability, tuneable properties, and high dissolution power.

Even though the discovery of ILs' ability to directly dissolve
cellulose was reported by Charles Graenacher as far back as 90
years ago,’ active research targeting the processing of cellulose
using ILs has only gained significant attention in the past two
decades. The exponential growth of publications concerning
the use of ILs for cellulose dissolution was triggered by Swat-
loski et al. who demonstrated that 1-butyl-3-methylimidazolium
chloride can dissolve cellulose up to a concentration of 25 wt%
under microwave heating without any activation or pretreat-
ment." Nowadays, the scope of utilizing ILs as media for the
valorisation of cellulose continually expands each year. On
a research scale, this spans processes such as hydrolysis into
reducing sugars™ for further fermentation or biotechnological
conversions, hydrogenation to sugar alcohols,** and conversion
to important chemical building blocks, such as 5-hydrox-
ymethylfurfural (HMF),*® levulinic acid,** or lactic acid." Future
will show whether all these potential applications will find their
way into large-scale production.

Despite the wide range of potential combinations of cations
and anions, only a limited number of ILs have been identified as
effective solvents for cellulose fiber production. The so-called
first-generation ILs, based on 1,3-dialkylimidazolium, have
demonstrated excellent cellulose dissolution capabilities.
However, they have also exhibited undesired reactivity towards
cellulose, particularly at the C, position of the imidazolium
moiety, where it can react with the reducing end of the cellulose
polymer chain forming a carbon-carbon bond.'®'” Also the
anions are not necessarily behaving in an inert way. Acetate, for
instance, causes cellulose acetylation as a side reaction.'®' The
newly formed cellulosic byproducts can impact the physical and
rheological properties of the cellulose/IL mixture. This can
extend to potential damage or fibrillation of the regenerated
fibers, and at the same time impede the recovery of the IL. Also,
the impact of these impurities on the applicability of the
products, especially in the physiological and medical field, is so
far an open issue.

In more recent studies, protic superbase-derived ILs (SILs)
have been proved to be the media of choice in the production of
high-performance textile fibers, ultimately leading to the
development of novel fiber manufacture processes, such as
Ioncell-F.** Owing to their superior solubilization properties,
protic SILs hold great potential for a wide range of applications
in materials science, including cellulose dissolution, as well as
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various upstream cellulose forming applications (fibers, film,
cellulosic bodies).?>* As for sustainable fiber production, SILs
contribute to an increased process efficiency by enabling the
utilization of a broader spectrum of starting materials,
including waste fibers and newspapers,**>* which distinguishes
them positively from the conventional NMMO-based lyocell
fiber production. Moreover, the use of hemicellulose-rich pulp,
which is commonly avoided in rayon and lyocell processes due
to unwanted hemicellulose reactivity with solvent systems,*”*®
has been demonstrated to yield fibers with good properties
when using SILs.*>*” These findings indicate that SILs bear the
potential to improve the entire fiber production process by
addressing the resource efficiency issue.

Among the variety of SILs, bicyclic amidine- and guanidine-
based structures, such as 1,5-diazabicyclo[4.3.0]non-5-ene
acetate [DBNH][OAc] and 7-methyl-1,5,7-triazabicyclo[4.4.0]
dec-5-enium acetate [MTBDH][OAc] used in the Ioncell-F
process, emerged as excellent cellulose solvents. They allow
for high cellulose concentration in the dope and relatively low
operating temperatures during dissolution and spinning; this
results in milder conditions, which mitigate cellulose degra-
dation, enhance fiber yield, and improve strength properties.*
However, the recycling issue of SILs has yet to be solved.

The search for novel organic ILs that can be efficiently
synthesized from readily available and inexpensive starting
materials remains ongoing. Recently, another guanidine-based
SIL, [mTBNH][OAc], comprising a mixture of two isomers (1 and
2 in Fig. 1), has been identified as a promising candidate from
both the synthesis and the cost perspectives. This IL is currently
under active investigation for its potential as a solvent in pulp
processing® and cellulose fiber manufacturing,®°*** develop-
ment of recycling methods,*~*® and its use as reaction medium
for efficient cellulose modification.*” One of the primary chal-
lenges in the development towards large-scale application is the
imperative need for a comprehensive characterisation of its
stability, side reactions, and possible formation of degradation
products. The enrichment of the solvent with degradation
products may reduce its solvation efficacy and cause recycling
problems, resulting in the increase of overall production costs.

