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ABSTRACT: Although it has been estimated that there are at least 1
million ionic liquids (ILs) that are accessible using commercially available
starting materials, a great portion of the ILs that have been experimentally
synthesized, characterized, and studied in a variety of applications are built
around the relatively simple 1-n-alkyl-3-methylimidazolium ([C,mim])
cation motif. Yet, there is no fundamental limitation or reason as to why
tri- or tetra-functionalized imidazolium cations have received far less
attention. Scant physical property data exist for just a few trifunctionalized
imidazolium-based ILs and there is virtually no data on tetra-functionalized

ILs. Thus, there are a broad experimental spaces on the “map” of ILs that

are largely unexplored. We have sought to make an initial expedition into these “uncharted waters” and have synthesized
imidazolium-based ILs with one more functional group(s) at the C(2), C(4), and/or C(S) positions of the imidazolium ring (as
well as N(1) and N(3)). This manuscript reports the synthesis and experimental densities of these tri- and tetra-functionalized
ILs as well as calculated densities and fractional free volumes from COSMOTherm. To the best of our knowledge, this is the first
report of any detailed experimental measurements or computational studies relating to ILs with substitutions at the C(4) and

C(S) positions.

1. INTRODUCTION

It has been hypothesized that there are at least 1 million ionic
liquids (ILs), that can be synthesized using readily available
starting materials." Yet, despite this broad space, there has been
a relatively narrow focus on ILs comprising 1-R-3-methyl-
imidazolium cations ([Rmim]*) with various anions ([X]~), or
[Rmim][X] ILs (Figure 1).
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Figure 1. General structure of [Rmim][X] ILs (left) and numerical
assignment of positions within the five-membered imidazole/
imidazolium ring starting with N(1) and moving clockwise to C(S)
(right).

Generally, [Rmim][X] ILs are produced via quaternization of
1-methylimidazole with a corresponding organohalide (R—X, X
= Cl, Br or I), often followed by anion-exchange to molecular
anions such as tetrafluoroborate (BF,”), hexafluorophosphate
(PF¢™), triflate (OTf"), bistriflimide (Tf,N~), and others. In
addition to ubiquitous n-alkyl substituents, imidazolium cations,
a variety of other ‘R’ groups, have been synthesized including
branched and cycloalkyl,” hydroxyl-terminated alkyl,>* nitrile-
terminated alkyl,>° oli§o(ethy1ene §ch01) (ie., ether)>®
ﬂuoroall<yl,9_11 benzyl,1 13 silane,"*'" and siloxane.
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It is well-established that both the type of anion and the
nature/length of the R group have strong influence over the
thermophysical properties of [Rmim][X] ILs,"*~"” and for this
reason ILs are considered “designer” solvents. Group
contribution methods have been put forth to rapidly and
accurately 8preclict properties such as density solely from the IL
structure.' ™"’

Over the past 15+ years, [Rmim][X] ILs have received
significant interest as physical solvents for CO, absorption,”’~>*
and this topic has been extensively studied from experimental,
thermodynamic, and computational approaches.”*™** Our
research group has proposed that the solubility of CO, and
other gases in systematically varied [Rmim][X] ILs may be
explained by fractional free volume (FFV) (ie., the portion of
empty space within a liquid or solid). While models have been
put forth in an effort to relate IL molar volume (i.e., the size of
the cation—anion pair) to CO, solubility, we postulated that the
free volume within ILs may be the more appropriate property
by which to understand CO, solubility in [Rmim][X] ILs, as it
is within this free volume that gases will dissolve. Given the
relatively strong Coulombic interactions between cations and
anions, the free volume in ILs may be largely due to the weak
interactions between the nonpolar alkyl R groups. For example,

when R is an n-alkyl chain (e.g, butyl) extending the length of
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the chain (e.g, octyl) increases FFV but decreases the solubility
of CO, in the IL on the basis of mol CO,/kg IL or mol CO,/
m?® IL. The solubility of CO, would appear to increase on a
mole fraction (Henry’s Constant) basis, but this is due to the
increasing MW of the IL. The increase in FFV is offset by the
increasing nonpolar character of the IL R group which begins
to disfavor additional CO, dissolution at given T,P conditions.
ILs with smaller FFV were also observed to exhibit higher
selectivity for CO, relative to N, or CH,, as the cavity sizes
would exclude more of the larger N, and CH, molecules.”*’

In the [Rmim][X] ILs where R is alkyl, the anion tends to
associate with the “acidic” proton bound to the carbon between
the two nitrogen atoms in the imidazolium ring (cf. Figure
1).>°7>* However, when R is capable of acting as a H-bond
acceptor, such as for oligo(ethylene glycol) substituents, the
ether oxygen atom(s) may compete with the anion to H-bond
with the C(2)-H proton,” resulting in an increase in density and
decrease in FFV.”® For ILs where R was varying lengths of
fluoroalkyl groups, the large electron withdrawing effect of the
fluorine atoms makes the imidazolium C(2)-H a stronger H-
bond donor resulting in increased interactions with the
anion.”"?

