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Abstract

lonic gating has emerged as an effective and versatile tool to tune the charge-carrier density of a material and control its
electronic ground state, as well as to develop low-temperature devices such as electrochemical transistors. lonic liquids
are a promising gating agent due to their high thermal- and electrochemical stability for both fundamental and applied
research. However, the understanding of the correlation between the molecular structure of ionic liquids and their
electrochemical stability is quite limited. For this reason, this study aims at determining the guidelines for synthesizing
ionic liquids suitable for their use as electrolytes at low temperatures. A series of twenty-three ionic liquids having various
ammonium cations, composed of three "short chains" and one "long chain”, and Tf,N as the anion, were synthesized.
Afterwards, their thermal behavior was determined to identify those ionic liquids exhibiting Tq< -50 °C. The anodic and
cathodic limits of the selected ionic liquids were measured via linear-sweep voltammetry using an electrochemical
transistor configuration, working at -33 °C. Electrochemical windows having absolute values from 2.9 to 5.7 VV were
measured. Overall, five guidelines were determined from the experimental results: first, the cations influence both
cathodic and anodic limits; second, the asymmetric ammonium cations show larger electrochemical stability than
symmetric ones; third, the electrochemical stability decreases at the increase of the length of the "long chain"; fourth,
alkyl long chains show a larger anodic limit, but smaller cathodic limit than ether long chains having the same length;

fifth, the ether chain with largest electrochemical stability comprises three carbon atoms and one oxygen.
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1. Introduction

Tuning the charge-carrier density of a material is one of the most well-established means to control its electronic ground
state and affect its physical properties, and it is widely employed from fundamental physics to applied electronics and
energy storage. In the last two decades, ionic gating has emerged as an effective and versatile tool for this purpose, owing
to the extremely large charge densities induced by the ultra-high electric fields attainable in the electric double layer
(EDL) formed at voltage-polarized solid-electrolyte interfaces [1-3]. In the standard ionic-gating setup, the material of
choice acts as the active channel of an electrochemical transistor, and its charge-carrier density is controlled via the electric
potential applied across the chosen electrolyte by biasing the gate counter-electrode [1-3]. Beyond a simple tuning of the
electrical conductivity [4,5], ionic gating has enabled the electrical control over insulator-to-metal [6-11],
superconductive [12-20] and magnetic [21-25] phase transitions and shown promise for applications including logic
circuits [26—29], memory devices [30,31], chiral-light emitting transistors [32], stretchable/flexible devices [26,33,34],
thermoelectric energy harvesters [35]. Early reports chiefly made use of polymeric electrolytes as the gate ionic medium
[12], but these were mostly phased out in favor of ionic liquids (ILs) or ion gels, thanks to their large capacitances, low
melting points, and wide electrochemical windows [1-3]. The combination of these properties made ILs especially
advantageous for ionic gating, as it allowed significantly increasing the maximum applicable gate voltages before the
onset of undesired electrochemical reactions in the transistor, thereby extending the range of maximum attainable charge-
density modulations [1,9,10,13,16]. The possibility to increase the maximum applied gate voltage was found to be
particularly important in systems where the total gate capacitance was upper-bounded not by the geometrical capacitance
of the ILs, but either by the necessity to separate a surface-sensitive active material from the ILs by a dielectric
encapsulation layer [17,18,36-40] or by the intrinsic low density of states of the gated material (quantum capacitance)
[41-44]. Moreover, it has been recently demonstrated that — even in materials with a large density of states — electrostatic
correlations between the charged layers in the EDL could give rise to an unexpected “cross” quantum capacitance [45—
47], making the issue of reduced gate capacitance in ionic transistors more ubiquitous than previously thought.
Consequently, understanding how to design electrolytes with extended electrochemical windows is currently highly

desirable from both a fundamental and an applied standpoint.

ILs are salts composed of an organic cation and either organic or inorganic anion that can avoid the formation of organized
crystalline structures, keeping the melting point below 100 °C [48,49]. ILs found a wide range of applications [50] for
instance as actuators [51,52] and chemical reaction media [53,54] or in the electrochemistry research area, such as gating
agents for transistors [9,10], supercapacitors [55], fuel cells [56], and electrolytes for batteries [57,58],. This high interest
is related to the possibility of tailoring ILs physico-chemical characteristics for a specific application by changing their
molecular structure, giving them the title of "designer solvents" [59]. Furthermore, ILs show valuable physico-chemical
properties such as high thermal and chemical stability [60,61] as well as reduced volatility [62,63] and low flammability,
[64] which increase their safety when compared with traditional organic solvents. The interest in ILs as electrolytes for
various applications has rapidly grown during the last few years. Three main properties determine their success in this
field. First, wide electrochemical stability windows allow high voltages during gating uses [1,13] and make ILs valuable

electrolytes in high-cell-potentials battery applications [65], while the large ionic conductivity reduces the



charge/discharge time and the internal resistance of electrochemical devices [1]. Second, the good solvent properties
displayed by ILs, as well as the tolerability of their solubility characteristics, make this class of compounds very promising
both for the solubilization of redox-active compounds and for the realization of innovative redox systems [66,67]. Third,
the low melting point displayed by many ILs (often below 0 °C) allows ILs to be used for low-temperature applications
such as transistors [9]. Furthermore, the liquid state of IL electrolytes allows the formation of thin layers reducing the
mechanical stress, with this property representing a crucial aspect for micrometric devices [13,16]. According to the law
of Arrhenius, the kinetic rate of the reactions is suppressed or reduced with the decrease of the temperature [1,9,10,16].
The possibility of working at low temperatures therefore expands the electrochemical stability windows of ILs, since the
unwanted electrochemical processes which cause the degradation of the device parts (electrolyte and electrodes) are
suppressed or at least reduced. Zhang et al. [9] reported that potential chemical reactions between an IL (DEME Tf;N)
and the electrode surface were suppressed when a high voltage was applied under high vacuum and at a temperature just
above the glass transition temperature of the IL (i.e., -53 °C). At the same time, the different thermal expansion
coefficients between the ILs and the metal electrodes could cause severe mechanical damage to the devices when the

experiment is conducted at low temperatures [9]. Consequently, the studies must be performed using highly stable metals.

Several scientific papers studied the electrochemical stability of ILs. However, the different analytical conditions, such
as temperature and types of electrodes, do not permit a clear comparison between the studies [68—71]. Despite the
consideration that the oxidation of the anions represents the limit for the anodic window, and the reduction of the cation
is the main responsible for the cathodic limits, in some publications, it was observed that ILs with the same cations or
anions showed different electrochemical stability windows [72]. Zhao et al. [73] suggested that the association of anions
or cations could play an important role in their electrochemical stabilities. For all these limitations, the comparison

between the EW reported in the literature, and the experimental data is not always possible [74].

Nowadays, DEME Tf.N (14) is one of the most used ILs for gating applications due to its low melting temperature, high
thermal and electrochemical stability [75]. However, to the best of our knowledge, no reported studies demonstrate its
superior performance over other ILs by comparing it with similar ammonium cations. Due to the fragmentation of
experimental data and the difficulty to compare the different studies, it is hard to identify clear trends that describe how
the structure affects the electrochemical window both from experimental data [76—78] and theoretical studies [79-82].
Nevertheless, some observations can be made. The anodic stability depends on the length of the longest alkyl chain of the
ILs based on aliphatic quaternary ammonium salts [77,83]. The shorter this length is, the higher is the oxidation potential.
With the same longest chain length, the oxidation stability depends on the other alkyl chain length, showing wider stability
when the side alkyl chains are as short as possible [83]. Regarding piperidinium-based ILs, Montanino et al. [84] observed
that the cathodic limit becomes wider with increasing main alkyl chain length. Instead, the anodic limit is almost stable.
Ether functionalities show lower electrochemical stability than alkyl groups having the same length in a more or less
visible way [76,77,85,86]. Nokami et al. [87] observed that ILs having an ether chain with one oxygen atom showed that

the oxygen atom located far from the positively charged nitrogen atom decreased the anodic potential limits.