The stability of commonly used ILs, such as imidazolium-
based, quaternary-ammonium, and quaternary phosphonium,
has been extensively addressed in the literature. These studies
included stability tests performed under different conditions

O
N* >N
Y

1 2

isomer A isomer B

Fig. 1 The two isomeric forms of the ionic liquid [MTBNH][OAc],
distinguished by the N-methylation site: 5-methyl-1,5,7-triaza-bicyclo
[4.3.0]non-6-enium acetate (1, isomer A) and 7-methyl-1,5,7-triaza-
bicyclo[4.3.0]non-6-enium acetate (2, isomer B).
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depending on ILs' application, including thermal, electro-
chemical and radiolytic environments.***° At the same time, the
stability of SILs has not been extensively explored. Thus, the
objective of the present research was to gain understanding of
the degradation mechanisms and the stability profile of
[MTBNH][OAc], contributing to the overall knowledge about the
stability of SILs, particularly in the context of their application
for cellulose fiber production. This was done by a combination
of analytical methods: Supercritical Fluid Chromatography
coupled with high-resolution Quadrupole Time-of-Flight Mass
Spectrometry (SFC-QToF-MS) and Nuclear Magnetic Resonance
(NMR) spectroscopy for byproduct separation and identifica-
tion, respectively. These methods were used to characterize the
individual degradation products and to identify the main
degradation pathways and kinetics for [nTBNH][OAc].

Materials and methods

Thermal ageing experiment

The SIL [mMTBNH][OAc] was synthesized as a mixture of two
isomers (see Fig. 1) according to previous work.* For the
thermal ageing experiment, five IL samples were prepared: neat
IL, IL with 10 wt% water (UHPLC/MS grade, Fisher Scientific
GmbH, Vienna, Austria), IL with 40 wt% water, IL + 2 wt% xylan
(Beechwood xylan, Lenzing AG, Austria), and IL + 1 wt% cellu-
lose (bleached beech sulfite dissolving pulp, Lenzing AG, Aus-
tria). Each sample was placed in a GC vial, sealed, and aged in
an oven (Memmert 100-800, Schwabach, Germany) at 95 °C for
a period of 20 days.

SFC-QTof-MS analysis

All MS experiments were conducted in positive mode using
a high-resolution hybrid mass spectrometer (XEVO G2-XS QTOF,
Waters Corporation, Milford, MA, USA) in combination with
a Supercritical Fluid Chromatography (SFC) system (ACQUITY
UPC?, Waters Corporation, Milford, MA, USA). The separation
and investigation of the degradation products of the naturally
aged IL were performed with a 2-picolylamine column (Torus 2-
PIC, pore size 130 A, particle size 1.7 pm, 3 mm x 100 mm,
Waters Corporation, Milford, MA, USA) equipped with a pre-
column (Torus 2-PIC VanGuard, pore size 130 A, particle size 1.7
pm, 2.1 mm x 5 mm, Waters Corporation, Milford, MA, USA)
under the following conditions: column temperature: 45 °C,
autosampler temperature: 20 °C, injection volume: 1.0 pL, flow
rate: 1.2 mL min~"', automated back-pressure regulator (ABPR)
pressure: 2000 psi (137.9 bar).

The mobile phase consisted of supercritical carbon dioxide
(>99.995%, Linde AG, Austria) as solvent A; solvent B was
a methanol/acetonitrile mixture (1 : 1, v/v, LC-MS grade, Fisher
Scientific (Austria) GmbH, Vienna) containing 25 mM ammo-
nium formate (pH = 5.7, >99%, LC-MS grade, VWR). The
gradient of solvent B was set as follows: 0 min, 1%;j; 1 min, 1%;
10 min, 30%; 10.50 min, 40%; 11.50 min, 40%; 12 min, 1%,
15 min, 1% (curve 6). After each injection, the injector needle
was purged with methanol (600 pL) and 2-propanol (200 pL).
The column effluent was mixed with a makeup solvent system
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(methanol/2-propanol/water mixture, 7:2:1, v/v, LC-MS grade,
Fisher Scientific GmbH, Vienna, Austria), delivered by the iso-
cratic solvent manager. A decreasing flow rate of the makeup
solvent system was set based on the increasing percentages of
the modifier in the chromatography run: 0 min, 0.3 mL min %
10 min, 0.2 mL min~%; 11.5 min, 0.1 mL min~'; 12 min, 0.3
mL min~%; 15 min, 0.3 mL min~".

The mass range used was 50 to 2000 m/z with the following
tuning parameters: capillary voltages: 3.0 V; sampling cone:
40 V; source offset: 80 V; source temperature: 150 °C; des-
olvation temperature: 500 °C; cone gas (N,) flow: 48 L h™*; and
desolvation gas flow (N,): 1020 L h™'. The lock mass for auto-
mated mass correction was based on the monoisotopic mass of
leucine-enkephaline (Waters Corporation, Milford, MA, USA):
positive [M + H]" = 556.2771. A scan time of 1 s, interval of 20 s,
mass window of £0.5 Da, infusion flow rate of 3.0 uL min ", and
capillary voltage of 1.80 kV were set as LockSpray.