Thus, it should be of fundamental interest to the study of IL
properties as to how density and FFV are affected when the
ability of the anion to H-bond with the imidazolium C(2)-H
proton is reduced or completely blocked. This can be
accomplished through the introduction of one or more electron
donating groups (e.g., Me, Et) at the C(2), C(4), and/or C(S)
positions. While [Rmim][X] ILs dominate the literature, the
functionalization of the imidazole/imidazolium ring is by no
means limited to the N(1) and N(3) positions.”” Tri-, tetra-,
and even penta-functionalized ILs are accessible through the
corresponding imidazole precursors.”’ In fact, 1,2-dimethylimi-
dazole is commercially available in bulk quantities similar to 1-
methylimidazole, although 1,2,3-trifunctionalized imidazolium-
based ILs are far less prevalent in the literature than 1,3-
disubstituted imidazolium-based ILs. 1,2,3-Trifunctionalized
imidazolium-based ILs are reported to be more thermally and
chemically stable than their 1,3-difunctionalized counter-
parts.34’3’5

A SciFinder structure search performed in preparation of this
manuscript during October 2017 found that 1-ethyl-2,3-
dimethylimidazolium bistriflimide ([C,C,Pmim][T£,N]) had
only 116 literature references (excluding patents) while 1-ethyl-
3-methylimidazolium bistriflimide ([C,mim][Tf,N]) had 2621
references (excluding patents). Furthermore, 1-ethyl-3,4(5)-
dimethylimidazolium bistriflimide ([C,C,Pmim][TE,N]) has
but a single literature reference in Bonhote et al., © which is one
of the earliest and most cited papers on imidazolium-based ILs.

Strangely, despite the interest in a 1,3,4(5)-trisubstituted
imidazolium-based IL at the onset of the modern era of IL
research in the late 1990s, there has been little to no interest in
further studies on this configuration of the imidazolium cation
or 1,2,3,4(5)-tetrasubstituted imidazolium-based ILs save for
reports from Hayashi et al.”” and Gabric et al.** For whatever
reason this trend has persisted in the IL research community, it
is not due to limitations on the availability of the proper
imidazole-based starting materials. A number of imidazoles
substituted at the C(2), C(4), and/or C(S) positions are
available through specialty chemical suppliers or can be
prepared in useful quantities in the laboratory via the
Debus—Radziszewksi synthesis.””~** Previously, we reported
on a facile synthetic method for 1,2-dialkyl, 1,4(5)-dialkyl, and

1,2,4(5)-trialkylimidazoles,” which are the requisite precursors
for accessing tri- and tetra-substituted imidazolium-based ILs. It
should be noted that 1,4- and 1,5-dialkylimidazoles (as well as
1,2/4- and 1,2,5-trialkylimidazoles) are synthesized as a mixture
of isomers from 4-methylimidazole (or 2-ethyl-4-methylimida-
zole) and these isomers are extremely difficult to separate. For
this reason, the ‘4(S5)’ notation is used to describe these
compounds.

Perhaps even rarer are 1,3,4,5-tetrasubstituted imidazolium
salts,***” for which the requisite 1,4,5-trimethylimidazole (or
similar) starting material has typically not been readily available.
However, a new synthetic method published by Evjen and
Fiksdahl may open new opportunities for investigations into
1,3,4,5-tetrasubstituted ILs.*’

Given that that certain tri- and tetra-substituted ILs are
readily produced in the laboratory from di- and trifunctional-
ized imidazoles, it should be of fundamental interest to the
study of ILs as to how the distribution of functionalities on the
imidazole/imidazolium ring affects properties such as IL density
and FFV. Ludwig and co-workers have studied the importance
of H-bonds and “H-bond defects” on IL physical properties and
structures using a set of eight ILs wherein the five positions of
the imidazole ring were substituted with either —H or —CHj
groups.”~*>*® Several reports have published density data over
a limited temperature range for 1-n-alkyl-2,3-dimethylimidazo-
lium salts with [Tf,N]~, [BE,]", and [PF,]~ anions.”"™*

Herein, we present experimental density data over the
temperature range of (293.15—373.15) K for three series of ILs
(Figure 2). For ILs which are constitutional isomers (i.e., same
chemical formula and molecular weight (MW)), comparative
plots of density relative to temperature are presented along
with published densities for [Rmim][Tf,N] IL constitutional
isomers. Furthermore, the experimental density data have been
compared using values calculated at 298.15 K using
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Figure 2. Structures of imidazolium cations considered in this work.
Species marked with an asterisk (#) denote that these compounds
occur together as mixtures of isomers.
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COSMOTherm. FFV values for all of the IL series shown in
Figure 2 were also calculated using COSMOTherm and an
analysis differences between FFV of constitutional isomers is
presented.

2. EXPERIMENTAL SECTION

2.1. Materials. The source and purity of all starting
materials, solvents reagents and IL products are listed in Table
1. With the exception of 1,2-dimethylimidazole, all other
imidazoles were synthesized in our prior study.””> A table
showing the molecular structure of each individual imidazolium
cation and the [Tf,N]™ anion is provided as Supporting
Information (Table S1). The IUPAC name and CAS registry
number (where available) for each IL is also provided as
Supporting Information (Table S2).

