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ABSTRACT: In the present study, a new series of ionic
liquids (ILs) derived from low-cost amides and lactams (cyclic
amides), such as N,N-dimethylformamide (DMF), were
synthesized and characterized. Unlike other nucleophiles like
amines, the alkylation reaction of the amides with alkyl triflates
to form cationic species takes place at the carbonyl oxygen
atom, instead of the nitrogen atom. For these O-alkylated
amidium ILs, the basic physicochemical properties, such as
melting point, glass transition temperature, plastic crystal
phase transition, thermal stability, density, surface tension,

| | CF3S0,C,H Lt
_N_O —— N O _ wT3veseTls NSO
Amide O-alkylation TfO
| R R N O R
N:_O—R N:{_O—R N _o-R -
e v AN
RO O

Cations for ionic liquids (R, R'= CH3z or CH,CH3)

viscosity, ionic conductivity and electrochemical window, were investigated and studied. Generally, these ILs are distinguished by
low viscosity and high conductivity, in particular the DMF-derived ILs with viscosity as low as 21.6 cP and conductivity up to
1545 mS cm™" at 25 °C. This result should be attributed to the cationic DMF structures: planar geometry, low symmetry, C2-
proton and ether moiety, resulting in much lower viscosity and higher conductivity than the best-known imidazolium ILs.
Meanwhile, these amidium ILs also possess wide electrochemical windows (~4.5 V) comparable to imidazolium ILs, implying
their potential in electrochemical applications. Furthermore, several of the amidium ILs can form plastic crystal with a maximum
enthalpy gain of —35.7 J g”" at the temperature range of —10—90 °C.
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B INTRODUCTION

Ionic liquids (ILs), a special class of molten salts, are composed
solely of ions and nevertheless are liquid near room
temperature. Due to their entire ionic composition, ILs are
unique in a set of characters, such as negligible vapor pressure,
low flammability, wide liquid temperature range, high ionic
conductivity, intrinsic electrostatic field, extra solvency, and so
on."? These characters enable them to serve as a superior and
environmentally friendly alternative to the conventional organic
solvents.>* Furthermore, ILs have emerged as a versatile
platform for a wide variety of fundamental research and
practical applications, such as organic synthesis,” enzyme
catalysis,® biomass processinﬁ,7 gas capture,® carbon precursor,’
nanotech,*’ energy storage,1 electrochemical devices,'* nuclear
fuel cyc:le,13 hypergolic fluids,** lubricants,* magnetic fluids, '
optical materials,'”” and many more.

However, the topic of ILs is currently restricted to academic
research, rather than to industrial applications. There are
several barriers to the large-scale use of ILs. First of all, ILs
cannot be recycled by simple distillation like organic solvents,
because of their very low vapor pressure."® On this account,
many efforts have been made to study such low vapor pressure,
as well as to develop “distillable” ILs."”~> Earle et al*
achieved the vacuum distillation of ILs without decomposition
by vaporization of the neutral ion clusters at elevated
temperatures. Yet this distillation process is too slow to be
practically applied,” e.g., 0.12 g h™! for [EMIm]NTT, at 300 °C
and 0.1 mbar.”” Recent studies indicated that protic ILs can be
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readily converted back to organic acid and base precursors via
proton transfer at high temperatures.>*”>” By vacuum
distillation of the regenerated precursors, King et al*
recovered the acid—base conjugate ILs that were used to
dissolve cellulose, with recovery up to 99.4%. Second, ILs are
usually highly viscous, due to the strong interion Coulomb
interactions. High viscosity may cause severe limitations in use,
such as low conductivity, low mass transfer rate, poor
wettability, as well as operational problems like infiltration.”®
Lastly, but not least, the current price of ILs is still too high for
large-scale use. But we believe that the price will continuously
drop with the increase of demand and the development of low-
cost ILs.

Recently, cheap amides have been used as building blocks to
form ILs, such as deep eutectic,””*° protic,®' ~>* and aprotic®**°
types. These amide derivatives could be tailor-made for various
applications, such asCO,dissolution,®"** electrolytes,**~>>*
esterification catalysis,36 ionothermal carbonization of sugar,37
extraction of metal ions,*® liquid crystal,** and so on. Generally,
most ILs are prepared through alkylation/quaternization at the
electron-rich N, P, or S atom position like in 1-methylimida-
zole.*' Whereas in amides, the nitrogen atom is conjugated to
an electron-withdrawing carbonyl group, and thus the lone pair
electrons in nitrogen atom tend to delocalize into the carbonyl
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oxygen atom, resulting in making the N atom less nucleophilic
and the O atom more nucleophilic.** Consequently, the amide
alkylation is more likely to occur at O than N. Though the
amide O-alkylation was proposed in 1956,**and later confirmed
elsewhere,*373%*7%¢ "the paradoxical mechanism of N-
alkylation was still em};loyed until very recently,*>3*3%4

In our recent work,*’ the amide O-alkylation was found to be
readily reversible with temperature, and the amidium ILs are
“distillable” by vacuum evaporation of the regenerated volatile
precursors at high temperatures. In this study, 24 O-alkylated
amidium ILs were prepared and characterized to systematically
study their properties and potential applications.

B RESULTS AND DISCUSSION

The synthetic route of the O-alkylated amidium ILs is typically
shown in Scheme 1 (see the Experimental Section for details).