Due to the high interest in ILs as gating agents for device applications and fundamental research, a more in-depth study
is necessary to expand the knowledge on the influence of the ILs” molecular structure on their electrochemical stability.
In this study, 23 ammonium cations having three "short chains" and a fourth "long chain" were selected because this

structure showed to be the one having better performances from the thermal and electrochemical point of view than other



cations structures [72,74]. The bis(trifluoromethyl sulfonyl)imide anion (Tf.N) was selected as an anion due to its high
conductivity, hydrophobic behavior, wide electrochemical windows, and the possibility of forming liquid ILs at
temperatures below 0 °C [76]. Afterwards, the electrochemical stability of the resulting ILs was studied using
electrochemical transistors cells to simulate their "real application field" as gating agents in transistors. As reported above,
the electrochemical windows increase with the decrease of the operative temperature because the side reactions are
reduced. For this reason, it was decided to measure the electrochemical stability at low temperature (-33 °C), trying to

obtain the "effective" electrochemical windows where degradation reactions are suppressed or at least reduced.

2. Experimental

2.1 Materials

Trimethylamine (ca. 28% in water, ca. 4.3 mol/L), n-octyl-trimethylammonium bromide (> 98%), 2-bromoethyl ethyl
ether (>95%), 1-bromo-2-(2-methoxy ethoxy) ethane (stabilized with Na;COs, >90%), 2-bromoethyl methyl ether
(>95%), bromomethyl methyl ether (>95%) were purchased from TCI. 1-methylpyrrolidine (>99%) was purchased from
Fluka™. 1-bromobutane (99%), 1-bromopentane (99%), 1-bromohexane (99+%) 1-bromooctane (99%) were purchased
from Acros Organics. Triethylamine (>99.5%), N-methylpiperidine (99%), N,N-dimethylethylamine (99%), N,N-
diethylmethylamine (97%), acetonitrile (>99.5%), tetrahydrofuran anhydrous (250 ppm BHT as inhibitor, >99.9%),
dichloromethane (>99.5%) and diethyl ether (>99.5%), Deuterated solvents (CDCl;, DMSO-ds and CDsOD) were
obtained from Sigma Aldrich (Merck Life Science S.r.l.). Lithium bis(trifluoromethyl sulfonyl)imide (LiTf:N, battery
grade) was acquired from IOLITEC. All the employed reagents and solvents were used without further purifications

where not differently mentioned.

2.2 General methods

2.2.1 Synthesis of compounds

The synthesis of the ionic liquids studied in this work consisted of two steps. First, the quaternarization of the tertiary

amines with aliphatic/ether bromide chains. Second, the anion metathesis reaction with LiTf,N for the anion exchange.

Quaternarization method A. The procedure was done according to Mezzetta et al. [88] with modifications. Two grams
of aliphatic/ether bromide chain, tertiary amine in 10 % of molar excess with respect to the aliphatic/ether bromide chain
and 15 mL of acetonitrile were added in a flask of 50 mL and stirred for 48 h at a temperature depending on the tertiary
amine. 30 °C for the N,N-dimethylethylamine, 50 °C for the N,N-diethylmethylamine, 60 °C for the N-methylpiperidine
and 1-methylpyrrolidine and 70 °C for triethylamine. Diethyl ether was added to the final mixture to precipitate the desired
product and eliminate unreacted chemicals. The solid precipitates were filtered under vacuum, washed with diethyl ether,

and dried in vacuo to afford white solids products.

Quaternarization method B. The procedure was done according to Mezzetta et al. [88] with modifications. Two grams

(1.09 mmol) of 1-bromo-2-(2-methoxy ethoxy) ethane, N,N-diethylmethylamine in 10 % of molar excess with respect to



the ether bromide chain and 15 mL of acetonitrile were added in a flask of 50 mL and stirred for 48 h at 50 °C. The
precipitation of a white solid was observed. At the end of the reaction, the liquid phase was removed, and the white solid
was washed with diethyl ether to eliminate unreacted chemicals. Next, the solid was filtered under vacuum, washed again

with diethyl ether and dried in vacuo to afford white solids products.

Quaternarization method C. According to Zhou et al. [89], the procedure was done with modifications. 0.500 g (4 mmol)
of bromomethyl methyl ether in 3 mL of anhydrous tetrahydrofuran were added dropwise to a stirred solution of 0.400 g
(5.47 mmol) of N,N-dimethylethylamine and 7 mL of anhydrous tetrahydrofuran at 0 °C under an argon atmosphere in a
flask of 50 mL. The suspension was stirred for 4 h at room temperature. The THF solution was removed, and the solid

was washed with diethyl ether and dried under vacuum.

Quaternarization method D. According to Zhou et al. [77], the procedure was done with modifications. 20 mL of
trimethylamine (ca. 28 % in water, ca. 4.3 mol L) and 2.00 g of aliphatic/ether bromide chain were added to a flask of
50 mL and stirred for 96 h at room temperature. The water was removed by drying under vacuum. Afterwards, the
resulting product was dissolved in 5 mL of acetonitrile. Diethyl ether was added to precipitate the desired product and
eliminate unreacted chemicals. The solid precipitates were filtered under vacuum, washed with diethyl ether, and dried

in vacuo to afford white solids products.

The compound n-octyl-trimethylammonium bromide was purchased. All synthesized intermediate compounds have been
characterized by NMR spectroscopy.

Anion metathesis procedure. The procedure was done according to Mezzetta et al. [88] with modifications. One gram of
ammonium bromide compounds from the previous stage was solubilized in 20 mL of water, and lithium
bis(trifluoromethyl sulfonyl)imide, in 10% molar excess with respect to the ammonium bromide compounds, was added.
The resulting mixture was stirred at room temperature for 2 h and extracted with 20 mL of dichloromethane. The organic
phase was washed with water (3 x 7 mL). Afterwards, the dichloromethane was removed under reduced pressure to afford
the ionic liquid. The absence of lithium bromide at the end of the purification was checked using silver nitrate added to
the final water phase and one drop of the resulting ionic liquid. All synthesized compounds have been characterized by
'H, 13C NMR and FTIR analysis.

1-(2-Methoxyethyl)-1-methyl-piperidinium bis(trifluoromethyl sulfonyl)imide Pipi201 (1). The preparation of 1
(78% vyield, colorless liquid) was performed according to quaternarization method A followed by metathesis procedure.
'H NMR (CDCls) & 3.78-3.76 (m, 2H, OCH,), 3.54-3.51 (m, 2H, NCH,CH.0), 3.47-3.41 (m, 2H, NCH, ring), 3.38-
3.31(m, 5H, NCH; ring, OCHjs), 3.09 (m, 3H, NCHgs), 1.91-1.85 (m, 4H, 2xNCH,CH> ring), 1.76-1.69 (m, 2H,
NCH,CH,CH, ring); *C NMR (CDCls) & 121.52 and 118.33 (q, Jcr= 319 Hz, 2xCF3), 65.66 (OCH,), 62.80
(NCH,CH0), 62.61 (2xNCH,ring), 59.08 (OCHs3), 49.25 (NCH3), 20.62 (NCH,CH,CHj ring), 20.04 (2xNCH,CH,CH,
ring); IR (cm™): 2951.0, 1470.4, 1347.2, 1176.1, 1131.9, 1050.9, 940.4, 876.1, 788.3, 739.5, 653.9 and 612.4. 'H-NMR

and 3C-NMR are in accordance with the literature [90].

1-Butyl-1-methyl-piperidinium bis(trifluoromethyl sulfonyl)imide Pip14 (2). The preparation of 2 (80% yield,

colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H NMR
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(DMSO-dg) 6 3.33-3.26 (m, 6H, 3XxNCHy), 2.98 (m, 3H, NCH3), 1.78-1.77 (m, 4H, 2xNCH,CHz ring), 1.66-1.62 (m, 2H,
NCH,CH,CHa ring), 1.56-1.52 (m, 2H, NCH,CH; chain), 1.35-1.29 (m, 2H, CH,CHs), 0.96-0.92 (m, 3H, CH.CHs).13C
NMR (DMSO-dg) & 121.10 and 117.90 (q, Jer= 320 Hz, 2XxCFs), 62.29 (NCH3), 60.00 (3XxNCHy), 46.97 (NCH2CH;
chain), 22.95 (NCH2CH2CH ring), 20.68 (CH2CHs), 19.25 (2xNCH.CH ring), 13.40 (CH2CHs); IR (cm™): 2966.1,
2880.5, 1467.5, 1347.0, 1175.4, 1133.3, 1051.2, 937.7, 788.4, 739.3, 653.8, 612.5 and 568.7. 'H-NMR, *C-NMR and

FTIR are in accordance with the literature [91].