2.2. IL Synthesis. Synthetic methods followed previously
published procedures reported for the synthesis of [Rmim]-
[Tf,N] ILs.»” '"H NMR spectra are provided as Supporting
Information (Figures S1—S12) and indicate all ILs were of at
least 0.99 mass fraction purity. IL water content was
determined using a Karl Fischer titration (Mettler Toledo
C20) with all having <3 X 10™* mass fraction residual water
after vacuum drying. All ILs were tested using silver nitrate
(AgNO;) to confirm the absence of residual halide jons.

1,2,3-Trialkylimidazolium ILs (1—4) were produced via
alkylation of 1,2-dimethylimidazole with a series of 1-
bromoalkanes and subsequent ion exchange with lithium
bistriflimide (LiTf,N) according to Scheme 1.

1,3,4(5)-trialkylimidazolium ILs (5—8) and 1,2,3,4(S)-
tetraal-kylimidazolium ILs ILs (9—12) were produced via
reaction of di- and trisubstituted imidazole compounds with
iodomethane followed by ion exchange with LiTf,N according
to Scheme 2.

The mass fraction of water in all ILs synthesized was
determined using Karl Fischer titration (Mettler Toledo C20)
to be less than 3 X 107*. "H NMR spectra of ILs were obtained
using Bruker AV-360 and AV-500 instruments.

1-Ethyl-2,3-dimethylimidazolium Bistriflimide
([C,C,®mim][TE,N]) (1). 1,2-Dimethylimidazole (9.39 g, 97.68
mmol) was reacted with bromoethane (12.80 g, 117.46 mmol)
in CH;CN (40 mL) at 40 °C for 16 h. The reaction was then
poured into 250 mL of Et,O, and the mixture was stored at
—10 °C overnight to achieve crystallization of the crude
imidazolium bromide salt. Et,O was then decanted, and 100
mL of deionized H,O was added to dissolve the residual solid.
The aqueous solution was then washed with 3X 50 mL of Et,O.
LiTH,N (30.85 g, 107.46 mmol) was then added to aqueous
phase and an oily precipitate was observed to form almost
immediately. The mixture was allowed to stir for at least 3 h.
After this time, the aqueous layer was then decanted and the
oily product was dissolved in 250 mL of CH,Cl,. The organic
phase was then washed with 5X 75 mL of deionized H,O. After
the fifth aqueous wash, a small amount (~$ mg) of AgNO; was
added to the aqueous wash. The absence of a precipitate
indicated that residual halide was below detectable levels. The
organic phase was then washed with an additional 2X 75 mL of
deionized H,0O. Anhydrous MgSO, was then added to the
organic phase as a drying agent. The solids were filtered and the
product was then concentrated via rotary evaporation and
further dried under dynamic vacuum (<1 mmHg) while stirring
at 40 °C overnight to produce 1 as a transparent liquid in
81.0% yield (32.1 g). 'H NMR (500 MHz, DMSO-d;) & 7.65

Table 1. Source and Purity for All Starting Materials,
Solvents, Reagents, and IL Products

purification final mass
chemical name source method fraction purity
1,2-dimethylimidazole Alfa Aesar  no further >0.980
purification
bromoethane Alfa Aesar  no further >0.980
purification
1-bromopropane Alfa Aesar  no further >0.990
purification
1-bromobutane Alfa Aesar  no further >0.980
purification
1-bromohexane Alfa Aesar  no further >0.990
purification
iodomethane Alfa Aesar  no further >0.990
purification
lithium bistriflimide IoLiTec no further >0.980
purification
silver nitrate Alfa Aesar  no further >0.999
purification
magnesium sulfate JT Baker no further >0.998
(anhydrous) purification
acetonitrile BDH no further >0.995
purification
diethyl ether BDH no further >0.980
purification
dichloromethane BDH no further >0.995
purification
1-ethyl-4(5) our prior  no further >0.990
-methylimidazole® work purification
1-propyl-4(S) our prior  no further >0.990
-methylimidazole” work purification
1-butyl-4(5) our prior  no further >0.990
-methylimidazole® work purification
1-hexyl-4(5) our prior  no further >0.990
-methylimidazole” work purification
1,2-diethyl-4(S) our prior  no further >0.990
-methylimidazole” work purification
1-propyl-2-ethyl-4(S) our prior  no further >0.990
-methylimidazole” work purification
1-butyl-2-ethyl-4(S) our prior  no further >0.990
-methylimidazole® work purification
1-hexyl-2-ethyl-4(5) our prior  no further >0.990
-methylimidazole® work purification
[C,C,Pmim][TEN] synthesis vacuum drying >0.990
[C,C,Pmim][TEN] synthesis vacuum drying >0.990
[C,C,Pmim][TEN] synthesis vacuum drying >0.990
[C4C,Pmim][TE,N] synthesis vacuum drying >0.990
[C,C,* ' mim][TELN]? synthesis vacuum drying >0.990
[C,C,*Smim][TEN]? synthesis vacuum drying >0.990
[C,C, ¥ mim][TEN]? synthesis vacuum drying >0.990
[C4C, ¥ mim][TEN]? synthesis vacuum drying >0.990
[C,C,PC,*9mim] synthesis vacuum drying >0.990
(TEN]?
[C,C,C,“9mim)] synthesis vacuum drying >0.990
(TEN]?
[C,C,PC,“9mim)] synthesis  vacuum drying >0.990
[TEN]”
[C4C,PC,*9mim] synthesis vacuum drying >0.990
[TENT

“Exists as a mixture of 4-methyl and S-methyl isomers (see synthesis
section for relative % of each isomer as reported in our prior work).
The molar ratios of 4-methyl to 5-methyl isomers initially present in
the imidazole starting material are the same in the IL product.