Scheme 1. Typical Synthetic Route of Amidium ILs (upper),
and the Structures and Abbreviations of Cations and Anions
Used in This Study
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The reaction of amides with alkyl triflates takes place at the O
atom instead of the N atom, as a result of the electron

delocalization in amides.*” In total, six amides [N,N-
dimethylformamide (DMF), N,N-dimethylacetamide (DMA),
N,N-diethylacetamide (DEA), N-methylpyrrolidone (MPyr),
N-ethylpyrrolidone (EPyr), and N-methylcaprolactam
(MCap)], and two alkylating agents (methyl and ethyl triflates)
were utilized for synthesis of 12 TfO-based amidium ILs.
Moreover, NTf,-based ILs were also prepared by anion
exchange.

The structures of the amidium ILs were identified by 'H/"*C
NMR spectra (see the Experimental Section for details). As
shown in Figure 1, the experimental NMR signals match very
well with the proposed structure. In both 'H and *C NMR
spectra, the signals assigned to the two methyl groups in
=N*(CH;), do not coalesce with a clear separation, which
agrees exactly with the asymmetry caused by the C=N double
bond in the O-ethylated case. If in the N-ethylated case, the two
signals would coalesce into a singlet. The proton in N'=
C(H)—O appears at a high "H chemical shift of 8.35 ppm, and
the carbon also resonates at a high "*C chemical shift of 166.84
ppm, according with the conjugated system. The quartet
(127.41, 123.16, 118.92, 114.67 ppm) split by fluorine in *C
NMR assigned to trifluoromethyl group (CF;) identifies the
presence of TfO anion.

The fundamental physicochemical properties of the amidium
ILs were investigated and studied, including thermal stability
(Ty), liquid—solid phase transition, density (p), surface tension
(), viscosity (17) and its activation energy (AH,,), conductivity
(x), and electrochemical stability window (EW), as summarized
in Tables 1 and 2. For the purpose of comparison, two 1-ethyl-
3-methylimidazolium [EMIm] based ILs, which are one of the
best-known ILs with excellent performance, were also
characterized.

The liquid—solid phase transition behaviors of the amidium
ILs were examined using differential scanning calorimetry
(DSC) upon a cooling and heating cycle at a scanning rate of S
K min". The corresponding values for glass-transition
temperature (T,), crystallization temperature (T.), melting
point (T,,), solid-plastic transition temperature (T, and T,),
and the enthalpy change (AH) are summarized in Table 1.
Generally, four types of phase transition processes were
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Figure 1. 'H/BC NMR of [EDMF]TfO in CD,CN.
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Table 1. Phase Transition Properties and Thermal Stabilities of the Amidium ILs

entry L T (°C) T,,°(°C) AH, (g") T,"(°C) AH, (g") T/(°C) AHE(g") T,/ (°C) AH,/(g") T{(°C)
1 [MDMF]TfO 232 —376 -6.95 349 165
2 [EDMF]TfO —100.5 —32.5 —40.7 (—64.0) 433 165
3 [MDMA]TfO 425 —349 24.6 343 184
4 [EDMA]TfO 77.0 —722 618 74.1 165
s [MDEA]TfO 410 —55.1 132 38.1 —111 12.0 179
6 [EDEA]TfO 28.1 —35.7 48.5 —34.4 14.5 67.5 6.5 47 177
7 [MMPyr]TfO 97.6 732 58.9 74.5 184
8 [EMPyr]TfO 421 —67.6 153 664 166
9 [MEPyr]TfO 147 -28.0 274 28.5 177
10 [BEPyr]TfO 34.1 —44.6 48 492 171
11 [MMCap]TfO 335 —26.1 94 28.8 176
12 [EMCap]TfO 40.1 —52.1 0.0 511 164
13 [MDMF|NTf, 376 —522 -16.1 45.0 171
14  [EDMFINTS, —91.6 29 -50.7 (-60.7) 36.3 196
15  [MDMA]NTY, 316 174 772 —28.8 67.1 28.5 24.6 18.1 192
16  [EDMA]NTf, 33.1 —46.5 11.3 30.7 6.1 139 199
17 [MDEA]NTS, 283 —48.1 40 45.8 192
18 [EDEA]INTY, 538 —753 21.9 68.7 202
19 [MMPyr]NTf, 526 -12.8 89.6 —-29.5 872 29.5 49.5 13.5 179
20  [EMPyr]NTY, 335 —213 384 —463 304 20.6 214 232 198
21 [MEPyr]NTS, 394 —65.9 15.6 20.1 —-2.0 333 179
22 [EEPyr|NTY, 29.0 —55.0 10.0 537 204
23 [MMCap]NTf, 37.5 192 67.6 —247 62.8 26.5 329 19.6 175
24 [EMCap]NTf, 444 —442 423 222 35.6 213 199

Glass transition temperature.

Sohd-plastlc crystal transition temperature upon heating. “Enthalpy of solid-plastic crystal transition upon heating.

Meltmg point. “Enthalpy of melting. Crystalhzatlon temperature (cold crystallization). *Enthalpy of crystallization. "Plastic crystal-solid transition
temperature upon cooling. ‘Enthalpy of plastic crystal-solid transition upon cooling. “Thermal decomposition temperature at 5% weight loss.