The MS/MS experiments were conducted using a fast DDA
(data-dependent acquisition) approach. The switching
threshold for the MS survey was set to 15 000, meaning that MS/
MS acquisition begins when the intensity of an individual ion
rises above this threshold. The MS survey scanning condition
was set to 0.25 s in the centroid format. The maximum number
of ions selected for MS/MS from a single MS survey scan was
limited to 7, and the scan rate for MS/MS was set to 0.2 s, also in
the centroid format. The “MS/MS stop” feature was enabled
when the total ion current (TIC) accumulated to 100 000 or
when 0.25 s had elapsed, whichever occurred first. Argon (5.0,
Linde AG, Austria) was utilized as the collision gas for MS/MS
experiments, with a ramping collision energy ranging from 25
to 55 eV.

The fit configuration % (fit conf.%) indicates the confidence
in the fit to the isotopic pattern: the higher the value, the better
is the confidence in the elemental composition. Also, MS/MS
experiments were carried out during the analysis to obtain the
fragmentation patterns.

Flash chromatography purification

900 mg of the naturally aged sample of the SIL [mMTBNH][OAc]
was used for separation and purification on silica gel to eluci-
date the molecular structures of degradation products by means
of NMR. The dry loading procedure was chosen due to the low
solubility of the IL sample in the eluant THF/heptane (8 : 2, v/v).
The gradient used for column chromatography separation
started from THF/heptane (8: 2, v/v) to pure THF in 37 fractions
(740 mL). Then, MeOH was introduced as a more polar solvent
in a 10% ratio, and a gradient from THF/MeOH (9:1, v/v) to
pure MeOH with a 10% increase of MeOH every 100 mL was
applied until 93 fractions were collected into 20 mL test tubes.

Fractions 17-20 contained a substance providing a spot
visible at 254 nm on TLC, with an m/z of 152.0833 (C;H;,N;0")
eluting at 3.09 min in SFC-QToF-MS and were pooled and dried
under reduced pressure, yielding 1.5 mg of 7-methyl-4,5-
dihydro-1,3a,7-triaza-1-indenium-6(7H)-one (Table 1, peak i).
Fractions 27-34 contained a substance that gave a TLC spot
visible at 366 nm with an m/z of 150.0678 (C;HgN;0"), eluting at

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table1 Elemental composition of ageing products in fresh and naturally aged (RT, absence of light, over 2 years) [INnTBNH][OAc] samples, from

SFC-QToF-MS measurement

Retention time Observed mass Fit conf.
Peak (min) (m/2) Error (ppm) Elemental composition (%)
Impurities present in the fresh sample
a 5.44 138.1035 2.9 C,H,N; 100
b 5.91 154.0984 2.6 C,H,,N;0" 100
c 7.01 126.1033 1.6 CeH N5 100
d 7.58 154.1349 3.2 CgH N;" 100
e 7.77 154.1348 2.6 CgH N, 100
f 7.84 154.1347 1.9 CgH;N;* 99.97
g 7.95 170.1298 2.9 CgH,(N;0" 99.99
h 8.83 154.1346 1.3 CgH N, 100
Degradation by-products from natural ageing
i 3.09 152.0827 2.0 C,H,,N;0" 100
j 3.94 154.0984 2.6 C,H,,N;0" 100
k 4.26 168.1137 0 CgH,,N;0" 100
1 4.76 154.0983 1.9 C,H,,N;0" 100
m 5.33 154.0983 1.9 C,H,,N;0" 100
n 5.55 154.0983 1.9 C,H;,N;0" 100
o 6.47 212.1397 —0.9 Cy0H;sN;0," 98.86
P 7.89 170.0925 -2.9 C,H,N;0," 99.96
q 9.20 156.1139 1.3 C,H,,N;0" 99.93
r 9.38 182.1296 1.6 CoH,6N;0" 99.84
s 9.45 156.1142 3.2 C,H,,N;0" 99.75
t 11.16 172.1086 0 C,H,,N;0," 92.35
Degradation by-product detected after isolation with flash chromatography
X 3.40 150.0669 1.3 C,HgN;0" 100
Two isomers of mMTBNH starting SIL
1 8.54 140.1223 25 C,H 4N;* —
2 8.39 140.1223 25 C,H, N, —

3.40 min in SFC-ESI-QToF-MS, and were pooled and dried
under reduced pressure resulting in 1 mg of 7-methyl-1,3q,7-
triaza-1-indenium-4(7H)-one (Table 1, peak x).

Fractions 85-93 were pooled and dried under reduced
pressure resulting in a fraction of 50.4 mg, which was dissolved
in 7 mL of heptane/i-PrOH/MeOH/water 7.1/57/21.4/14.3 (v/v).
This mixture (2.5 mL) was subjected to a second column puri-
fication on silica gel using MeOH with 2.5% triethylamine (TEA)
as the mobile phase. The product 3-[2-(methylamino)-2-
imidazolidinylium-1-yl]propionate (Table 1, peak t) had an m/z
of 172.1086, eluting at 11.16 min in SFC-QToF-MS.