(d, J = 2.1 Hz, 1H), 7.61 (d, ] = 2.1 Hz, 1H), 4.14 (q, ] = 7.3
Hz, 2H), 3.74 (s, 3H), 2.58 (s, 3H), 1.34 (t, J = 7.3 Hz, 3H).

1-Propyl-2,3-dimethylimidazolium Bistriflimide
([C3C,{2)mim][Tf2N]) (2). 1,2-Dimethylimidazole (10.70 g

DOI: 10.1021/acs.jced.7b01033
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Scheme 1. General Synthetic Scheme for 1-R-2,3-Trifunctionalized Imidazolium Bistriflimide ILs (1—4)

[\ R-Br )\
N N— Nt N~
T 80°C, CH,CN, 16h @T
r

LiTf,N //\ 1: R=Et
—_— —NEN-p 2:R=n-Pr
RT, H,0, 3h @T 3: R=n-Bu
TfoN 4: R = n-Hx

Scheme 2. General Synthetic Scheme for 1-R-3,4(5)-Trifunctionalized and 1-R-2,3,4(5)-Tetrafunctionalized Imidazolium

Bistriflimide ILs (5—12)

Y. z Y. z Y. Y4
Y—=( CHl — LiTf,N =
N N~ N N< —~N& N‘R
Y R accc.cHent6n oY RT, H,0, 3h o
X I x TfoN ™ X
5:R=Et, X=H,Y =H or Me, Z= H or Me 9:R=Et, X=Et,Y=HorMe, Z=H or Me
6: R=n-Pr,X=H,Y =H or Me, Z= H or Me 10: R =n-Pr, X = Et, Y =H or Me, Z= H or Me
7: R=n-Bu, X=H,Y =H or Me, Z=H or Me 11: R=n-Bu, X =Et, Y =H or Me, Z=H or Me
8: R=n-Hx, X=H,Y =H or Me, Z=H or Me 12: R = n-Hx, X =Et, Y = H or Me, Z= H or Me

111.31 mmol) was reacted with 1-bromopropane (16.50 g,
134.16 mmol) followed by ion exchange with LiTf,N (35.15 g,
122.44 mmol) using the same procedure as for (1) in 74.5%
yield (34.8 g). "H NMR (500 MHz, DMSO-dg) 6 7.63 (dd, ] =
134, 2.1 Hz, 2H), 407 (dd, ] = 7.7, 6.8 Hz, 2H), 3.75 (s, 3H),
2.58 (s, 3H), 1.73 (h, ] = 7.4 Hz, 2H), 0.87 (t, ] = 7.4 Hz, 3H).

1-Butyl-2,3-dimethylimidazolium Bistriflimide
([C,C,®mim][TF,N]) (3). 1,2-Dimethylimidazole (6.00 g, 62.42
mmol) was reacted with 1-bromobutane (10.33 g, 75.39 mmol)
followed by ion exchange with LiTf,N (19.71 g, 68.65 mmol)
using the same procedure as for (1) in 55.5% yield (15.0 g). '"H
NMR (500 MHz, DMSO-dy) 6 7.62 (dd, ] = 15.7, 2.1 Hz, 2H),
4.10 (t, J = 7.3 Hz, 2H), 3.74 (s, 3H), 2.58 (s, 3H), 1.74—1.64
(m, 2H), 1.29 (dq, J = 14.8, 7.4 Hz, 2H), 0.91 (t, ] = 7.4 Hy,
3H).

1-Hexyl-2,3-dimethylimidazolium Bistriflimide
([C6C,(2)mim][T f,N]) (4). 1,2-Dimethylimidazole (6.13g, 63.72
mmol) was reacted with 1-bromohexane (12.60 g, 76.33 mmol)
followed by ion exchange with LiTf,N (20.12 g, 70.08 mmol)
using the same procedure as for (1) in 62.7% yield (18.4 g). 'H
NMR (500 MHz, DMSO-d;) 5 7.62 (dd, ] = 18.1, 2.1 Hz, 2H),
4.20-3.99 (m, 2H), 3.74 (s, 3H), 2.57 (s, 3H), 1.70 (p, J = 7.6
Hz, 2H), 127 (q, ] = 6.2, 4.5 Hz, 6H), 1.04—0.77 (m, 3H).