Table 2. Basic Properties of the Amidium and [EMIm] ILs

entry IL P (gem™) ¥* (mNm™) 7" (P) 757 (cP)
1 [MDME]TfO 14126 413 297 13.1
2 [EDMF]TfO 13492 358 24 10.8
3 [MDEA]TfO 28
4 [EDEA]TfO 315
s [EMPyr] TfO 229
6 [MEPyr] TfO 13675 40.1 85.1 295
7 [EEPyr] TfO 13165 351 523 206
8 [EMCap]TfO 58.5
9 [MDMF]NTY, 1.5405 362 293 12.8
10  [EDMF]NTf, 1.4946 349 216 102
11 [EDMA]NTS, 1.4688 345 40.8 167
12 [MDEA]NTY, 1.4469 351 66.9 241
13 [EDEA]NTf, 549 207
14 [EMPyrINTS, 167
15 [MEPyr]NTf, 462 19.0
16  [EEPyr]NTf, 1.4460 351 337 146
17 [EMCap]NTf, 269
18 [EMIm]TfO 13850 419 436 17.4
19  [EMIm]NTf, 15182 39.0 320 139

AHS (Jmol™) & (mSem™)  Eogeaf (V) Epea* (V) EW (V)
24.66 1545 —-1.62 2.82 4.44
22.62 14.46 —1.61 2.80 441
32.39 4.83 —1.87 2.80 4.67
29.19 6.15 —1.85 2.77 4.62
23.68 10.96 —1.60 2.81 441
21.53 11.29 —1.61 2.86 4.47
26.17 6.59 —1.83 2.81 4.64
30.01 3.48 —1.81 2.82 4.63
28.51
26.31
25.04 6.10 —1.88 2.74 4.62
26.36 9.27 —-2.19 2.26 4.45
24.42 8.96 —2.18 2.38 4.56

“Density at 25.0 °C. *Surface tensmn at 25.0 °C. “Viscosity at 25.0 °C. FViscosity at 50.0 °C. “Activation energy of viscosity. JConductivity at 25.0
°C. #Cathodic potential limit. " Anodic potential limit. ‘Electrochemical windows.

observed from the DSC measurements, as depicted in Figure 2.
The first type of process consists of simple crystallization and
melting, upon cooling and heating, respectively (Figure 2a,
entries 1, 3,4, 7—13, 17, 18, and 22 in Table 1). The samples in
this case are very prone to form an ordered crystal, which
prevents the appearance of the second-order phase transition,
such as glass transition. For the second type, the involved
samples display glass transition before cold crystallization and
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melting point (Figure 2b, entries 2 and 14 in Table 1). The two
ILs engaging in this type are both based on the [EDMF] cation.
An argument can be made that [EDMF]-based ILs are more
inclined to be amorphous glass rather than ordered solid upon
cooling. And, actually the two ILs based on [EDMF] have the
lower melting points than the others, for a given anion. The
third type is characteristic of two solid states upon both cooling
and heating (Figure 2c, entries 6, 15, 19, 20, and 23 in Table 1).

DOI: 10.1021/5¢5007347
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Figure 2. Four different types of DSC curves.

For example, [EDEA]TfO underwent a significant enthalpy
gain (—35.7 J g7') at 28.1 °C before melting at 48.5 °C. The
plastic crystal between two solid states implies their potential
application as thermal energy storage materials or solid
electrolytes.*** The two different solid states should be
related to the existence of two coconformations of NTIf,
anion.>”*' For the fourth type, the solid-plastic crystal
transition could be observed upon cooling, but not upon
heating (Figure 2d, entries S, 16, 21, and 24 in Table 1), likely
because of the overlapping of two phase transitions upon
heating.

All of the ILs were shown to have melting points (T,,) less
than 100 °C, and four of them melt below 25 °C (entries 1, 2,
9, and 14 in Table 1). Additionally, many of the amidium ILs
can remain in a supercooled liquid state at room temperature,
with crystallization temperatures (T.) less than 25 °C. For a
given anion, the DMF-derived ILs exhibit the lower melting
points than the others, including DMA derivatives. DMA could
be structurally regarded as C2-methylated DMF, and the
structural relationship between DMF and DMA is similar to
that of imidazole and C2-methylated imidazole, which are the
precursors of a kind of common ILs. For imidazolium ILs, the
C2-methylation plays an unexpected role in increasing both
melting point and viscosity, contrary to the loss of the
predominant hydrogen-bonding interaction between the
imidazolium ring C2-H and anion.>*~>* Similar unexpected
results could also be observed for the DMF and DMA derived
ILs. Although the “acidic” C2-H in DMF ILs increases the
interaction between cations and anions via hydrogen bonding,
their melting points are much lower than the hydrogen bond-
free DMA ILs, e.g,, [EDMF]TfO (—32.5 °C) vs [EDMA]TfO
(77.0 °C). The possible reason will be discussed in the section
of viscosity. Meanwhile, the alkyl groups (methyl vs ethyl) exert
a significant but highly variable influence on the melting point.
The maximum difference in melting point between the O-
methylated and O-ethylated ILs is $5.7 °C: [MDMF]TfO (23.2
°C) vs [EDMF]TfO (—32.5 °C), in which the replacement of
methyl with ethyl clearly decreases melting point. This case
accounts for most of the amidium ILs. However, the opposite
case also exists, e.g, [MDMA]TfO (42.5 °C) vs [EDMA]TfO
(77.0 °C), where the replacement of methyl with ethyl
significantly increases melting point. For the case of [EDMF]-
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TfO and [MDMF|TfO, the reason should be related to the
higher flexibility of ethyl group, resulting in packing
frustrations, compared with methyl group. While for the case
of [EDMA]TfO and [MDMA]TfO, the flexibility of ethyl
group is restricted by the C2-CH; unit, as mentioned in the
section of viscosity, and perhaps therefore the melting point of
[EDMA]TSO increases even higher than [MDMA]TfO. The
impact of anion species (TfO vs NTf,) on melting point is also
highly variable, and it is difficult to predict which anion is more
likely to cause a low melting point, for instance, [EDMA]TfO
(770 °C) and [EDMAINTE, (33.1 °C) vs [EDME]TfO
(—32.5 °C) and [EDMF]NTY, (2.9 °C). The high variability of
the melting point with its influence factors implies a great
degree of interior complexity in the amidium ILs.