1-Methyl-1-octyl-piperidinium bis(trifluoromethyl sulfonyl)imide Pipis (3). The preparation of 3 (76% yield,
colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H NMR
(DMSO-dg) 6 3.33-3.25 (m, 6H, 3xNCHy), 2.97 (m, 3H, NCH3), 1.78-1.76 (m, 4H, 2XxNCH,CH.ring), 1.66-1.63 (m, 2H,
NCH,CH,CH_ring), 1.56-1.52 (m, 2H, NCH,CHj chain), 1.30-1.27 (m, 10H, CH,CH,CH,CH,CH,CH3), 0.89-0.85 (m,
3H, CH2CHjs); 3C NMR (DMSO-dg) § 121.09 and 117.89 (q, Jc = 320 Hz, 2xCF3), 62.49 (NCHs), 59.96 (3xNCH>),
46.93 (NCH,CH; chain), 31.14 (NCH,CH>CH; chain), 28.44 (NCH>CH,CHj ring), 25.83 (NCH,CH,CH,CH chain),
22.01 (CH2CH2CH2CHs), 20.92 (CH.CHCHz), 20.67 (CH2CH3), 19.24 (2xNCH2CH.ring), 13.83 (CH2CHs3); IR (cm™):
2930.7, 2860.3, 1468.2, 1347.7, 1177.7, 1134.1, 1052.6, 940.8, 883.8, 788.3, 739.3, 653.7, 614.2 and 569.2. 'H-NMR is

in accordance with the literature [92].

1-(2-Methoxyethyl)-1-methyl-pyrrolidinium bis(trifluoromethyl sulfonyl)imide Pyiz201 (4). The preparation of 4
(78% vyield, colorless liquid) was performed according to quaternarization method A and followed by metathesis
procedure. *H NMR (CD3OD) § 3.83-3.80 (m, 2H, OCH,), 3.60-3.56 (m, 6H, 3xNCH>), 3.40 (m, 3H, OCHj3), 3.11 (m,
3H, NCH3), 2.24-2.20 (m, 4H, 2xNCH,CH; ring); 3C NMR (CDs;OD) & 122.69 and 119.50 (g, Jc = 319 Hz, 2xCF3),
67.43 (OCHy), 66.27 (3XNCHy), 64.39 (OCHj3), 59.04 (NCHs3), 22.25 (2xNCH,CH> ring); IR (cm™): 2900.1, 1462.9,
1347.5, 1176.0, 1131.2, 1051.0, 996.3, 933.1, 788.7, 739.6, 654.1 and 613.1.*H-NMR and FTIR are in accordance with
the literature [86].

1-Butyl-1-methyl-pyrrolidinium bis(trifluoromethyl sulfonyl)imide Pyi4 (5). The preparation of 5 (89% yield,
colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H NMR
(DMSO-dg) & 3.47-3.40 (m, 4H, 2xNCHj ring), 3.35-3.27 (m, 2H, NCH chain), 2.98 (m, 3H, NCH3), 2.09 (m, 4H,
2xNCH,CHj ring), 1.70-1.66 (m, 2H, CH,CH>CH3), 1.35-1.29 (m, 2H, CH,CHj3), 0.95-0.92 (m, 3H, CH,CHj3); **C NMR
(DMSO-dg) 8 122.69 and 119.50 (g, Jc,r= 319 Hz, 2xCF3), 63.45 (2xNCH; ring), 63.00 (NCH; chain), 47.70 (NCH3),
24.93 (CH2CH,CHs), 21.06 (2xNCH2CHj ring), 119.27 (CH,CHjs), 13.33 (CH,CHj3); IR (cm™): 2969.6, 2881.5, 1467.9,
1347.4, 1175.5, 1133.2, 1051.1, 928.1, 788.6, 739.3, 654.0 and 612.8. *H-NMR, *C-NMR and FTIR are in accordance
with the literature [93].

1-Methyl-1-octyl-pyrrolidinium bis(trifluoromethyl sulfonyl)imide Pyigs (6). The preparation of 6 (79% yield,
yellowish liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H NMR
(CDCls3) & 3.53-3.48 (m, 4H, 2xNCH; ring), 3.31-3.27 (m, 2H, NCH chain), 3.04 (m, 3H, NCHj3), 2.28-2.25 (m, 4H,
2xNCH>CHaring), 1.76-1.72 (m, 2H, NCH,CHchain), 1.35-1.29 (m, 10H, CH,CH,CH,CH>CH,CH?3), 0.89-0.86 (m, 3H,
CHCHs); 3C NMR (CDCls) § 121.53 and 118.34 (q, Jc,r= 319 Hz, 2xCFs3), 64.97 (NCH> chain), 64.70 (2xNCHring),
48.62 (NCHz), 31.63 (NCH:CH: chain), 28.99 (CH,CH.CH:CH,CH,CHs chain), 26.25 (CH.CH,CH,CH3), 23.93
(CH2CH,CHa), 22.60 (CH,CHs), 21.64 (2xNCH,CH, ring), 14.06 (CH,CHs); IR (cm'1): 2930.4, 2860.0, 1468.4, 1348.0,
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1177.9, 1134.0, 1052.5, 931.2, 788.5, 739.3, 653.7 and 614.2. 'TH-NMR, 3C-NMR and FTIR are in accordance with the
literature [94].

N,N,N-Triethyl-2-methoxy-ethanaminium bis(trifluoromethyl sulfonyl)imide N222,201 (7). The preparation of 7 (74%
yield, white solid) was performed according to quaternarization method A and followed by metathesis procedure. ‘H
NMR (CDCls) & 3.71-3.70 (m, 2H, OCHy), 3.41-3.30 (m, 11H, 4xNCH>, OCHs), 1.31-1.28 (m, 9H, 3xNCH,CHj); 1*°C
NMR (CDCls) 6 121.55 and 118.35 (g, JcF= 320 Hz, 2xCFs3), 65.63 (OCH>), 59.22 (OCHs), 56.78 (NCH2CH20), 54.02
(3XNCH2CHj3), 7.49 (3XNCH,CHs); IR (cm™): 2997.8, 1472.4, 1397.2, 1347.7, 1176.5, 1132.6, 1051.3, 888.0, 787.1,
739.4, 653.7, 612.7 and 569.5. 'H-NMR is in accordance with the literature [77].

N,N,N-Triethyl-1-octanaminium bis(trifluoromethyl sulfonyl)imide N2228 (8). The preparation of 8 (70% yield,
colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H NMR
(CDCls) & 3.24-3.19 (m, 6H, 3xNCH,CHs), 3.05-3.01 (m, 2H, NCH,CH chain), 1.60-1.56 (m, 2H, NCH.CH,), 1.31-
1.23 (m, 19H, 3xNCH,CHs, CH,CH,CH,CH,CH,CH3), 0.86-0,82 (m, 3H, CH,CH3); 3C NMR (CDCls) § 121.52 and
118.32 (q, Jcr= 320 Hz, 2xCF3), 57.23 (NCH,CHy), 52.99 (3xNCH,CHs), 31.57 (NCH,CHy), 28.96 (NCH2CH2CHb,),
28.90 (CH,CH3CH2CH,CHs), 26.20 (CH2CH2CH,CHs), 22.53 (CH,CH,CHs), 21.62 (CH2CHs), 14.00 (CH,CHs), 7.27
(3XNCH2CHs3); IR (cm™): 2930.1, 2859.7, 1460.5, 1396.8, 1348.2, 1177.4, 1134.7, 1052.6, 788.6, 739.1, 653.5, 614.3
and 569.3. 'H-NMR and **C-NMR are in accordance with the literature [95].

N-Ethyl-2-methoxy-N,N-dimethyl-ethanaminium bis(trifluoromethyl sulfonyl)imide N211,201 (9). The preparation of
9 (68% yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis
procedure. 'H NMR (CDs0OD) § 3.80-3.77 (m, 2H, OCH,), 3.53-3.51 (m, 2H, NCH,CH0), 3.49-3.43 (m, 2H, NCH,CHj3),
3.38 (m, 3H, OCHj3), 3.09 (m, 6H, 2xNCHs), 1.38-1.34 (m, 3H, NCH2CHj); *3C NMR (CDs0D) § 122.72 and 119.54 (q,
Jc= 318 Hz, 2xCF3), 66.91 (OCHy), 63.97-62.15 (NCH,CH>0, NCH>CH3), 59.08 (OCHs), 51.52 (2xNCHjs), 8.41
(NCH2CHz); IR (cm™): 2997.8,2943.4, 2898.1, 1473.4, 1347.2, 1176.5, 1132.9, 1051.3, 960.8, 918.1, 857.5, 789.1, 739.8,
654.3 and 612.5. 'H-NMR and FTIR are in accordance with the literature [96].