1-Ethyl-3,4(5)-dimethylimidazolium Bistriflimide
([C,C,*'mim][TE,N]) (5). 1-Ethyl-4(5)-methylimidazole (6.02
g, 54.60 mmol, 60.2% 4-methyl isomer) was reacted with
iodomethane (20.0 g, 140.90 mmol) in CH;CN (40 mL) at 40
°C for 16 h. The reaction was poured into 250 mL of Et,0, and
the mixture was stored at —10 °C overnight to achieve
crystallization of the crude imidazolium iodide salt. Et,O was
then decanted and 100 mL of deionized H,O water was added
to then dissolve the residual solid. The aqueous solution was
then washed with 3X S0 mL of Et,O. LiTE,N (17.24 g, 60.06
mmol) was then added to the aqueous phase, and an oily
precipitate was observed to form almost immediately. The
mixture was allowed to stir for at least 3 h. After this time, the
aqueous layer was carefully decanted, and the oily product was
dissolved in 300 mL of CH,Cl,. The solution was subsequently
washed with 6x 100 mL of deionized H,O. The product was
then concentrated via rotary evaporation and further dried
under dynamic vacuum (<1 mmHg) at 40 °C overnight to
produce § as a transparent liquid in 71.0% yield (15.7 g). 'H
NMR (500 MHz, DMSO-d,) 6 9.01 (s, 1H), 7.65—7.35 (m,
1H), 427-4.01 (m, 2H), 3.76 (dd, ] = 33.1, 0.6 Hz, 3H), 2.27
(dd, J = 12.1, 1.1 Hz, 3H), 1.39 (td, J = 7.3, 3.4 Hz, 3H).

1-Propyl-3,4(5)-dimethylimidazolium Bistriflimide
([C3C,(4/5)mim][Tf2N]) (6). 1-Propyl-4(5)-methylimidazole
(6.05 g, 48.68 mmol, 62.9% 4-methyl isomer) was reacted
with iodomethane (17.36 g, 122.31 mmol) followed by ion
exchange with LiTE,N (15.37 g, 53.54 mmol) using the same
procedure as for (5) in 86.1% yield (17.6 g). '"H NMR (360
MHz, DMSO-dg) & 9.02 (d, J = 1.8 Hz, 1H), 7.59—7.34 (m,
1H), 407 (q, ] = 6.9 Hz, 2H), 3.78 (d, ] = 23.8 Hz, 3H), 2.28
(dd, J = 6.5, 1.1 Hz, 3H), 1.78 (hd, ] = 7.3, 5.5 Hz, 2H), 0.8
(dt, J = 14.9, 7.4 Hz, 3H).

1-Butyl-3,4(5)-dimethylimidazolium Bistriflimide
([C,C;* mim][TE,N]) (7). 1-Butyl-4(5)-methylimidazole (6.01
g, 434S mmol, 63.7% 4-methyl isomer) was reacted with
iodomethane (15.40 g, 108.50 mmol) followed by ion exchange
with LiTE,N (13.73 g, 47.82 mmol) using the same procedure
as for (5) in 76.7% yield (144 g). 'H NMR (500 MHz,
DMSO-d,) 6 9.06-8.90 (m, 1H), 7.51 (dd, J = 1.8, 1.1 Hz,
1H), 4.09 (dt, J = 12.8, 7.2 Hz, 2H), 3.76 (d, ] = 33.1 Hz, 3H),
227 (dd, J = 11.5, 1.1 Hz, 3H), 1.78—1.66 (m, 2H), 1.42—1.12
(m, 2H), 091 (dt, J = 10.4, 7.4 Hz, 3H).

1-hexyl-3,4(5)-Dimethylimidazolium Bistriflimide
([CsC,;>'mim][TE,N]) (8). 1-Hexyl-4(5)-methylimidazole (6.00
g, 36.11 mmol, 63.7% 4-methyl isomer) was reacted with
iodomethane (12.85 g, 90.53 mmol) followed by ion exchange
with LiITE,N (10.46 g, 36.43 mmol) using the same procedure
as for (5) in 76.7% yield (12.8 g). '"H NMR (500 MHyg,
DMSO-d,) § 9.01 (d, J = 1.7 Hz, 1H), 7.51 (dt, J = 2.2, 1.1 Hz,
1H), 4.09 (t, ] = 7.2 Hz, 2H), 3.87—3.66 (m, 3H), 2.27 (dd, ] =
9.8, 1.1 Hz, 3H), 1.75 (p, ] = 7.4 Hz, 2H), 1.38—1.14 (m, 6H),
1.02-0.73 (m, 3H).

1,2-Diethyl-3,4(5)-dimethylimidazolium Bistriflimide
([C,C2C,*  mim][TEN]) (9). 1,2-Diethyl-4(5)-methylimida-
zole (43.00 g, 311.12 mmol, 73.5% 4-methyl isomer) was
reacted with iodomethane (91.20 g, 642.53 mmol) followed by
ion exchange with LiTE,N (80.80 g, 281.44 mmol) using the
same procedure as for (5) in 73.6% yield (99.19 g). "H NMR
(360 MHz, DMSO-d,) 8 7.41 (d, J = 29.1 Hz, 1H), 4.12 (ddd, J
= 12.3, 6.0, 4.0 Hz, 2H), 3.70 (dd, J = 32.3, 2.0 Hz, 3H), 3.17—
2.85 (m, 2H), 2.26 (dd, J = 12.7, 1.9 Hz, 3H), 1.49—0.96 (m,
6H).