The thermal stability of the amidium ILs was investigated by
thermogravimetric analysis (TGA), as depicted in Figure 3. The

100
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Figure 3. TGA curves of six amidium ILs.

resulting thermal decomposition temperature (T3) was
recorded at 5% weight loss, and the T, values fall within the
range of 164—204 °C, as listed in Table 1. For a constant
cation, NTf,-based amidium ILs are a bit more thermally stable
than TfO-based ILs, for example, [EDMF]NTf, (196 °C) vs
[EDMF]TfO (165 °C). Meanwhile, the thermal stability is not
significantly impacted by the cationic species, as well as the O-
alkyl groups. However, the decomposition pattern of TfO-
based ILs strongly depends on the O-alkyl groups. As shown in
Figure 3, with increasing temperature, the mass weight of the
O-methyl amidium ILs lost gradually until ~0%; while the O-
ethyl ILs went through an inflection point at about 20 wt %
remnants, and then lost to ~0%. The inflection in the TGA
curves of the O-ethylated amidium ILs might be related to the
easy formation of protonated amidium during the O-ethyl
elimination.

For the ILs that are liquids or supercooled liquids at room
temperature, their density (p), surface tension (y), viscosity (#)
and its activation energy (AH,), conductivity (x), and
electrochemical stability (Ehodic Eaodic and EW) were
investigated, and the results are summarized in Table 2. The
density of the studied ILs varies in the range of 1.3165—1.5405
g cm™ at 25 °C, close to that of [EMIm]-based ILs. As
expected, the NTf,-based ILs are all denser than the TfO-based
ILs, because of the more abundant “heavy” elements (S, F, and
O) in the former anion. Lengthening the low-density O-alkyl
chain from methyl to ethyl slightly decreases the density by
about 0.06 g cm ™. The obtained surface tensions are within the

DOI: 10.1021/5¢5007347
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range of 34.5—41.3 mN m™! at 25 °C. In general, the amidium
ILs exhibit a bit smaller surface tension than the [EMIm]-based
ILs, for example, [EDMF]TfO (35.8 mN m™) vs [EMIm]TfO
(41.9 mN m™"). Recent evidence indicates that surface tension
is intrinsically linked with viscosity, and generally, the smaller
surface tension an IL has, the less viscous it will be.>®

The viscosities (#7) of the ILs at 25 and 50 °C are presented
in Table 2, ranging 21.6—85.1 cP and 10.2—58.5 cP,
respectively. Accordingly, the amidium ILs are preferable to
be low-viscosity, in particular, the DMF derivatives. For
example, at 25 °C, the viscosity of [EDMF]TfO is only 22.4
cP, which is almost half of that of [EMIm]TfO (43.6 cP). As
can be observed, the viscosity values are generally affected by
three main factors: (1) amide precursor, (2) O-alkyl chain
length, and (3) anion species. Keeping the others constant, the
viscosity of the amidium ILs increases in the following order:
DMF < EPyr < MPyr ~ DMA < DEA < MCap. In comparison
with the other ILs, DMF-derived ILs always possess the lowest
viscosity, e.g, [EDMF]NTY, (21.6 cP) vs [EDMA]NTY, (40.8
cP) at 25 °C. This result of the DMF ILs, as well as their lowest
melting point as stated above, are unexpected and contrary to
the presence of hydrogen bond between the “acidic” proton in

=CH—O moiety and anions. This unexpected phenom-
enon was also observed in imidazolium ILs, where the C2-
methyl group in the imidazolium ring restrains the flexible
freedom of its adjacent alkyl chains, leading to an increase in
chain-packing efficiency and a decrease in free volume.>*™>*
The structural and functional characteristics of the C2-proton
in the O-alkylated DMF cation are similar to the imidazolium
C2-proton. Furthermore, the former was found to follow the
same mechanism as the latter. By comparison of [EDMA]-
NTf,and [EDMF]NTf,, as described in Table 3, the

Table 3. Contribution of the CH, unit [N*=C(CH;)—O vs
=C(H)—O] at Amidium C2 Position to Molar Volume

p° Mw? MV© AMV?
L (g cm™) (g mol™) (em?® mol™?) (cm® mol™)
[EDMF] 1.4946 382.30 255.79 14.04
NTf,
[EDMA] 1.4688 39633 269.83
NTf,

Den51ty at 25.0 °C. “Molecular weight. “Molar volume at 25.0 °C.
9The difference in molar volume between [EDMA]NTf, and
[EDMEF]NTF, at 25.0 °C.

contribution of the CH, unit (CH;—H) at the C2 position
of the [EDMA] cation to molar volume was calculated to be
14.04 cm® mol™, much lesser than the normal value of ~16.7
em® mol™.%77? The less excess volume could be related to the
decrease in flexibility and free volume in the DMA-based ILs,
with the resulting increase in melting point and viscosity,
compared with the DMF ILs. In other words, the small-sized
C2-H in the DMF ILs preserves the side chain flexibility and
leads to low melting point and viscosity. In our recent work,>
this mechanism was proposed to account for the effect of C2-
CHj; on imidazolium ILs. Also, in the above order, EPyr-based
ILs are much more viscous than their DEA-based counterparts,
for example, [EDEA]NTY, (54.9 cP) vs [EEPyr]NTf, (33.7 cP)
at 25 °C, although EPyr is a cyclic derivative of DEA and they
are almost isoelectronic. This result might be related to the
asymmetry caused by cyclization, like pyrrolidinium ILs.% As
can be expected,®’ when the cyclic amide was changed from
five-membered MPyr to seven-membered MCap, viscosity
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would increase dramatically, e.g, [EMPyr]TfO (229 cP) vs
[EMCap]TfO (58.5 cP) at 50 °C.