N-Ethyl-N,N-dimethyl-1-butanaminium bis(trifluoromethyl sulfonyl)imide N211,4 (10). The preparation of 10 (65%
yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H
NMR (CD30D) & 3.36-3.31 (m, 2H, NCHj chain), 3.30-3.25 (m, 2H, NCH,CHj3), 3.04 (m, 6H, 2xNCHj3), 1.78-1.69 (m,
2H, NCH,CH_ chain), 1.46-1.39 (m, 2H, CH>CH3), 1.38-1.33 (m, 3H, NCHCHj3), 1.04 (m, 3H, CH,CH>CH3); **C NMR
(CD30D) 6 122.79 and 119.61 (q, Jc = 318 Hz, 2xCF3), 64.70-60.68 ((NCH. chain, NCH,CHs), 50.61 (2xNCHj3), 25.38
(NCH,CHj chain), 20.63 (g, 2H, CH.CHg), 13.83 (CHCH.CH3), 8.33 (NCH2CHs); IR (cm™): 2970.1, 2882.1, 1470.2,
1347.1, 1176.4, 1133.4, 1051.3, 920.0, 789.0, 739.7, 612.9 and 569.0. *H-NMR and FTIR are in accordance with the
literature [86].

N-Ethyl-N,N-dimethyl-1-pentanaminium bis(trifluoromethyl sulfonyl)imide N2i15 (11). The preparation of 11 (82%
yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H
NMR (CDCls) 8 3.43-3.38 (m, 2H, NCH; chain), 3.25-3.21 (m, 2H, NCH,CHs), 3.06 (m, 6H, 2xNCHj3), 1.73-1.69 (m,
2H, NCH,CHj chain), 1.39-1.37 (m, 7H, CH,CH2CHs, NCH2CH3), 0.95-0.91 (m 3H, CH,CH,CHjs); 3C NMR (CDCls)
8 121.50 and 118.31 (q, Jc= 319 Hz, 2xCFs3), 64.25 (NCH; chain), 59.99 (NCH.CHs), 50.45 (2xNCHs), 28.11
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(NCH,CH. chain), 22.13 (CH2CH,CHs), 13.71 (CH.CH,CHs), 8.19 (NCH.CH3); IR (cml): 2963.6, 2877.4, 1469.2,
1347.3,1176.9, 1133.8, 1051.7, 788.9, 739.6 and 612.4.*H-NMR and **C-NMR are in accordance with the literature [78].

N-Ethyl-N,N-dimethyl-1-hexanaminium bis(trifluoromethyl sulfonyl)imide N2116 (12). The preparation of 12 (85%
yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H
NMR (CDCls) & 3.39-3.34 (m, 2H, NCH; chain), 3.22-3.18 (m, 2H, NCH,CHj3), 3.02 (m, 6H, 2xNCH3), 1.70-1.64 (m,
2H, NCH2CH; chain), 1.37-1.30 (m, 9H, CH,CH,CH,CH3, NCH,CH3), 0.90-0.87 (m, 3H, CH,CH,CHjs); 3C NMR
(CDCls) 6121.50 and 118.31 (q, Jcr= 319 Hz, 2xCF3), 64.25 (NCHj> chain), 59.97 (NCH,CHjs), 50.37 (2xNCHj3), 31.09
(NCH2CH2CHy), 25.72 (NCH2CHy) , 22.52 (CH,CH,CH?3), 22.35 (CH2CH,CHs), 13.8 (CH2CH2CHs), 8.13 (NCH,CHs);
IR (cm): 2961.0, 2934.6, 2865.6, 1468.9, 1347.4, 1177.2, 1134.0, 1052.1, 788.9, 739.5, 612.8 and 569.4. NMR and
FTIR are reported in supporting information (Figure S1 and Figure S6).

N-Ethyl-N,N-dimethyl-1-octanaminium bis(trifluoromethyl sulfonyl)imide N2i1s (13). The preparation of 13 (81%
yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H
NMR (CD30D) 6 3.37-3.31 (m, 2H, NCH; chain), 3.29-3.24 (m, 2H, NCH>CH3), 3.04 (m, 6H, 2xNCHj3), 1.75-1.73 (m,
2H, NCH,CHj chain), 1.38-1.32 (m, 13H, CH,CH,CH,CH,CH,CH3, NCH,CH3), 0.92-0.89 (m, 3H, CH,CH,CH3); 3C
NMR (CDs;0D) 6 121.50 and 118.31 (q, Jc,r= 319 Hz, 2xCFs3), 64.83 (NCH> chain), 60.58 (NCH2CHz), 50.50 (2xNCHj3),
32.71 (NCH2CH; chain), 30.05 (NCH2CH,CH, chain), 30.01 (NCH,CH,CH,CH chain), 27.22 (CH,CH,CH,CHs), 23.51
(CH2CH,CHs), 23.34 (CH,CH2CHj3), 14.26 (CH,CH,CHs), 8.24 (NCH-CHj3); IR (cm™): 2930.7, 2860.3, 1468.8, 1347.7,
1178.4, 1134.3, 1052.9, 788.8, 739.6 and 614.6. NMR and FTIR are reported in supporting information (Figure S2 and
Figure S7).

N,N-Diethyl-2-methoxy-N-methyl-ethanaminium bis(trifluoromethyl sulfonyl)imide N221.201 (14). The preparation
of 14 (74% vyield, colorless liquid) was performed according to quaternarization method A and followed by metathesis
procedure. *H NMR (CDsOD) & 3.78-3.77 (m, 2H, OCHy), 3.51-3-49 (m, 2H, NCH; chain), 3.45-3.42 (m, 4H,
2XNCH,CHa), 3.40-3.38 (m, 3H, OCHj3), 3.03 (m, 3H, 2xNCHj), 1.35-1.30 (m, 6H, NCH,CHj3); 3C NMR (DMSO-dg) &
121.13 and 117.93 (q, Jc /= 320 Hz, 2xCF3), 65.19 (OCH,), 59.21 (NCH; chain), 58.15 (2xNCH2CHj3), 56.40 (2xNCH3),
47.17 (OCHs), 7.47 (NCH2CHs); IR (cm™): 2997.1, 1462.1, 1347.1, 1176.7, 1132.7, 1051.5, 872.1, 788.6, 739.7, 654.2
and 612.6. *H-NMR, ¥C-NMR and FTIR are in accordance with the literature [97].

N,N-Diethyl-N-methyl-1-butanaminium bis(trifluoromethyl sulfonyl)imide N2214 (15). The preparation of 15 (81%
yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H
NMR (CD30D) & 3.36-3.30 (m, 4H, 2xNCH>CHj3), 3.25-3.21 (m, 2H, NCHj> chain), 3.04 (m, 3H, NCHs), 1.74-1.66 (m,
2H, NCH2CH.CH,CHj3), 1.47-1.37 (m, 2H, NCH,CH,CH,CHz3), 1.35-1.30 (m, 6H, 3xNCH,CHzs), 1.04 (m, 3H,
CH2CH,CH3); ®C NMR (CD3;OD) & 122.80 and 119.61 (g, Jcr= 319 Hz, 2xCFs), 61.53 (NCH chain), 57.49
(2XNCH2CH3), 47.62 (NCHs), 24.97 (NCH,CH, chain), 20.68 (CH.CH; chain), 13.86 (CH.CH,CHs), 7.98
(2xNCH2CHs3); IR (cm™): 2969.7, 2881.8, 1470.4, 1347.0, 1175.9, 1133.8, 1051.5, 897.0, 788.6, 739.4, 654.0 and 612.8.
'H-NMR and **C-NMR are in accordance with the literature [90].