1-Propyl-2-ethyl-3,4(5)-dimethylimidazolium Bistriflimide
([C3C2{2)C,{4/5’mim][Tf2N]) (10). 1-Propyl-2-ethyl-4(5)-methyl-
imidazole (6.05g, 39.77 mmol, 76.3% 4-methyl isomer) was
reacted with iodomethane (15.00 g, 105.68 mmol) followed by
ion exchange with LiTf,N (12.57 g, 43.77 mmol) using the
same procedure as (5) in 78.0% yield (13.9 g). '"H NMR (500
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Table 2. Densities (p) of [RC,”mim][T£,N] ILs at Different Temperatures (T) and p = 100.5 kPa with Comparisons to

Literature Values Where Applicable”

[C,C,Pmim][TEN] [C,C,Pmim][TEN] [C,C,Pmim][TEN] [C4C,Pmim][TEN]
P P P P
O~Cm_3 O»Cm_s Wcm_3 O»Cm_",
T/K expt lit. T/K expt lit. T/K expt lit. T/K expt lit.
293.15 1.4964 1.496° 293.15 1.4600 1.459° 293.15 1.4240 1.424° 293.15 1.3622 1.3582°%"
1.420%°
1.4240%
303.15 1.4867 1.487° 303.15 1.4503 1.450° 303.15 1.4146 1.415° 303.15 1.3531 1.3487%
1.4119%°
1.4148%
313.15 1.4769 1.477°* 313.15 1.4407 1.440° 313.15 1.4053 1.405°* 313.15 1.3441 1.3399°
140553
323.15 1.4673 1.468° 323.15 1.4312 1.431° 323.15 1.3960 1396 323.15 1.3352 1.3311°"
1.3964>°
333.15 1.4577 333.15 14217 333.15 1.3869 1.3873% 333.15 1.3263 1.3222°"
343.15 1.4482 343.15 1.4124 343.15 1.3778 1.3784% 343.15 1.3175
353.15 1.4388 353.15 1.4030 353.15 1.3687 1.3693% 353.15 1.3087

“Standard uncertainties u are u(T) = 0.01 K, u(p) = 0.5 kPa and u(p) = 0.001 g.cm™.

MHz, DMSO-dg) § 744 (q, ] = 1.1 Hz, 1H), 4.14—3.97 (m,
2H), 3.70 (d, ] = 45.4 Hz, 3H), 3.04 (q, ] = 7.7 Hz, 2H), 2.26
(dd, J = 12.2, 1.1 Hz, 3H), 1.88—1.57 (m, 2H), 1.29—1.08 (m,
3H), 091 (dt, ] = 21.4, 7.4 Hz, 3H).

1-Butyl-2-ethyl-3,4(5)-dimethylimidazolium Bistriflimide
([C,C2C,*  mim][TF,N]) (11). 1-Butyl-2-ethyl-4(5)-methyli-
midazole (6.10 g, 36.71 mmo), 80.6% 4-methyl isomer) was
reacted with iodomethane (13.70 g, 96.52 mmol) followed by
ion exchange with LiTf,N (11.60 g, 40.41 mmol) using the
same procedure as for (5) in 80.9% yield (13.7 g). 'H NMR
(500 MHz, DMSO-dg) & 7.44 (q, ] = 1.2 Hz, 1H), 407 (t, ] =
7.4 Hz, 2H), 3.70 (d, ] = 45.9 Hz, 3H), 3.03 (q, J = 7.6 Hz,
2H), 2.26 (dd, ] = 15.0, 1.1 Hz, 3H), 1.81-1.53 (m, 2H), 1.31
(ddt, J = 22.5, 14.8, 7.4 Hz, 2H), 1.17 (dt, ] = 9.6, 7.6 Hz, 3H),
092 (dt, J = 9.1, 7.4 Hz, 3H).

1-Hexyl-2-ethyl-3,4(5)-dimethylimidazolium Bistriflimide
([CsC,2C,“ ) mim][Tf,N])(12). 1-Hexyl-2-ethyl-4(5)-methyli-
midazole (7.12 g, 36.65 mmol, 81.3% 4-methyl isomer) was
reacted with iodomethane (13.95 g, 98.29 mmol) followed by
ion exchange with LiTf,N (11.59 g, 40.37 mmol) using the
same procedure as for (5) in 73.7% yield (13.2 g). '"H NMR
(500 MHz, DMSO-d;) & 7.45 (d, J = 1.3 Hz, 1H), 4.20—3.95
(m, 2H), 3.70 (d, ] = 45.6 Hz, 3H), 3.03 (q, ] = 7.6 Hz, 2H),
226 (dd, J = 132, 1.1 Hz, 3H), 1.71 (t, ] = 7.4 Hz, 2H), 1.40—
122 (m, 6H), 1.17 (dt, J = 9.5, 7.6 Hz, 3H), 0.95-0.81 (m,
3H).

2.3. Density Measurements. Densities of ILs (1—12)
were experimentally determined using a Mettler Toledo DM45
DeltaRange oscillating U-tube densitometer over the range of
(293.15—373.15) K at 101.325 kPa in increments of 10.00 K in
the same manner as our prior work.”* The accuracy of the
density meter measurements is S X 107° g-cm’ at all
temperatures. The limit of error in the cell temperature is
+0.05 K as controlled by a Peltier element. The calibration of
the unit was verified using water standards provided by the
manufacturer. The sample cell was cleaned between by flushing
the sample from the cell by injecting air, followed by cleaning
with acetone and drying the cell by injecting air until the cell
reading was verified to be consistent with the density of air at
293.15 K (0.00120 g-cm™>).