The anion species also play an important role in determining
the viscosity. For a constant anion, most of the TfO-based ILs
are much more viscous than the NTf, ILs, e.g, at 25 °C
[MEPyr]TfO (85.1 cP) vs [MEPyr|NTf, (46.2 cP), as
expected.”” However, an exception exists with regard to the
DMEF-derived ILs, and the TfO-based DMF ILs are nearly as
low in viscosity as the NTf, ILs, e.g,, [EDMF]TfO (22.4 cP) vs
[EDMF]NTY, (21.6 cP) at 25 °C. Moreover, this exceptional
result is also reflected in the following conductivity values.

The O-alkylation of the amide carbonyl group brings about
the presence of an ether functional group. Ether groups are
well-known for their ability to enhance the liquid fluidity,
because the highly ﬂex1ble ether chains cannot pack as
efficiently as alkyl chains.”*~®® The presence of ether groups
should be an important factor responsible for the low viscosities
of the amidium ILs. For the O-methylated and O-ethylated
counterparts, the latter are always less viscous than the former,
for example, [EDMF]NTY, (21.6 cP) vs [MDMF]NTY, (29.3
cP) at 25 °C, although the ethyl group is bulkier and e ected
to cause higher viscosity than the methyl group.’® This
unexpected result can be related to the fact that the O-terminal
rod-like CH,CHj tail is more efficient in rotational flexibility
than the spherical CH, tail®**® A similar unexpected result
could also be observed for N-alkyl groups in the amidium ILs.
For example, the amidium ILs containing N-ethyl are less
viscous than their counterparts containing N-methyl, e.g,
[EEPyr|NTf,(14.6 cP) vs [EMPyr]NTf, (16.7 cP) at S0 °C.
However, the effect of the replacement of methyl with ethyl on
decreasing viscosity in the O-alkyl case is dominant over that in
the N-alkyl case. As a result, for the isomers of [EMPyr]TfO
and [MEPyr]|TfO, the former (22.9 cP) is less viscous than the
latter (29.5 cP) at 50 °C.

The viscosity temperature dependence of the amidium ILs
was determined from 25 to 80 °C. As typically shown in
Figure4, the viscosity of the ILs decreases exponentially with
temperature and follows an Arrhenius-type behavior:

(Inp =1InA + E,/RT)

where 7 is viscosity (cP), A is a constant, E, is activation energy
(kJ mol™"), R is the universal gas constant (8 314 JK™ mol™),

4.0
m [EDEAJNTY,
® [EDMF]TfO
3.5 4
= 3.0 4
(4]
€
£ 254
2.0
154
T v T M T M T v T v T r T
28 29 3.0 31 3.2 33 3.4
T'x1000/K"

Figure 4. Typical Arrhenius plots of viscosity for two amidium ILs.
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and T is the absolute temperature (K). On the basis of the
equation, the activation energy (E,) of the viscous ILs was
calculated and summarized in Table 2, with the linear fitting
parameters (R*) larger than 0.99S. In theory, the E, value
appears as the energy barrier that needs to be overcome by
mass transfer in viscous flow.”” As a consequence, the more
viscous an IL is, the larger E, value it will have. For instance,
among these ILs, the least viscous [EDMF]NTE, (21.6 cP)
exhibits the lowest E, value of 21.53 kJ mol™', even in
comparison with [EMIm]NTf, (32.0 cP and 24.42 kjmol ™) at
25 °C.

The conductivity (k) of the amidium ILs was measured and
presented in Table 2. Generally, the amidium ILs are
characterized by high conductivity, with the x values ranging
up to 3.48—15.45 mS cm™' at 25 °C. Theoretically, the high
conductivity should be correlated with low viscosity.”® For
example, [EDMF]|TfO (14.46 mS cm™) is about 1.5 times
more conductive than [EMIm]NTf, (9.27 mS cm™) at 25 °C,
while the former (22.4 cP) is only half as viscous as the latter
(43.6 cP). With regard to the amide precursors, the
conductivity decreases in the order of DMF > DMA > EPyr
> DEA, generally contrary to the above-stated viscosity order,
except DMA. Another major factor in determining conductivity
is ionic sizes, of which the small ones are convenient for mass
transfer.”® The above exception should be attributed to the
smaller size of DMA than that of EPyr. Although the
replacement of methyl with ethyl at the carbonyl O position
always exerts a decreasing effect on viscosity, the related effect
on conductivity is uncertain, since the effect of the increased O-
alkyl chain length on conductivity may compensate and even
overcome that of the decreased viscosity. For example,
[MDMF]TfO (29.7 cP, 15.45 mS cm™") is more viscous but
also more conductive than [EDMF]TfO (22.4 cP, 14.46 mS
cm™') at 25 °C. The impact of anion size on conductivity is
indeterminate. In most cases, TfO-based ILs are a bit more
conductive than NTf,-based ones, although the former are
much more viscous than the latter, for example, [EEPyr]TfO
(52.3 cP, 6.15 mS cm™') vs [EEPyr|NTf, (33.7 cP, 6.10 mS
cm™!). For the DMF derivatives, TfO-based DMF ILs are
nearly as low in viscosity as, but smaller in size than NTf,-based
ILs, and thus the former are significantly more conductive than
latter, e.g, [MDMF]TfO (29.7 cP, 1545 mS cm™') vs
[MDMF]NTTY, (29.3 cP, 10.96 mS cm™) at 25 °C.