N,N-Diethyl-N-methyl-1-pentanaminium bis(trifluoromethyl sulfonyl)imide N2215 (16). The preparation of 16 (78%

yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H
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NMR (CDCls) 8 3.25-3.20 (m, 4H, 2xNCH,CHs), 3.08-3.03 (m, 2H, NCH chain), 2.84 (m, 3H, NCHs), 1.62-1.54 (m,
2H, NCH,CH chain), 1.33-1.22 (m, 10H, CH,CH,CHs, 2xNCH,CH3), 0.85-0.81 (m, 3H, CH2CH2CHs); *C NMR
(CDCls) & 121.48 and 118.29 (g, Jor= 319 Hz, 2xCFs), 60.90 (NCH; chain), 56.62 (2xNCH,CHs), 47.17 (NCH3), 28.11
(NCHCH chain), 21.98 (CH,CH,CH3), 21.68 (CH,CH,CHs), 13.58 (CH2CH2CHs), 7.57 (2xNCH.CHs); IR (cm):
2962.9, 2877.3, 1462.3, 1347.3, 1176.0, 1134.0, 1051.8, 788.6, 739.3, 653.8 and 613.3. H-NMR and *C-NMR are in

accordance with the literature [78].

N,N-Diethyl-N-methyl-1-hexanaminium bis(trifluoromethyl sulfonyl)imide N2216 (17). The preparation of 17 (84%
yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure. *H
NMR (CD30D) 6 3.34-3.30 (m, 4H, 2xNCH>CHj3), 3.25-3.21 (m, 2H, NCHj> chain), 2.97 (m, 3H, NCHs), 1.72-1.71 (m,
2H, NCH,CHj chain), 1.39-1.30 (m, 12H, CH,CH2CH,CHj3, 2xNCH,CHj3), 0.95-0.92 (m, 3H, CH,CH:CH3); 3C NMR
(CD30D) 6 122.80 and 119.61 (g, Jc /= 319 Hz, 2xCFs3), 61.74 (NCH> chain), 57.41 (2xNCH,CHs), 47.60 (NCH3), 32.36
(NCH2CH; chain), 27.07 (CH,CH;CH,CHj3), 23.49 (CH2CH2CHa), 22.99 (CH,CH,CHs3), 14.22 (CH,CH2CH3), 7.98
(2XNCH,CHa); IR (cm): 2934.7, 2864.9, 1462.5, 1347.4, 1176.5, 1134.1, 1052.2, 788.5, 739.1, 653.8 and 613.8. NMR
and FTIR are reported in supporting information (Figure S3 and Figure S8).

N,N-Diethyl-N-methyl-1-octanaminium bis(trifluoromethyl sulfonyl)imide N2z1,s (18). The preparation of 18 (65%
yield, colorless liquid) was performed according to quaternarization method A and followed by metathesis procedure H
NMR (CD30D) 6 3.32-3.30 (m, 4H, NCH>CHj3), 3.24-3.20 (m, 2H, NCH; chain), 2.97 (m, 3H, NCHz), 1.74-1.69 (m, 2H,
NCH.CH; chain), 1.40-1.30 (m, 16H, CH,CH,CH,CH,CH,CHs, 2xNCH,CHjz), 0.93-0.89 (m, 3H, CH.CH,CH3); *C
NMR (CD30D) 6 122.81 and 119.62 (q, Jcr= 319 Hz, 2xCFs), 61.75 (NCH: chain), 57.47 (NCH.CHz), 47.61 (NCHz),
32.85 (NCH2CH. chain), 30.20 (NCH.CH»CH), 30.15 (NCH.CH,CH,CH), 27.39 (CH.CH,CH,CHa), 23.64
(CH2CH2CHs), 23.04 (CH2CH2CHs), 14.39 (CH2CH2CHs), 7.99 (2xNCHzCHs); IR (cm™): 2930.5, 2860.0, 1462.6,
1347.7, 1177.8, 1134.5, 1052.8, 788.5, 739.3, 653.7 and 614.4. NMR and FTIR are reported in supporting information
(Figure S4 and Figure S9).

2-Ethoxy-N,N-diethyl-N-methyl-ethanaminium bis(trifluoromethyl sulfonyl)imide N221202 (19). The preparation of
19 (71% vyield, yellowish liquid) was performed according to quaternarization method A and followed by metathesis
procedure. *H NMR (CDsOD) § 3.82-3.81 (m, 2H, OCH,CHs), 3.57-3-54 (m, 2H, OCH,CH), 3.52-3.41 (m, 6H,
3xNCHy), 3.04 (m, 3H, NCH3), 1.36-1.31 (m, 6H, 2xNCH,CHs), 1.22-1.20 (m, 3H, OCH,CHjs); 3C NMR (DMSO-ds) &
121.09 and 117.89 (g, Jcr= 320 Hz, 2xCF3), 65.70 (OCH,CHs3), 63.07 (OCH2CH), 59.22 (NCH. chain), 56.37
(2XxNCH,CHs3), 47.21 (NCHj3), 14.80 (OCH,CHa), 7.53 (2xNCH,CHa); IR (cm'1): 2984.2, 2881.5, 1462.5, 1347.5, 1176.9,
1132.2, 1051.3, 866.9, 788.2, 739.5, 654.0, 612.6 and 569.1. NMR and FTIR are reported in supporting information
(Figure S5 and Figure S10).

N,N-Diethyl-2-(2-methoxyethoxy)-N-methyl-ethanaminium bis(trifluoromethyl sulfonyl)imide N221,20201 (20). The
preparation of 20 (10% yield, white solid) was performed according to quaternarization method B and followed by
metathesis procedure. *H NMR (CD3OD) & 3.90-3.88 (m, 2H, NCH,CH,0OCH,), 3.64-3.66 (m, 2H, CH,OCHj), 3.57-3.54
(m, 2H, NCH,CH,0), 3.52-3.50 (m, 2H, NCH>CH,0), 3.47-3.42 (m, 4H, 2xNCH,CHz), 3.37 (m, 3H, OCHj3), 3.04 (m,
3H, NCHs3),1.36-1.31 (m, 6H, 2xNCH,CHs); 3C NMR (CDs0D) & 121.50 and 118.32 (q, Jcr= 318 Hz, 2xCFs), 71.45
(NCH2CH20CH), 69.98 (CH,OCHz), 64.14 (NCH2CH-0), 59.92 (NCH2CH:0), 57.80 (2xNCH,CH3), 57.32 (OCHj),
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53.26 (NCHs3), 6.83 (NCH2CHa); IR (cm™): 2921.0, 1463.0, 1347.3, 1177.8, 1132.9, 1051.6, 871.6, 788.8, 739.6, 654.3
and 612.0. *H-NMR is in accordance with the literature [98].

N-Diethyl-N-(methoxymethyl)-N-methyl-ethanaminium bis(trifluoromethyl sulfonyl)imide N21101 (21). The
preparation of 21 (65% yield, yellowish liquid) was performed according to quaternarization method C and followed by
metathesis procedure. H NMR (DMSO-dg) & 4.57 (m, 2H, OCH;N), 3.57 (m, 2H, OCHa), 3.28-3.25 (m, 4H,
2XNCH,CHa), 2.87 (m, 3H, NCH3), 1.22-1.19 (m, 6H, 2xNCH,CHj3); 3C NMR (DMSO-dg) § 121.11 and 117.91 (q, Jc r=
320 Hz, 2xCF3), 88.11 (OCH:N), 60.04 (OCH3), 53.09 (2xNCH2CHj3), 43.62 (NCH3), 7.20 (2xNCH,CHj3); IR (cm™):
2995.6, 1463.6, 1398.7, 1347.3, 1175.9, 1132.5, 1051.0, 788.7, 739.8, 654.3 and 612.5. 'H-NMR, ®C-NMR and FTIR

are in accordance with the literature [99].

2-Methoxy-N,N,N-trimethyl-ethanaminium bis(trifluoromethyl sulfonyl)imide Nii1201 (22). The preparation of 22
(71% yield, white solid) was performed according to quaternarization method C and followed by metathesis procedure.
IH NMR (CD30D) & 3.84-3.80 (m, 2H, OCHy), 3.58-3.56 (m, 2H, NCH2CH-0), 3.39 (m, 3H, OCHs), 3.18 (m, 9H,
3xNCHa); 3C NMR (CDs0OD) § 122.69 and 119.50 (q, Jc = 319 Hz, 2xCF3), 67.08 (OCHy), 66.77 (NCH.CH,0), 58.98
(OCHs), 54-58-54.50 (3xNCHs); IR (cm): 2956.0, 2897.4, 1478.1, 1349.5, 1319.0, 1180.6, 1136.0, 1052.2, 957.3, 941.6,
874.1, 790.5, 740.5, 610.9 and 568.4. 'H-NMR is in accordance with the literature [77].