3. COMPUTATIONAL METHODS

Density, molar volume, and FFV for the [Tf,N]~ salts of the
eight families of tri- and tetra-substituted imidazolium cations
depicted in Figure 2 were calculated using the COSMOTherm
software package (v. C30_1301, COSMOlogic, Leverkusen,
Germany) following methods previously outlined by our group
and others.”*>™*" This set includes the 20 imidazolium cations
present in ILs 1—12 and an additional 16 imidazolium cations
from the [Rmim]*, 1-R-2-ethyl-3-methylimidazolium
([RC,Pmim]*) and 1-R-2-isopropyl-3-methylimidazolium
([RCi_3(2)mim]+) series that were only examined in silico. For
all series other than [Rmim][Tf,N], the R groups examined are
ethyl, n-propyl, n-butyl, and n-hexyl. For [Rmim][Tf,N] ILs,
the R groups examined were ethyl, n-propyl, n-butyl, n-pentyl,
n-hexyl, n-heptyl, n-octyl, and n-nonyl. Cation structures were
optimized in TURBOMOLE using the TZVP basis set’® at the
DFT level and using the Becke and Perdew (bp) functional.>*®°
COSMOThermo calculations were also made at the TZVP
level. The [TE,N]™ anion was available in the COSMOBase
library acquired from the software provider. COSMOTherm
was used to calculate IL MW ([=] g/mol), IL densities (p, g/
cm®), molar volumes (V,,, A*/mol), and COSMO volumes
(Veosmo, A*/mol) at 298.15 K. From these properties, the
dimensionless quantity fractional free volume (FFV) was
calculated using eq 1.

Vin — Veosmo
Vi (1)

Each [RC1(4)mi1n] [Tf,N] and [RCI(S)mim] [Tf,N] species are
always present as an essentially inseparable mixture. Therefore,
densities were predicted in COSMOTherm using the relative
amount of each isomer reported in section 2.2. Similarly, the
[RC,?C,¥mim][T£,N] and [RC,?C,®'mim][T£N] species
were also treated using the isomer ratios reported in section 2.2.
All values calculated by COSMOTherm are available as
Supporting Information (Tables S3—S10).

FFV =

4. RESULTS AND DISCUSSION

Experimentally measured density data for ILs 1—4, 5—8, and
9—12 are presented in Tables 2, 3, and 4, respectively.
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Table 3. Densities of [RC,*/mim][Tf,N] ILs at Different Temperatures and p = 100.5 kPa“

[C,C, S mim][T£N] [C5C, ) mim][T£N]
60.2% 4-Me isomer 62.9% 4-Me isomer

w p 0 _r

K gem ™S K gem ™S
293.15 1.4832 293.15 1.4454
303.15 1.4733 303.15 1.4356
313.15 1.4634 313.15 1.4259
323.15 1.4536 323.15 1.4163
333.15 1.4439 333.15 1.4069
343.15 1.4342 343.15 1.3973
353.15 1.4246 353.1S 1.3879

[C,C,“)mim][T£,N] [CeC,“SImim][T£N]

63.7% 4-Me isomer 63.7% 4-Me isomer

w _r 0 p
K gem ™S K gem ™S
293.15 Solid 293.1S 1.3525
303.15 Solid 303.15 1.3433
313.15 1.3911 313.15 1.3342
323.15 1.3810 323.15 1.3252
333.15 1.3723 333.15 1.3163
343.15 1.3631 343.18 1.3074
353.15 1.3539 353.15 1.2985

“Standard uncertainties u are u(T) = 0.01 K, u(p) = 0.5 kPa, u(x) = 0.01x and u(p) = 0.001 g.cm™.

Table 4. Densities of [RC2(2)1(4/ Smim][T£,N] ILs at Different Temperatures and p = 100.5 kPa“

[C,C,C, #9mim][TEN] 73.5%
4-Me isomer

C;C,PC, Y9 mim][TEHLN
[C:C7C, 2
76.3% 4-Me isomer

[CC,PC,#9mim][TE,N]
81.3% 4-Me isomer

C4C,AC, ¥ mim][TEN
[C.CC, 2
80.6% 4-Me isomer

z P ¥ i

K gom ™ K gem ™S
293.15 1.4317 293.15 14012
303.15 1.4220 303.15 1.3917
313.15 1.4126 313.15 1.3823
323.15 1.4031 323.18 1.3730
333.15 1.3938 333.15 1.3638
343.15 1.3846 343.15 1.3547
353.18 1.3753 353.1S8 1.3455

r _r r I

&S gom™> e gom™>
293.15 1.3712 293.18 1.3252
303.15 1.3619 303.15 1.3162
313.15 1.3528 313.15 1.3073
323.15 1.3437 323.15 1.2985
333.15 1.3347 333.15 1.2897
343.15 1.3258 343.15 1.2810
353.15 1.3169 353.15 1.2723

“Standard uncertainties u are u(T) = 0.01 K, u(p) = 0.5 kPa, u(x) = 0.01x and u(p) = 0.001 g.cm™.

Tables 2—4 show that for each IL, density decreases with
increasing temperature. It can also be observed that for a given
cation type (e.g,, [RC,Y'mim]) at a given temperature, the IL
density decreases with increasing length of R.