A wide electrochemical window is highly desirable for ILs to
be applied in electrochemical devices. The electrochemical
stability of the amidium ILs was investigated by cyclic
voltammetry (CV) on a glassy-carbon electrode, as shown in
FigureS. Table 2 lists the resulting values for the cathodic
(Ecathodic) and anodic (E,,o4;) limits, respectively, as well as, the
electrochemical windows (EW = E_ 4. — Ecuhodic)- Evidently,
all of the amidium ILs have a relatively wide electrochemical
window, ranging up to ~4.5 V, which is much wider than the
protic amidium ILs (~2.2 V),** and comparable to [EMIm]-
based ILs (~4.5 V, Table 2). In comparison with [EMIm]-
based ILs with E,, g of ~2.3 V, the anodic limit (related to the
oxidation of anions) of the amidium ILs is more positive (~2.8
V). Meanwhile, the cathodic limit (related to the reduction of
cations) of the latter (Epoqic ~ —1.7 V) is less negative than
the former (~—2.2 V). As a result, the overall electrochemical
window of the amidium ILs is numerically equal to that of
[EMIm] ILs. This difference in anodic limit for the same anion
(TfO or NTf,) between the amidium and imidazolium ILs
poses the argument that the anion and cation may have a
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Figure S. Four typical cyclic voltammetry curves of ILs.

significant influence on each other with respect to the
electrochemical stability, although it was generally assumed
that the cathodic limit is set by the reduction of the cations and
the anodic limit is set by the oxidation of the anions.”” The
cathodic limit of DMF-derived ILs is a bit less negative (~—1.6
V) than other amidium ILs (~—1.8 V). This result should be
related to the “acidic” H in the N*=CH—O fragment, similar
to imidazolium ILs.”® All in all, the relatively wide electro-
chemical window and high conductivity of the amidium ILs
indicate their potential application in electrochemistry.

B CONCLUSIONS

In conclusion, we synthesized a new class of ILs derived from
the low cost (cyclic) amides, via a facile and high-yield
approach. Unlike traditional ILs, the amide-derived ILs were
formed by the alkylation of the amides with alkyl triflates on the
carbonyl oxygen atom, instead of the amide nitrogen atom. As a
result of O-alkylation, the amidium cations are structurally
characterized by (quasi-)planar geometry, low symmetry, and
ether moiety, as well as C2-proton in the case of DMF
derivatives. These structural characteristics enable the amidium
ILs to have high fluidity, especially for the DMF-derived ones.
For example, [EDMF]TfO (22.4 cP and 14.46 ms cm™) is
even far less viscous and much more conductive than
[EMIm]TfO (43.6 cP and 927 ms cm™!) at 25 °C. The
amidium ILs also have relatively wide electrochemical windows
up to ~4.5 V, comparable to imidazolium-based ILs, indicating
their potential application as nonvolatile electrolytes. Besides,
the amidium ILs are ready to form plastic crystals for potential
application as thermal energy storage materials or solid
electrolytes.

B EXPERIMENTAL SECTION

Materials. All commercially available chemicals and solvents were
reagent grade quality and used as received without any further
purification.

Synthesis of TfO-based ILs. The TfO-based amidium ILs were
prepared via the O-alkylation of amides with alkyl triflates. In a typical
procedure, 0.15 mol (11.8 mL) DMF and 60 mL of anhydrous ethyl
acetate were placed in a round-bottom flask fitted with a calcium
chloride drying tube, and equimolar CF;SO;CH; (17.2 mL) was
added dropwise into the mixture at room temperature. After the
solution stirred for 20 h at room temperature, diethyl ether and ethyl
acetate were added alternately and in small batches to the mixture to
form a saturated solution (~250 mL), because the product is miscible
with ethyl acetate but not with diethyl ether. The saturated solution
was kept at 0 °C until complete crystallization of product, and then the
supernatant liquid was decanted. After recrystallization and con-
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sequent vacuum concentration, 34.5 g of colorless liquid [MDMF]TfO
was afforded in 95% yield.

Synthesis of NTf,-based ILs. The NTf,-based ILs were
synthesized from TfO ILs through anion exchange of TfO with
NT%,. In a typical experiment, 0.055 mol LiNTf, (15.8 g) was added
into 30 mL aqueous solution of 0.05 mol [MDMF]TfO (11.9 g), and
the solution was stirred for 4 h at 5 °C. During stirring, a white solid
precipitated. The solid was vacuum filtrated, washed with 100 mL of
distilled water (5 °C), and then vacuum concentrated. 17.3 g of white
solid [MDMF]NTTY, was obtained in 94% yield.