N,N,N-Trimethyl-1-octanaminium bis(trifluoromethyl sulfonyl)imide N1 (23). The preparation of 23 (84% yield,
yellowish liquid) was performed according to metathesis procedure starting from the commercial bromide product. *H
NMR (CDsOD) 6 4.79 (m, 2H, NCH,CH>), 3.11-3-10 (m, 9H, 3xNCHj3), 1.78-1.76 (m, 2H, NCH,CH>), 1.38-1.32 (m,
10H, CH2CH2CH,CH,CH,CHj3), 0.92-0.89 (m, 3H, CH,CHjs); *C NMR (CD30D) § 122.79 and 119.60 (g, Jc.= 319 Hz,
2xCF3), 67.92 (NCH2CH), 53.51 (3xNCHs), 32.79 (NCH2CH?2), 30.12 (NCH.CH:CH>), 30.06 (NCH.CH2CH,CHy),
27.24 (CH,CH,CH,CHg), 23.87 (CH2CH2CHs), 23.59 (CH2CH3), 14.36 (CH2CHs); IR (cm™): 2930.7, 2860.5, 1481.7,
1347.2,1178.7, 1134.2, 1052.9, 969.2, 908.5, 789.2, 739.8 and 614.2. 'H-NMR is in accordance with the literature [100].

2.2.2 NMR spectroscopy

The NMR spectra were recorded using a Bruker Avance |1 NMR spectrometer operating at 400 (*H) and 100 MHz (*3C)
at 24 °C. NMR samples have been prepared dissolving about 20 mg of ILs in a suitable deuterated solvent (around 0.4
mL). 'H and 3C NMR chemical shifts (ppm) are referenced to the residual deuterated solvent signals of CD3OD (*H 3.31
ppm, 13C 49.0 ppm), DMSO-ds (*H 2.49 ppm, *C 39.50 ppm) and CDClz (*H 7.26 ppm, *3C 77.00 ppm). The following
abbreviation was used m=multiplet, and the coupling constants (J) are expressed in Hertz (Hz).

2.2.3 Fourier transform infrared spectroscopy (FTIR)

The ATR-FTIR spectra were recorded with an Agilent Technologies IR Cary 660 FTIR spectrophotometer using a
diamond crystal's macro-ATR accessory. The spectra were measured in a range from 4000 to 500 cm* with 32 scans and

a resolution of 4 cm™.
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2.2.4 Differential scanning calorimetry (DSC)

The thermal behavior of the prepared compounds was analyzed by a differential scanning calorimeter (TA DSC, Q250,
USA, temperature accuracy +0.05 °C and temperature precision £0.008 °C). Dry high purity N2 gas with a flow rate of
50 cm® min? was purged through the sample. The temperature calibration was performed considering the heating rate
dependence of the onset temperature of the melting peak of indium. About 1-3 mg of each sample was loaded in pinhole
hermetic aluminum crucibles. The phase behavior was explored under a nitrogen atmosphere in the temperature range
between -90 °C and 150 °C. DSC experiments were carried out in duplicate. T4 was obtained by taking the midpoint of
the heat capacity change on heating from a glass to a liquid. T was determined as the peak temperature of the exothermic
peak on heating from a subcooled liquid to a crystalline solid. Tr, was taken as the peak temperature of the endothermic
peak on the heating run. The peak temperatures were chosen instead of the onset temperatures due to the complexity of

the thermograms.

2.2.5 Electrochemical analysis

The electrochemical stability window of the prepared compounds was evaluated at -33 °C by means of linear sweep
voltammetry, using two-electrode test cells and an Agilent B2912 source-measure unit. The working temperature of -33
°C was selected since it is sufficiently below 0 °C so as to be suitable for ionic gating applications where low temperatures
are used to quench undesired electrochemical reactions, while at the same time it allows for all the ILs considered in this
work to exhibit an ionic conductivity large enough to result in a detectable ionic current upon voltage polarization. The
test cells consist of two asymmetric gold electrodes obtained by thermal evaporation through a shadow mask on thin glass
slides. In all cells, the working electrode area was ~1% of the counter electrode area so that the capacitance of the latter
did not contribute to the current dynamics. The compounds were drop casted on the test cells, then loaded on the cold
finger of a Cryomech pulse-tube cryocooler and left to degas in a high vacuum (residual pressure < 10 mbar) at least 2
days before cooling the system to the working temperature to remove absorbed moisture. Fresh cells were utilized for all
voltammetry tests to determine the cathodic and anodic stability limits separately. The measurements were performed by
grounding the working electrode and sweeping the counter electrode potential from 0 to positive (cathodic limit, up to
+10 V) or negative (anodic limit, up to -10 V) voltage values. The applied sweep rate was 5 mV s in all cases. The
potentials corresponding to the onset of reductive/oxidative decomposition of the electrolyte were estimated by linearly
fitting the current-voltage curves in the voltage ranges where the current exhibited a good linear scaling with increasing
voltage (using a Levenberg-Marquardt algorithm as implemented in the OriginLab software) and then performing a linear

regression to zero current.

3. Results and discussion

This work aims at identifying possible guidelines for developing ILs suitable for applications as gating agents at low
temperatures (-33 °C) in electrochemical transistors where the kinetics of chemical reactions are reduced or suppressed.
Therefore, ILs were selected to develop a systematic approach to understand the correlation between molecular structure
and electrochemical stability. The ILs were characterized by DSC to select the compounds suitable to work at
temperatures below -50 °C to allow the measurement of the electrochemical windows at -33 °C. Afterwards, the

electrochemical stability was measured. Some of these ILs are not reported in the literature and were prepared to fill the
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knowledge gap and have a clearer picture of the correlation between EW and molecular structure. As far as we know, no

analysis of the electrochemical stability for these systems at temperatures below 0 °C is reported in the literature.

3.1 Synthesis of compounds

Ammonium cations with three "short chains" and a "long chain" were studied in this work. The short chains were selected
using six common tertiary amines (methyl-piperidine, methyl-pyrrolidine, triethylamine, dimethylethylamine,
diethylmethylamine and trimethylamine), and the long chains were added using alkyl- and ether- chains using the
corresponding bromide chains. The Tf,N was selected as the anion due to its high-performance properties already

described in the Introduction. The synthesis of the ILs is shown in Scheme 1.

R3 R|3 R|3
N Quaternarization » R—N—R, Br Metathesis » R—N—R, TiN 4 Li—Br
R R, Br—R, | LiTf,N |
R, R

Scheme 1. Synthetic approach for the preparation of the ILs

The molecular structure of the cations and the anion studied in this work are reported in Figure 1.
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Figure 1. Cations and Anion studied in this work.

The first step consists in ILs quaternarization (also called Menshutkin reaction), a bimolecular nucleophilic substitution
of type 2 (Sn2) [101]. In this work, tertiary amine reacted with bromide compounds to obtain a salt composed of quaternary
ammonium and bromide ions. Acetonitrile and tetrahydrofuran were used as solvents in almost all the reactions. Only in
the case of the Quaternarization Method D water was used as a solvent because the starting trimethylamine dissolved in
water allowed a higher concentration of amine than other solvents. The second stage was the anion metathesis reaction,

which consists of ion exchange. In this work, the quaternary ammonium cations exchanged the bromide anion with Tf,N
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[102]. The ILs were characterized using NMR and FTIR. The spectra of the ILs not described in the literature are reported

in the Supporting Information.

3.2 Thermal analysis

The thermal behavior was evaluated using DSC. The analysis was performed under a nitrogen flow, and the temperature
range was from -90 °C to 150 °C with a scan speed of 10 °C min‘®. At first, the sample was cooled down from 40 °C to
-90 °C and maintained at this temperature for 3 min. Then, it was heated to 150 °C to ensure the complete sample melting
(1% heating run). Afterwards, the sample was subjected to the 2™ cycle of cooling-heating to compare the thermal behavior
of the studied compounds. The obtained thermograms are reported in Figures S11-S33 in the supporting information,

while the values of the transitions are reported in Table 1.

Table 1. DSC data from thermograms of compounds 1-23. In blue are reported data from the first cycle, and in green, data from the second cycle. T

(glass transition temperature), T (cold crystallization temperature), Tr, (melting temperature) and T, (crystallization) during the cooling cycle.