Identification of the degradation products by nuclear
magnetic resonance (NMR) spectroscopy

A Bruker Avance II 400 instrument (*H resonance at 400.13
MHz, and "C resonance at 100.62 MHz equipped with a 5 mm
N,-cooled broadband cryoprobe head (Prodigy) with z-gradient)
was used for the NMR analysis. '"H NMR data were collected
with 32k data points, multiplied with a Gaussian window
function prior to Fourier transformation. The acquisition time
was 2.3 s with a 1 s relaxation delay. >C spectrum with
WALTZ16 'H decoupling was acquired using 64k data points.
Signal-to-noise enhancement was achieved by multiplication of

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

the FID with an exponential window function (Ib = 1 Hz). All
two-dimensional experiments were performed with 1k x 256
data points, while the number of transients (2-16 scans) and the
sweep widths were optimized individually. The HSQC experi-
ment was performed in edited mode using adiabatic pulsing for
inversion of *C and GARP-sequence for broadband *C-
decoupling, optimized for 'Jicu) = 145 Hz. To obtain higher
resolution in the *C-dimension, two separate HMBC spectra
were acquired with band-selective pulses optimized either for
the carboxyl region (d¢ 150-180 ppm) or the aliphatic region (¢
15-55 ppm). For the NOESY spectrum a mixing time of 0.5 s was
used. The data were processed and analyzed using Bruker
TopSpin versions 3.6 or higher. The spectra were recorded in
CD;OD for the isolated natural degradation products and in
DMSO-d, for the thermally aged samples. Chemical shifts were
expressed in 6 ppm values referenced to residual solvent (non-
deuterated) signals (CD;OD: 3.31 ppm for 'H, 49.0 ppm for
3¢, and DMSO-dg: 2.49 ppm for 'H, 39.6 ppm for **C). Coupling
constants are given in Hz.

Thermogravimetric analysis (TGA)

Thermal analysis of [MTBNH][OAc] and [mTBDH][OAc] was
performed by using a thermogravimetric analyzer TG 209 F1 Iris

RSC Sustainability, 2024, 2, 1994-2004 | 1997
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(Netzsch, Germany). Samples of 15-20 mg were placed in
crucibles and heated from 30 °C to 350 °C at a rate of 10 °
C min~" and nitrogen flow of 40 mL min~"'. The data were
processed using NETZSCH Proteus Thermal Analysis software,
v. 8.0.2.

Water content analysis

Water content was determined by volumetric Karl Fischer (KF)
titration at 25 £+ 1 °C with a Karl Fischer titrator DL18 (Mettler-
Toledo, Greisensee, Switzerland) applying the one-component
technique with CombiTitrant 5 (VWR International, Vienna,
Austria). Dry methanol (VWR International, Vienna, Austria)
was used as the solvent. The sample solution was injected
directly into the Karl Fischer electrolyte cell using a syringe. The
amount of the injected sample solution was calculated based on
the weight difference of the syringe before and after the sample
injection. The standard deviation for KF titration was calculated
from three replicate measurements.

Results and discussion

The degradation of the SIL [mMTBNH][OAc], as of any other IL, is
a complex phenomenon that is influenced by various factors. An
in-depth understanding of this process is crucial for assessing
the economic viability of an IL-based fiber production. The
specific fiber processing conditions, such as elevated tempera-
tures, the presence of water, and the use of process chemicals,
can accelerate the degradation of ILs and lead to the formation
of undesirable degradation products. During fiber spinning,
heating is often employed to enable complete dissolution of the
cellulosic pulp.®?® It can trigger thermal degradation of both the
IL and the pulp's polysaccharides (cellulose and minor hemi-
cellulose components). Furthermore, the presence of water and
pulp constituents can influence the underlying chemical
degradation pathways and the extent of IL degradation. Apart
from this, the long-term stability of an IL under ambient
conditions needs to be thoroughly investigated before scaling

mTBNH isomers

3 o 1
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Acetylation
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up the process: it determines the IL's shelf life and contributes
to the overall economic viability of the process. The influence of
these factors on the SIL's stability has been explicitly addressed
in the following context.

Thermal degradation

Amidine (DBN) and guanidine (mTBD) bases exhibit a tendency
to undergo hydrolysis already under mild conditions, resulting
in the formation of aminolactams and aminoureas, respec-
tively.** In a recent study, it was demonstrated that this hydro-
Iytic process for the SILs [mTBDH][OAc] and [DBNH][OAc] is
accompanied by subsequent acetylation reactions at a relatively
moderate temperature (85-105 °C),* involving the hydrolyzed
byproducts and acetic acid derived from the acetate anions. In
our study, the objective was to investigate the extent of hydro-
Iytic degradation of the novel SIL [mMTBNH][OAc] at different
water concentrations. This analysis permits a comparison of its
stability against the ILs currently employed in the IONCELL
technology, namely [mTBDH][OAc] and [DBNH][OAc]. Apart
from the presence of water, also the impact of xylan and cellu-
lose on the thermal stability of [nTBNH][OAc] was addressed.