Property Testing. Before each test, ILs would be vacuum-dried for
20 h at 70 °C and 107> mbar. The solid—liquid phase transition was
investigated by using a Mettler-Toledo differential scanning
calorimeter model DSC822e, upon a cooling and heating cycle at a
scanning rate of $ °C min™". The thermal stability was measured on a
Pyris Diamond PerkinElmer TG/DTA at a rate of 10 °C min~! under
N, atmosphere, and the thermal decomposition temperature was
defined as the temperature where 5% weight loss takes place. The
density (g cm™) at 25 °C was investigated on a DMA 35 portable
density meter, which was calibrated with ultrapure water (0.997 04 g
cm™ at 25 °C) and within standard deviation of <0.0002 g cm™>. The
viscosity (cP) was recorded on a BROOKFIELD DV-II+ Pro
viscometer with standard deviation less than 1 cP, inside a glovebox
with moisture concentrations below 1 ppm. The surface tension (mN
m™') was measured by a Kibron EZ-Pi plus Tensiometer using
Wilhemly technique (+0.05 mN m™) at 25 °C. The conductivity (mS
cm™') was measured at 25 °C, by a Mettler-Toledo FiveGoTM
conductivity meter (+0.05 mS cm™'). For the measurement of
electrochemical window, the cyclic voltammetry was carried out on a
CHI 660D electrochemical workstation with a glassy carbon working
electrode, Pt counter electrode and SCE reference electrode. The
temperature for the measurements was maintained at +0.1 °C by
means of an external temperature controller, if necessary.

NMR Data. The structures of the prepared compounds were
confirmed by "H/"*C NMR spectra (ppm, §) on a BRUKER NMR
spectrometer (300 MHz), with TMS as an internal reference in
CD;CN, CDCl;, or DMSO-dg. The NMR results including chemical
shift, multiplicity, and the number of protons in each signal were
presented as follows. The quartet in brackets is assigned to the '*C
signal of CF; group in anions.

[MDMF]TfO. 'H/"*C NMR (CD,CN, 300 MHz, ppm): 8.27 (s,
1H), 4.31 (s, 3H), 3.31 (s, 3H), 3.14 (s, 3H); 167.78, (127.36, 123.12,
118.87, 114.63), 64.60, 41.04, 35.84.

[MDMFINTf,. 'H/"C NMR (CD;CN, 300 MHz, ppm): 8.15 (s,
1H), 4.29 (s, 3H), 3.30 (s, 3H), 3.14 (s, 3H); 167.27, (126.01, 121.76,
117.51, 113.26), 64.39, 40.79, 35.64.

[EDMFITfO. 'H/"*C NMR (CD,CN, 300 MHz, ppm): 8.35 (s,
1H), 4.66 (q, 2H), 3.32 (s, 3H), 3.14 (s, 3H), 1.44 (t, 3H); 166.84,
(127.41, 123.16, 118.92, 114.67), 75.49, 41.04, 35.83, 14.20.

[EDMFINTf,. 'H/"*C NMR (CDCl;, 300 MHz, ppm): 8.38 (s,
1H), 4.74 (q, 2H), 3.41 (s, 3H), 3.23 (s, 3H), 1.51 (t, 3H); 166.71,
(126.12, 121.87, 117.62, 113.36), 76.31, 41.71, 36.42, 14.66.

[MDMA]TfO. 'H/"*C NMR (CD,CN, 300 MHz, ppm): 4.16 (s,
3H), 3.31 (s, 3H), 3.18 (s, 3H), 2.43 (s, 3H); 176.29, (126.92, 122.67,
118.42, 114.17), 59.96, 40.51, 37.98, 13.96.

[MDMAINTf,. 'H/"C NMR (CD;CN, 300 MHz, ppm): 4.15 (s,
3H), 3.30 (s, 3H), 3.18 (s, 3H), 2.42 (s, 3H); 176.25, (126.01, 121.76,
117.52, 113.27), 60.27, 40.79, 38.27, 14.20.

[EDMA]TfO. 'H/"*C NMR (CD;CN, 300 MHz, ppm): 4.50 (q,
2H), 3.30 (s, 3H), 3.19 (s, 3H), 2.43 (s, 3H), 1.42 (t, 3H); 175.73,
(127.48, 123.23, 118.98, 114.73), 70.97, 40.83, 38.50, 14.87, 13.58.

[EDMA]NTf,. 'H/"C NMR (CDCl;, 300 MHz, ppm): 4.47 (q,
2H), 3.31 (s, 3H), 3.19 (s, 3H), 2.44 (s, 3H), 1.41 (t, 3H); 175.58,
(126.20, 121.94, 117.69, 113.42), 71.39, 41.29, 39.11, 15.15, 14.03.

[MDEA]TfO. 'H/"*C NMR (CD;CN, 300 MHz, ppm): 4.15 (s,
3H), 3.64 (q, 2H), 3.59 (q, 2H), 2.45 (s, 3H), 1.27 (t, 3H), 1.21 (¢,
3H); 175.90, (127.21, 122.96, 118.71, 114.46), 60.04, 46.97, 44.90,
14.20, 11.52, 10.75.

[MDEA]NTf,. 'H/"C NMR (DMSO, 300 MHz, ppm): 4.18 (s,
3H), 3.70 (q, 2H), 3.57 (q, 2H), 2.55 (s, 3H), 1.22 (t, 3H), 1.18 (t,
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3H); 176.38, (125.87, 121.60, 117.33, 113.07), 60.41, 46.68, 44.49,
14.64, 12.4S, 11.68.

[EDEAITfO. 'H/"*C NMR (CD;CN, 300 MHz, ppm): 4.50 (g,
2H), 3.62 (m, 4H), 2.45 (s, 3H), 1.42 (t, 3H), 1.27 (t, 3H), 1.22 (4,
3H); 175.26, (127.49, 123.24, 118.99, 114.74), 70.73, 47.06, 45.16,
14.81, 13.47, 11.80, 11.02.

[EDEAINTf,. 'H/C NMR (CDCl;, 300 MHz, ppm): 4.58 (q,
2H), 3.65 (m, 4H), 2.55 (s, 3H), 1.49 (t, 3H), 1.36 (t, 3H), 1.29 (4,
3H); 175.09, (126.21, 121.95, 117.70, 113.44), 71.26, 47.51, 45.67,
15.05, 14.01, 12.37, 11.66.