ILs Ty (°C) Tee (°C) Tn (°C) 2" T (°C) T. (°C) Thern-WaI
behavior
Pip1201 (1) -77.21 | -76.61 0
Pip14 (2) -72.13 | -7151 0
Pipss (3) -68.75 | -68.64 0
Py1201 (4) -83.20 | -82.91 0
Py14 (5) -53.43 -52.3 -26.62 | -26.22 | -18.62 -17.91 1
Py1s (6) -79.52 -79.4 -24.33 -14.21 m
N222,201 (7) -79.05 | -78.33 | -3354 | -32.73 24.43 24.95 1
Nzz2s (8) -72.63 | -72.67 ,
N211.201 (9) no*
Nzi1.4 (10) n.c.*
Na11s (11) -82.61 | -8243 | -27.57 | -25.96 -7.97 -7.79 1
N1z (12) -82.53 | -82.05 0
N1z (13) -81.17 | -80.78 0
N221,201 (14) n.c.*
N221.4 (15) -36.39 11.19 1
N2215 (16) -84.36 -83.8 |
N2216 (17) -82.75 | -82.66 0
N2218 (18) -80.65 | -80.48 0
N221.202 (19) n.c.*
N221,20201 (20) -63.13 -13.35 36.01 34.91 70.59 7131 -16.64 I
N221101 (21) -51.17 -31.42 nc.
Ni11.201 (22) 38.93 38.36 -24.58 1
Nig (23) -736 | -72.29 | -33.06 5.38 I

*n.c.= not classified because the transitions are not detected in the studied temperature range.

Based on the results shown in Table 1, all the salts studied in this work can be classified as ILs because they melt at

temperatures below 100 °C [67]. Three kinds of thermal behaviors have been generally observed for ILs [103]:

- Type I, only the formation of amorphous glassy solids is displayed.
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- Type I, the presence of a crystallization event during the cooling run and a corresponding melting transition
during the heating run.
- Type lll, only a crystallization is observed in the heating run (cold crystallization), which is inhibited during the

cooling run.

Based on the second cycle of the DSC, the ILs of this study case can be classified as reported in Table 1.

3.2.1 Thermal behavior of cyclic tertiary amines

The cyclic tertiary amines (Pipi.201, Pip14, Pipis, Py1201, Py14 and Pyis) show a similar transition temperature with
respect to the literature [89,104,105]. The lowest transition temperature is recorded for Pip1201 (-76.91 °C) and Py1 201 (-
82.91 °C) with ether chain. Also, Py14and Py1s (-17.91 °C and -14.21 °C) show higher transition temperatures than Pipa.4
and Pip1s (-71.51 °C and -68.64 °C). Therefore, it is possible to consider that the pyrrolidinium-based ILs allow the

formation of more organized and crystalline structures in the case study.

3.2.2 Thermal behavior of linear tertiary amines

The linear tertiary amines (N222201, N222g, N2115, N221,4, Ni111,201 and Niiig) show a thermal behavior similar to the
literature [77,78,83,106]. N211201 and N221,201 did not display a transition temperature, but a T4= -96 °C and -95 °C are
reported in the literature [77], respectively. Similarly, a transition temperature was not reported for N2i14, probably
because lower than -90 °C; this result agrees with Le et al. [107]. The thermal behavior of ILs N211,6, N211,s8, N221,5, N221.6,

Na221,8, N221,202, N221,20201 and Nzz1,101 is not reported in the literature.

Based on the second cycle of the DSC, it is possible to observe that an increase in the overall symmetry of cation structures
allows the formation of organized structures. Consequently, the Tq increases when the length of the long alkyl chain is
not so different from the one of the short chains. However, a clear correlation between the length of the alkyl long chain
and the transition temperature is not observed. Secondly, oxygen in the chain decreases the transition temperature of the
ILs when one of the short alkyl chains has a different length from the other two, and the ether chain has 3-5 atoms.
Furthermore, three ether chains were studied for this type of ILS (N221,201, N221,20201 and N221,101). In this case, the presence

of a long ether chain determines the formation of a solid. In fact, the N221,20201 shows a high melting point at 71.31 °C.

In conclusion, N221101 and Ni11,g showed a variation in the thermal behavior between the first and the second cycles,
differently from the other ILs. A melting point at -31.42 °C and 5.38 °C, respectively, was observed only during the first
cycle. This transition was not observed during the second cycle when ILs were already melted. It means that the first

cycle allows eliminating the thermal memory of the sample due to the synthesis process.

3.2.3 Selection of ILs for electrochemical analysis

At the end of the thermal analysis, the most suitable ILs to work as gating agents at low temperatures (-33 °C) were
selected. The ILs must keep the liquid state during the electrochemical analysis because a solidification causes a drastic

conductivity decrease, impeding a correct analysis of the sample. The range where the 23 ILs are in the liquid state is
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illustrated in Figure 2. Upper limit: 150 °C (maximum temperature to classify a transistor as traditional [108]); in the
present study, all ILs studied showed stability until this temperature. Lower limit: it was defined as the Tpeak (Tm Or Tg)
during the second cycle of DSC. In the case of the ILs that did not show a transition temperature, the minimum limit was
arbitrarily defined as -90 °C (the limit of DSC analysis). The electrochemical stability of ILs marked in green in Figure 2
can be measured at a low temperature (-33 °C). The compounds marked in blue can be used at low temperatures when
they are first melted to eliminate the thermal memory. The ILs marked in red cannot be used as ionic gating agents at low
temperatures because they show a transition temperature (T, Tm OF Tg) above -50 °C. The piperidine-like compounds
Pip1.201 (1), Pip14 (2) and Pip1s (3) can operate at -33 °C. Instead, Py1201 (4) is the only pyrrolidinium-based ILs that
can work at -33 °C. About the linear tertiary amines having short chains with the same length, both ILs having long alkyl
chains, N222s (8) and N1 (23), show transition temperatures that allow the operability at -33 °C. For linear tertiary
amines having a short chain with different lengths from the other two, the ILs N2115 (11), N221,4 (15) and N221,20201 (20)

cannot operate at -33 °C.

-100 -50 0 s’o0 100 150
Temperature (°C)

Figure 2. Classification of the 23 ILs studied in this work depending on their liquid range. Green line: ILs which are liquids below -50 °C. Blue line:
ILs which are liquids below -50 °C, albeit require a preheating step. Red line: ILs which are liquids at temperatures above -50 °C. 150 °C is the

temperature limit for the classification of traditional temperature transistors.

3.3 Electrochemical analysis

Electrochemical stability is the potential range where the electrolytes do not go under reductive or oxidative
decompositions [76]. The typical electrochemical measurements are realized via either linear-sweep [77,109] or cyclic
[72,76] voltammetry using three-electrode cells (a working and counter electrodes having equal areas and a reference
electrode) by grounding the counter electrode and sweeping the working electrode potential from the open-circuit voltage
towards more negative (cathodic) or more positive (anodic) potentials. In electrochemical transistors, the reference
electrode is often missing, and the working electrode (coinciding with the active channel of the transistor) is kept
grounded. At the same time, the potential of the counter electrode is controlled via the gate voltage by sweeping it from
zero to either positive (cathodic) or negative (anodic) values [110]. Additionally, the counter electrode area is typically
much larger than the area of the working electrode, so the counter electrode capacitance is so large as to be negligible in

determining both the switching dynamics and the potential distribution inside the gate loop [111]. Since the goal of our
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work is determining values of electrochemical stability relevant for electrochemical transistors, this latter configuration
was mimicked in the linear-sweep voltammetry measurements carried out in this study by making use of two-electrode
test cells with a counter electrode-working electrode area ratio of 100:1, keeping the working electrode grounded and
sweeping the counter electrode potentials from zero to either positive or negative values. Gold was selected as a material
for both electrodes as it is ubiquitously employed in electrochemical transistors both for the counter electrode and for the
electrical leads to the active channel [112]. The obtained voltammograms are illustrated in Figures S34-S49 in the

supporting information, and the data about the electrochemical stability are reported in Table 2 and Figure 3.

Table 2. Electrochemical stability of compounds 1-23.