Despite the visual disparities in chromophore formation
(different color depths) observed among samples aged under
different conditions, the byproducts resulting from hydrolytic
degradation of [MTBNH][OAc] were the same across all ther-
mally aged samples (Fig. 2). This consistency was confirmed by
NMR and MS measurements. The identified hydrolytic degra-
dation pathways for both isomers are shown in Scheme 1
(detailed peak assignment can be found in the ESI, Fig. S1-S11,
Tables S1 and S27).

The N-methyl groups in isomers A and B of [nNTBNH][OAc]
produce distinct, intense singlets in the "H NMR spectra at
2.98 ppm and 2.89 ppm, respectively, as shown in Fig. 2.
Hydrolysis at 95 °C induces ring opening of the guanidine,
resulting in the formation of five- or six-membered cyclic urea
compounds that contain an additional either primary or
secondary amine substituent. This process is reflected in
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Fig. 2 Thermal (hydrolytic) degradation of [NnTBNHI][OAc] with 10 wt%
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water at 95 °C monitored at different times by *H NMR (A). '"H NMR

spectra of the IL sample aged 20 days at 95 °C in the presence of 10 wt% water, with assigned degradation products (B).
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Scheme 1l Degradation pathways of the [INTBNH][OAc] isomers during thermal ageing, comprising initial hydrolysis and subsequent acetylation.
The degradation pathway leading to the opening of the five-membered ring of isomer B (2) was not observed.

a change of the chemical shift of the N-CHj; singlets. For isomer
A, two hydrolysis byproducts are observed at 2.75 ppm (3) and
2.27 ppm (4), whereas for isomer B a single byproduct appears
at 2.61 ppm (5). The N-methylated five-membered ring appar-
ently had higher hydrolytic stability than its N-methylated six-
membered counterpart.

Traces of acetylation byproducts originating from the
primary hydrolysis products (amines 3 and 5) became apparent
already after one day of thermal ageing. These byproducts show
two characteristic acetyl-CHj; singlets at 1.75 ppm and 1.77 ppm
(for 6 and 7, respectively). The N-CH; peaks of 6 and 7 overlap
with those of 3 and 5.

Secondary amines such as N-methylamines are usually more
basic than their structurally similar primary parent amines,
which translates into a relative dominance of the protonated
forms and less free amines being present for N-acylation. Thus,
acetylation of secondary amine 4 occurred at a slower rate
compared to primary amines, and formation of acetylation
byproduct 8 only became evident after 8 days of thermal ageing.
Hindered rotation of the acetamide C-N bond in 8 resulted in
two atropisomers (rotational isomers). Their occurrence was
confirmed by the observation of cross-peaks in NOESY NMR
spectra (Fig. S117) with the two corresponding N-CH; signals
(2.92 ppm and 2.76 ppm). The peaks of the two atropisomeric
acetyl-CH; groups in 8 (1.95 ppm and 1.97 ppm) overlap with
a multiplet from aliphatic methylene protons (C-CH,-C) in the
six-membered-ring of the guanidine structure of isomer A (1),

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

but nevertheless allow clear distinction, as seen for the 20 day-
aged sample in Fig. 2.

Similar to SIL [mTBDH][OAc],"* each isomer of [mMTBNH]
[OAc] may follow one of two pathways leading to the opening of
the cyclic guanidine structure (Scheme 1). As mentioned,
hydrolytic opening of the N-methylated five-membered ring was
not observed. Consequently, isomer B degraded to a much
smaller extent than isomer A.

The degree of decomposition was approximated by the N-
CH; peak integrals of the known/identified structures,
including peaks for the two mTBNH isomers, the hydrolysis
byproducts (3-5), and the acetylation byproducts (6-8). A few
additional minor peaks were detected within the N-CH; spec-
tral range. Their concentration was rather small and the struc-
tural elucidation of the corresponding trace products did not
succeed. Nevertheless, as their contribution was not consid-
ered, the actual degradation values might be slightly higher
than those based only on the identified N-CH; peaks. The
results of [MTBNH][OAc] stability investigations are shown in
Fig. 3 and 4.