[MMPyr]TfO. 'H/"C NMR (CD,CN, 300 MHz, ppm): 4.21 (s,
3H), 3.83 (t, 2H), 3.06 (m, SH), 2.24 (m, 2H); 180.21, (126.93,
122.68, 118.43, 114.18), 61.89, 53.84, 31.51, 28.42, 16.35.

[MMPyrINTf,. '"H/*C NMR (CDCl;, 300 MHz, ppm): 4.21 (s,
3H), 3.85 (t, 2H), 3.11 (m, SH), 2.29 (m, 2H); 180.18, (126.20,
121.94, 117.69, 113.43), 62.54, 54.61, 32.64, 28.95, 16.87.

[EMPyr]TfO. 'H/"C NMR (CD;CN, 300 MHz, ppm): 4.54 (q,
2H), 3.81 (t, 2H), 3.06 (m, 5H), 2.24 (m, 2H), 1.43 (t, 3H); 179.12,
(127.18, 122.93, 118.68, 114.43), 72.93, 53.77, 31.74, 28.85, 16.75,
13.50.

[EMPyrINTf,. '"H/"*C NMR (CDCl,, 300 MHz, ppm): 4.57 (q,
2H), 3.90 (t, 2H), 3.16 (m, SH), 2.35 (m, 2H), 1.50 (t, 3H); 179.20,
(126.21, 121.95, 117.69, 113.44), 73.10, 53.96, 31.96, 28.99, 16.72,
13.98.

[MEPyr]TfO. 'H/"*C NMR (CD;CN, 300 MHz, ppm): 4.21 (s,
3H), 3.85 (t, 2H), 3.48 (q, 2H), 3.08 (t, 2H), 2.24 (m, 2H), 1.21 (4,
3H); 179.74, (127.21, 122.96, 118.71, 114.46), 62.12, 51.54, 40.64,
29.00, 16.59, 10.12.

[MEPyrINTf,. 'H/C NMR (CDCl;, 300 MHz, ppm): 4.28 (s,
3H), 391 (t, 2H), 3.57 (q, 2H), 3.21 (t, 2H), 2.38 (m, 2H), 1.28 (t,
3H); 179.83, (126.20, 121.94, 117.68, 113.43), 62.49, 51.85, 41.32,
29.17, 16.75, 10.98.

[EEPyr]TfO. 'H/"*C NMR (CD,CN, 300 MHz, ppm): 4.54 (q,
2H), 3.83 (t, 2H), 3.52 (q, 2H), 3.07 (t, 2H), 2.24 (m, 2H), 1.43 (4,
3H), 1.21 (t, 3H); 179.07, (127.48, 123.23, 118.98, 114.73), 73.17,
51.50, 40.87, 29.43, 16.99, 13.74, 10.40.

[EEPYrINTf,. 'H/"*C NMR (CDCl;, 300 MHz, ppm): 4.59 (q,
2H), 3.90 (t, 2H), 3.57 (q, 2H), 3.20 (t, 2H), 2.35 (m, 2H), 1.50 (t,
3H), 1.28 (t, 3H); 178.96, (126.21, 121.96, 117.70, 113.44), 73.44,
51.51, 41.25, 29.41, 16.90, 14.21, 11.00.

[MMCap]TfO. 'H/"C NMR (CD;CN, 300 MHz, ppm): 4.18 (s,
3H), 3.77 (m, 2H), 3.22 (s, 3H), 2.96 (t, 2H), 1.84 (m, 2H), 1.74 (m,
4H); 180.85, (127.48, 123.23, 118.98, 114.73), 60.59, 55.12, 38.90,
28.24, 26.77, 23.98, 20.27.

[MMCapINTf,. 'H/"*C NMR (CDCl,, 300 MHz, ppm): 4.26 (s,
3H), 3.83 (t, 2H), 3.31 (s, 3H), 3.04 (t, 2H), 1.90 (m, 2H), 1.81 (m,
4H); 180.87, (126.23, 121.97, 117.71, 113.46), 60.77, 55.69, 39.57,
28.74, 27.05, 24.30, 20.62.

[EMCap]TfO. 'H/"*C NMR (CD;CN, 300 MHz, ppm): 4.53 (t,
2H), 3.76 (m, 2H), 3.22 (s, 3H), 2.95 (m, 2H), 1.84 (m, 2H), 1.75 (m,
4H), 1.42 (t, 3H); 179.64, (126.93, 122.68, 118.43, 114.17), 70.52,
54.40, 38.30, 27.73, 26.72, 23.45, 19.92, 13.28.

[EMCap]NTf,. 'H/"C NMR (CDCl;, 300 MHz, ppm): 4.58 (t,
2H), 3.82 (m, 2H), 3.31 (s, 3H), 3.02 (m, 2H), 1.89 (m, 2H), 1.81 (m,
4H), 1.50 (t, 3H); 180.27, (126.24, 121.98, 117.73, 113.46), 71.4S,
55.51, 39.48, 28.77, 27.61, 24.32, 20.86, 14.28.

[H*EPyr]TfO. 'H NMR (DMSO, 300 MHz, ppm): 11.18 (s, 1H),
3.33 (t, 2H), 3.19 (g, 2H), 2.21 (t, 2H), 1.92 (m, 2H), 1.01 (t, 3H);
B3C NMR (CD;CN, 300 MHz, ppm): 177.57, (126.67, 122.44, 11821,
113.98), 50.40, 39.92, 30.30, 16.73, 10.32.
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