Cathodic stability Anodic stability .
I limit (V>0) Std Dev (+) limit (V<0) Std Dev ()
Pip1.201 (1) 5.1 0.1 -4.6 0.1
Pip14 (2) 4.1 0.1 -4.9 0.1
Pipys (3) 338 0.1 2.9 0.2
Py1.201 (4) 55 0.1 4.8 0.2
Nz226 (8) 43 0.2 3.3 0.2
N211.201 (9) 57 0.1 -4.6 0.1
Nai14 (10) 5.3 0.1 5.1 0.1
Nai1s (12) 5.1 0.1 5.2 0.1
Nai1s (13) 5.0 0.1 -4.0 0.2
N221.201 (14) 55 0.1 4.9 0.3
N2215 (16) 53 0.1 5.0 0.3
N2z16 (17) 5.0 0.1 5.0 0.1
N2216 (18) 4.1 0.2 4.4 0.2
N221.202 (19) 5.4 0.1 3.7 0.1
N221,101 (21) 5.3 0.1 -3.6 0.1
Nuig (23) 39 0.1 34 0.2
1 —
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Figure 3. Values of Cathodic and Anodic limits of ILs. Green: Anodic stability limit, Red: Cathodic stability limit



3.3.1 Effect of the long chain

Different authors reported that the anodic stability depends on the length of the longest alkyl chain of the ILs based on
aliphatic quaternary ammonium salts [77,83]. The shorter it is, the higher is the oxidation potential. Phung et al. [83]
correlated this behavior with the HOMO value determined using Density Functional Theory (DFT) calculations that
decrease with the alkyl chains' reduction. The lower the HOMO energy is, the higher the quaternary ammonium stability
is. In the case of piperidinium cations, it was observed that the cathodic limit becomes wider, increasing the main alky!l
chain length, while the anodic limit is almost stable. For the authors, these results indicate that the electrochemical stability
of these ILs is mainly governed by the reduction of the piperidinium-based cation structure. The main-alkyl-chain length
probably plays a shielding effect of the positively-charged nitrogen. Also, the length of the alkyl chain helps to stabilize
the aliphatic free radicals generated during the electrochemical reduction [84]. As reported in Figure 3, the increase of
alkyl long chain length decreases the stability windows for both cathodic and anodic voltages. This behavior is more
evident in the cathodic voltages than in the anodic side. Also, this decrease in electrochemical stability is marked when
the alky chains having a number of carbon atoms equal to or below six, such as N2i1,4 (10), N2116 (12), N221,5 (16) and
N2216 (17), are compared to the alkyl chains with eight carbon atoms, Na11,s (13) and N221,8 (18). Moreover, there is no
evident difference between the dimethyl-ethylamine and diethyl-methylamine derivatives ILs except for the cathodic limit
of ILs having an alkyl chain with eight carbon atoms N211s (13) and Nz218 (18). The aliphatic quaternary ammonium salts
show the same behavior with respect to the literature. The piperidinium-based ILs, Pip14 (2) and Pip1s (3) have low
cathodic limits, and the latter shows the lowest electrochemical stability. In this case, the piperidinium-based cations show
different behavior with respect to the literature. However, only two piperidinium derivatives were studied, and the
difference in the determination of electrochemical stability does not allow us to reach conclusions. About the variation of
ether chains, Figure 4 shows that N221,201 (14), N221,202 (19) and N221,101 (21) have similar cathodic limits. Also, the N221,201
(14) shows a higher anodic limit than the other two ILs. This result contrasts with Nokami et al. [87], who observed that
the anodic potential increased with an ether chain having an oxygen atom close to the nitrogen atom. This difference can
be correlated to the difference in the measurement of electrochemical stability and the quaternarization method of N221,101

(21), which can cause the presence of impurities that can influence the electrochemical windows [69].

= Cathodic
5,54 |= Anodic

Voltage (V)
N

3,5

2,5

16 17
IL type

Figure 4. Absolute values of cathodic (red) and anodic (green) limits of ILs having the same short chains and increasing the long chain.
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3.3.2 Comparison of long ether chains versus long alkyl chains having the same length and same short chains

The ether functionalities reported in the literature exhibit lower electrochemical stability than alkyl groups having the
same length [76,77,85,86]. Neale et al. [76] justify this behavior because the ionicity of the ILs decreases by adding
ethereal groups to the alkyl chain. The presence of an electron donor group decreases the delocalization of the positive
charge present in the cation, reducing its stability. Appetecchi et al. [85] explain this behavior by the electrostatic
interactions between the lone-pair electrons of oxygen and positively-charged nitrogen. These interactions decrease the
electron density of the oxygen, promoting the reduction of the alkoxy ethyl chain. Zhou et al. [77] found that it was
necessary to increase the size of the cations with longer side alkyl chains to "bury" the positive charge on the nitrogen
when an ether chain is added. However, as reported in Figure 5, the cathodic windows of ether chains ILs look higher
than the ones of alkyl chain compounds. On the contrary, ILs having alkyl chains show wider anodic limits than ILs with
ether chains. This divergence from the literature could be correlated to the different experimental conditions where the
electrochemical stability was measured. At lower temperatures, ethers become “more resistant” to reduction reactions.
Pip14 (2) has lower cathodic and anodic limits than aliphatic ammonium cations, N2114 (10) and N221,5 (16), although the
latter has longer long alkyl chain. Moreover, N2i1.201 (9) shows the highest cathodic limit. N221,202 (19) shows a higher
cathodic limit than Pip1.201 (1) despite the longer ether chain. On the contrary, Pip1.201 (1) has an anodic limit comparable
with N2i1,201 (9).

= Cathodic
1|= Anodic

Voltage (V)

3,5

10 19 16

IL type

Figure 5. Absolute values of cathodic (red) and anodic (green) limits of ILs to compare alkyl and ether long chains having the same length.

3.3.3 Effect of the short chains

Phung et al. [83] observed that with the same longest-chain length, the oxidation stability depends on the other
alkyl-chain length, showing wider stability when the side alkyl chains are as short as possible. However, this aspect is not
discussed in detail because only two tertiary amines were studied. As reported in Figure 6, N211s (13) shows the highest
cathodic window and the second-highest anodic window. On the other hand, the N221,8 (18) presents the highest anodic
window and the second-highest cathodic window together with N222s (8). Instead, Pipis (3) shows the lowest
electrochemical windows. These results indicate that both anodic and cathodic voltage limits are influenced by the type
of short chains of the ammonium cations. At the same time, it is possible to observe that the presence of short chains
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having different lengths allowed to obtain wider electrochemical stability. About the ether functionalities, the N211,201
Tf2N shows the highest cathodic window, followed by the Nzz1.201 TfaN and Pyi201 Tf2N. The similarity between
compounds N2z21.201 Tf2N and Py1.201 Tf2N can be justified by their similar structure; the methyl-pyrrolidine is a “closed
ring” of the diethyl-methylamine. The Pip1.201 Tf2N shows the lowest electrochemical window. About the anodic limit,
the variation of the windows is inside the standard error of the measurement, as reported in Table 2. As previously
observed, short chains with different lengths allowed for obtaining wider electrochemical stability. Moreover, the
presence of the ether chain allows a pyrrolidinium-based cation to work at low temperatures, which was not possible

using long alkyl chains.

1/ = Cathodic
1|/= Anodic

Voltage (V)

3 8 13 18 23
IL type

Figure 6. Absolute values of cathodic (red) and anodic (green) limits of ILs having the same long chain and changing the short chains.

1 4 9

4, Conclusion

In summary, our work establishes five main guidelines for the selection of ILs based on ammonium cations and Tf;N

anion, suitable as gating agents for transistors-like systems at low temperatures:

1. The cations and the anions cannot be considered separately. As observed by Zhao et al., the association of anions
or cations plays an essential role in their electrochemical stabilities [73].

2. The ammonium cations having short chains with different lengths show larger electrochemical stability for the
cathodic and anodic limits than ammonium cations having short chains with the same length. As best of our
knowledge, this is the first article that studies and describes the effect of the short chains.

3. The increase of the “long chain” length decreases the electrochemical stability for both cathodic and anodic
limits. This result is comparable with the literature for the linear tertiary amine [77,83]. At the same time, the
results for the piperidinium-based ILs are in contrast with the literature [84].

4. The presence of an oxygen atom in the “long chain” increases the cathodic limit but decreases the anodic limit.
The behavior in the cathodic limit is in contrast with the literature, where it is described as a decrease in
electrochemical stability [76,77,85,86].

5. The ether length composed of three carbon atoms and one oxygen showed larger electrochemical stability than
other ethers having two or four carbon atoms. The larger electrochemical stability of IL N221,201 (14) with respect
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to N221,101 (21) is in contrast with the results of Nokami et al., who determined that the oxygen atom located far

from the nitrogen atom decreased the anodic limit [87].

In conclusion, the IL having the widest cathodic and anodic limits observed during this study were N211,201 (9) and N211,6

(12), respectively. On the other hand, the IL having the lower electrochemical stability was Pipzs (3).
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