The presence of wood polysaccharides is a key factor in terms
of inducing yellowing, which is discussed in an upcoming
account, while they seem to have a slightly stabilizing effect on
[MTBNH][OAc] upon hydrolysis (Fig. 3). Water emerged as the
most influential factor governing hydrolytic SIL stability. Even
minor amounts of water were found to promote the hydrolytic
degradation of the IL. It should be noted, however, that SIL

RSC Sustainability, 2024, 2, 1994-2004 | 1999
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Fig. 3 Extent of decomposition of [INTBNH][OAc] in the presence of
different additives, calculated from *H NMR peak integrals.

hydrolysis is initiated by nucleophilic attack at the bridging
carbon atom (C-6), with hydroxy anions being much stronger
nucleophiles than the water molecules present. In the organic
medium with small amounts of water present, the OH™
concentration is the result of a complex interplay of factors.
This explains the independence of the hydrolysis rate on the
actual water concentration, which was significantly larger in the
presence of only 10% water than with 40% water present. Traces
of water present in the neat IL sample (0.69 + 0.04 wt%) are
sufficient to promote its hydrolytic degradation at elevated
temperatures.

Similar stability studies on [MTBDH][OAc] revealed that the
highest degradation rate of ILs was detected in the presence of
10 wt% water,” which agrees with our present findings. A
computational study for mTBD** utilizing Aspen Plus showed
that the combined activity coefficient of water and [mTBDH]
[OAc] reaches its peak at approximately 10 wt% water.

The position of the N-methyl group in the guanidine struc-
ture significantly influences the stability of the corresponding
isomers. This is evident from the kinetic curves in Fig. 4 and the
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NMR spectra observed for the IL sample containing 10 wt% of
water (Fig. 2). The A/B isomer ratio, which started at 1.65: 1 for
the fresh sample, changed to 0.87 : 1 for the sample aged for 20
days, indicating a much higher degradation rate for isomer A.
Exploring alternative approaches for synthesizing [mTBNH]
[OAc], in a way that substantially favors the formation of isomer
B over isomer A, holds significant potential for improving
overall thermal stability and, thus, suitability for a lyocell-like
spinning process.

During the initial phase of thermal ageing, the presence of
cellulose leads to a faster degradation of the IL compared to the
neat sample (Fig. 4A), while xylan in the system does not
noticeably alter the kinetics of the [mMTBNH][OAc] degradation.
However, after 20 days of ageing, the extents of degradation for
both samples with wood polysaccharides are found to be lower
than that of the neat IL (Fig. 3).

The intrinsic thermal instabilities of guanidine and amidine-
based SILs result in compositional changes during the process
of thermal, evaporative water removal from the washing liquid
of the coagulation bath, significantly affecting the solubiliza-
tion properties of the recycled solvents. [DBNH]OAc] was
shown to lose its ability to dissolve cellulose once the concen-
tration of hydrolysis products reached 5 wt%."* In contrast,
[MTBDH][OAc] is capable of dissolving 13 wt% cellulose and
ensures a stable fiber spinning process even in the presence of
20 wt% of hydrolysis products.

A comparison of the degradation between [MTBNH][OAc] and
the IONCELL SILs (([mTBDH][OAc] and [DBNH][OAc]), as shown
in Fig. 5, indicates the superior thermal stability of the former IL
under the specified conditions (95 °C, 20 days of ageing, 10 wt%
water). However, the limiting extent of degradation that
[MTBNH][OAc] can tolerate — while retaining the ability to
dissolve a specific quantity of cellulose and to produce high-
quality spun fibers - remains a question for further explora-
tion. Notably, under mentioned conditions the commonly used
IL [Emim][OAc] didn't exhibit any sign of degradation (Fig. S137).

The short-term thermal stability of the investigated ILs was
also assessed by TGA; the data are provided in Fig S14 and S15.t
The onset temperature (Tonser) for [NTBNH][OAc] was 235 °C.

(B)

Decomposition of mMTBNH (isomer B)
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Fig. 4 Kinetics of thermal degradation of [MTBNHI[OAc] isomers A (A) and B (B) in the presence of different additives, based on *H NMR

measurements.
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Fig.5 Comparison of the extent of degradation (in % of the starting IL)
of [MTBNH][OACc] upon thermal ageing (95 °C, 20 days) in the pres-
ence of 10 wt% water (measured in the present work) with IONCELL
SILs [mMTBDH][OAc] and [DBNH][OAc] (measured by Schlapp-Hackl
et al.*?). The degree of decomposition of IONCELL SIL [mTBDH][OACc]
at 20 days (480 h) was calculated by approximating two experimental
results (for 438.23 h — 68.66%, and for 507.92 h — 71.02%), while for
[DBNHI[OAC] the degradation degree at 480 h was measured.*?

The onset temperatures for IONCELL SILs [mTBDH][OAc] and
[DBNH][OAc] were 242 °C (measured in this study) and 182 °C
(reported by Kuzmina et al. **), respectively. It is worth noting
that values for T,nsec Obtained from TGA exaggerate the actual
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long-term thermal stability of SILs, as the actual formation of
degradation products starts at significantly lower tempera-
tures.**** Moreover, from cellulose fiber production perspective
it is more relevant to investigate the stability of IL samples at
temperatures close to operating conditions, which is, in the
case of [MTBNH][OAc], below 100 °C.

Natural degradation

The degradation extent of the naturally aged sample was
determined using 'H NMR spectra based on changes in the
peak area ratio between the combined isomer signals (at
2.98 ppm and 2.89 ppm) and the acetate anion (at 1.66 ppm).
According to the analysis, [INTBNH][OAc] showed great stability
under ambient conditions: the degradation degree remained
below 2% after two years of shelf-storage (Fig. 3).

However, despite the relatively small extent of natural
degradation, it remains crucial to address this process in more
detail, as the presence of trace byproducts can cause variability
in solvent composition and thus fluctuations in the quality and
properties of the resulting spun fibers.

Standard techniques, such as NMR, were not suitable for the
detection of minor amounts of impurities in the ppm and ppb
range. To analyse degradation products in this concentration
range, an SFC-QToF-MS approach was developed instead
(Fig. 6). Through the injection of 2 ng of IL, the method allowed
for qualitative detection of trace constituents and the accurate
determination of their elemental composition with high confi-
dence (>92% certainty) and low divergence from the theoretical
mass (<3.2 ppm), as given in Table 1. This provided information

[MTBNH]*
»
B 1

2 3 4 5 6 7 8
Elution time, min

T T T 1

9 10 11 12

Fig. 6 SFC-QToF-MS chromatograms of fresh and aged (RT, absence of light, over 2 years) INMTBNH][OAc] samples. Sample concentration is
400 ppm, injection volume is 5 pL. The circled peaks correspond to structures confirmed with NMR spectroscopy. Peak x corresponds to the
compound which was detected only after an isolation with flash column chromatography.
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on specific chemical changes during the degradation process
and on any carry-overs from SIL synthesis.

Through SFC-QToF-MS analysis, impurities originating from
the synthesis stage (homologs of mTBNH, peaks c-f and h) were
detected. Additionally, the high similarity of MS/MS spectra
between peak e and g suggests that the former is an oxidation
product derived from one of these homologous side products.

Two peaks present in the fresh sample showed significant
changes in the intensity during natural ageing: peak a with the
elemental composition C,H;,N;" and peak b with the elemental
composition C,H;,N;0". This suggests that these two
compounds originate from the natural ageing process rather
than from the IL synthesis stage.

The scan of the naturally aged IL sample with SFC-QToF-MS
showed the formation of new peaks compared to the fresh
sample. Based on the elemental composition of these byprod-
ucts, which contain 1 or 2 additional oxygen atoms while having
the same number or fewer hydrogen atoms, all these
compounds constitute oxidation products of the original SIL.

Although QToF-MS is a powerful analytical technique that
provides information about the elemental composition of the
detected compounds, it has inherent limitations in comprehen-
sive structure elucidation. Therefore, the additional use of
complementary techniques, such as NMR, remains essential for
establishing the chemical structure. However, NMR analysis
requires much larger sample amounts. At the same time, isola-
tion and concentration of degradation products of the IL using
conventional approaches pose challenges due to their extremely
low concentrations. To address this issue, a small-scale separa-
tion protocol was optimised in terms of the best-performing
mobile and stationary phases. The method implies the use of
micropipette columns followed by the detection of products
using SFC-QToF-MS. This approach allowed for better handling
of low-concentration samples and facilitated the identification
and analysis of the IL degradation products.

E\)N\ - /E\N/> - L\NW
K =~ 1 ~ { ~ /
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Through this approach, the structures of the compounds
corresponding to peak i (9, 7-methyl-4,5-dihydro-1,3a,7-triaza-1-
indenium-6(7H)-one) and peak t (10; 3-[2-(methylamino)-2-
imidazolidinylium-1-yl]propionate) were elucidated (Fig. 6,
Table 1, Scheme 2 and Fig. S121). Both compounds are deriva-
tives of isomer A of mMTBNH. The degradation pathways leading
to their formation were proposed based on the high-resolution
QToF-MS (elemental composition) and NMR results (Scheme 2).
According to the proposed mechanism, the compound corre-
sponding to peak t was formed by hydrolytic cleavage of the
amide bond of the oxidised byproduct with elemental compo-
sition C,H;,N;0", resulting in the opening of the six-membered
ring of the bicyclic guanidine structure. The other degradation
product (peak i) with the confirmed structure was derived from
the oxidised product with elemental composition C;H;,N;0,"
(peak p) upon water elimination and concomitant aromatiza-
tion of the five-membered ring to form an imidazole moiety.

The structure of another compound was revealed by means
of NMR analysis after its isolation by flash chromatography
(11, peak x, 7-methyl-1,3a,7-triaza-1-indenium-4(7H)-one). The
bicyclic structure containing two additional olefinic carbon-
carbon bonds and a carbonyl group compared to the mTBNH
isomer A indicates that quite severe oxidation occurred. Intro-
duction of the amide oxygen means a formal change of the
carbon atom's oxidation number from —2 to +0, and from —2 to
—1 in the case of conversion of an aliphatic methylene carbon to
an olefinic one. The olefinic structures are formed by intro-
duction of a hydroxy group to either of the two carbons, fol-
lowed by water elimination under the formation of the double
bond. This elimination process is favoured by conjugation
(to the amide carbonyl in the six-membered ring) or aromati-
zation (in the imidazole ring). The absence of a corresponding
peak at 3.40 minutes in the chromatogram of the aged sample
(Fig. 6) suggests that this specific byproduct exists either in
extremely low concentration, or possesses poor ionizability, or
perhaps a combination of both factors. However, by utilizing

+H,0

peaks b/j/l/m/n
C7H12N30*
oX

o N N
|
peak p 10
HqoN3O2*
C7H12N302 peak t
C7H14N302*

Scheme 2 Proposed formation pathway of the products of degradation of [MTBNH][OAc] during natural ageing (rt, no light, over 2 years).
Structures of compounds 9-11 were confirmed with NMR (Fig. S12+). All compounds exist as mesomeric structures (not shown in the scheme).
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extracted ion chromatography (XIC) a distinct peak of this
compound was observed in the naturally aged sample.

While the SFC-QToF-MS method itself is highly sensitive, it
should be noted that the number of detected peaks can vary
depending on search parameters, particularly when their
intensities approach the noise threshold. Considering the
complexity of the analysed sample that might contain addi-
tional degradation products in trace amounts, we focused our
analysis on the most intense peaks. It is worth noting that
a more detailed examination of peaks at the noise level could
potentially offer more byproduct structures. Nevertheless, given
that the overall concentration of all degradation products
within the naturally aged sample did not exceed 2% (Fig. 3), this
approach allowed us to prioritize the most significant
compounds for further investigation. It is safe to state that the
major process causing byproduct formation upon natural
ageing of the studied SIL is oxidation, most likely in an autox-
idation by atmospheric oxygen. The introduction of hydroxy
and keto groups at aliphatic methylene positions, as observed,
is typical for such a process, and also the confirmation of such
autoxidative processes upon ageing of 1,3-dialkylimidazolium
ILs*® supports this mechanistic proposal.

Conclusions

In the present work, we investigated the stability of the novel
SIL, [mMTBNH][OAc], under various conditions. Through NMR
measurements, we monitored chemical changes in the IL
during thermal treatment at 95 °C for a duration of 20 days,
both in the presence of water and wood polysaccharides.
Furthermore, we examined the natural ageing of the SIL over
a two-year period, employing both NMR and the SFC-QToF-MS
methods for analysis.

It was shown that the stability of mMTBNH is influenced by the
position of the N-methyl group in the guanidine bicyclic struc-
ture, with isomer B (with the N of the five-membered ring
methylated) being more stable. While the presence of wood
polysaccharides did not significantly affect the rate or pathway
of thermal degradation, the impact of water was substantial. In
the presence of 10 wt% water, a maximum degradation extent of
41% was observed by the end of the thermal ageing experiment.
Notably, mTBNH demonstrated enhanced thermal stability as
compared to common structurally similar SILs, e.g., mTBDH.
However, the precise limits of degradation that this IL can
withstand while retaining its cellulose-dissolving capacity and
ensuring the sustainable production of spun fibers remain to be
determined in future application studies. It was demonstrated
that the primary hydrolysis (ring opening) products were acet-
ylated in a follow-up step. The chemical structures of the
hydrolysis and acetylation product were established and
confirmed.

More sensitive analytical methods, capable of detecting very
minor quantities of analytes, were required for the study of
natural ageing processes of the SIL, due to the small amount of
degradation products formed (less than 2% over two years). We
successfully utilized SFC-QToF-MS to detect degradation prod-
ucts, determine their elemental composition, and optimize

© 2024 The Author(s). Published by the Royal Society of Chemistry
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flash chromatography separation conditions for further NMR-
based structural elucidation. Our findings suggest that autoxi-
dation plays a significant role in the degradation of [NTBNH]
[OAc] under storage conditions at room temperature and in the
absence of light. These processes cause introduction of
carbonyl and hydroxy groups, the latter also being eliminated in
subsequent steps to produce olefinic double bonds. These
mechanistic insights contribute to our understanding of the
stability and degradation mechanisms of this novel class of
ionic liquids.

Optimizing the separation conditions and performing flash
chromatography purification are necessary for the structural
elucidation of a compound by NMR. However, these steps can
be extremely time-consuming and laborious. For assessing the
stability and purity of the SIL, a rapid scan using SFC-QToF-MS
may be sufficient. Moreover, the high sensitivity of the devel-
oped method can be employed to investigate crucial parameters
of spinning systems, including the detection of residual IL
amounts on spun fibers, a critical aspect for optimizing the
washing step in the production process.
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