[RC,?mim][Tf,N] ILs are the only ones in this study for
which prior experimental data have been reported (Table 2).
For all conditions at which data have been reported in the
literature, the agreement is generally excellent, with differences
no greater than 0.004 g-cm™> observed.

Table 5 summarizes the parameters for the density—
temperature equation, p = —aT + b, for each IL measured.

It is expected that the density of a given IL series (e.g,
[RC,*¥mim][T£,N]) can be accurately modeled as a function

Table S. Density—Temperature Equation Parameters for ILs
1-12 (p = —aT + b) over Temperature Range 293.15—
373.1S K

IL cation —— L_3 R?
107 gem ™K gem

1 [C,C,Pmim] 9.599 1.778 1.0000
2 [C5C,Pmim] 9.484 1.738 1.0000
3 [C,C,Pmim)] 9219 1.694 1.0000
4 [C4C,Pmim] 8.901 1.623 1.0000
S [C,C,*mim)] 9.774 1.770 1.0000
6 [C,C,*“¥mim)] 9.587 1.726 0.9999
74 [C,C,*mim] 9.236 1.680 0.9995
8 [CsC,“¥mim)] 8.996 1.616 1.0000
9 [C,C,PC,*9mim] 9.381 1.706 0.9999
10 [C,C,PC, %9 mim] 9.270 1.673 0.9999
11 [C,C,PC,@9mim] 9.036 1.636 0.9999
12 [C4C,PC,*9mim] 8.798 1.583 1.0000

“Equation parameters for [C,C,’¥mim][T£,N] are valid only from
313.15 to 373.15S K.

of both temperature and some parametrization relating to
length of R (n-alkyl chain) (ie., p = f(T,R)), as has been shown
across a series of l-n-alkylimidazoles ranging from 1-
methylimidazole to 1-n-tetradecylimidazole.™

Table 6 presents ILs from this study which are constitutional
isomers along with the corresponding [Rmim][Tf,N] IL.

Table 6 shows that there are six groupings of ILs for which
experimental density data from this work can be compared
against published density data for [Rmim][Tf,N] ILs from
Widegren and Magee ([C4mim][Tf,N])* and Rocha et al. (all
other [Rmim][T£,N]).> These comparisons are plotted in
Figures 3—8.

Figures 3—8 reveal that for a given MW, the
[RC,?'C,*¥mim][TE,N] and [Rmim][Tf,N] ILs are the
most and least dense ILs, respectively. [RC, 3 mim][T£,N]
ILs are only slightly more dense than the [Rmim][Tf,N] ILs at
a given MW, while [RC,”mim][T£,N] ILs are more dense
than these, but less dense than [RC,YC,*’mim][Tf,N] IL
isomers.

To understand the influence of the position of the methyl
group at the 4- or S-position in [RC,*¥mim][Tf,N] and
[RCZ(Z)CIW Smim] [Tf,N] ILs, COSMOTherm was utilized to
calculate densities for each of the 16 distinct ILs, where only
the pure 4-methyl or S-methyl isomer is present. The calculated
densities for these ILs at 298.15 K are presented in Table 7.

For all of the entries in Table 7, COSMOTherm calculates
that the S-methyl isomer is denser than the 4-methyl isomer by
~0.50—0.75%. On the basis of a simple examination of
molecular structure, the location of the methyl group at the
C(S) position is directly adjacent to N(1), where the larger
alkyl chain is present. This configuration may present a slightly
more “compact” cation by localizing the alkyl groups to
adjacent sites: C(S), N(1), as well as C(2) for
[RCZ(Z)CI(S)mim] [TE,N] ILs. Using the isomer abundances
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Table 6. Groups of Constitutional Isomers Among [Rmim][Tf,N] ILs and ILs Prepared in This Study

[RC,*Smim][T£,N]
[C,C, % mim]

[RC,PC, S mim][TEN]
N/A®

— [Rmim][T£N] [RC,®mim][TEN]
405.33 [Cymim] [C,C,Pmim]
419.36 [C,mim] [C,C,Pmim]
433.38 [Cymim] [C,C,?mim]
44741 [C4mim] [CsC,Pmim]*
461.44 [C;mim] [C4C,Pmim]
489.49 [Cymim] [C4C,Pmim]°

[C5C,*Smim)] [C,C,YC,*9mim]®
[C,C,*“9mim)] [C,C,PC,*9mim)]
[CC,*9mim]” [C,C,PC,*9mim]
[C4C,*Smim] [C,C,PC,*9mim]
[CsC,“9mim]® [C4C,PC,*9mim)]

““N/A” = this IL is infeasible. “These ILs are feasible but were not synthesized here nor have been reported in the literature. “These ILs have been
reported in the literature, although no density data are found in the NIST IL Thermo database.®'
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Figure 3. Comparison of density relative to temperature for ILs with
MW = 405.33 gmol™": & = [Cymim][Tf,N]; ® = [C,C,Pmim]-
[TEN]; B = [C,C,“Ymim][TE,N].
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Figure 5. Comparison of density relative to temperature for ILs with
MW = 433.38 gmol™": & = [Cymim][Tf,N]; ® = [C,C,Pmim]-
[T,N]; @ = [C,C,* mim][TEN]; A = [C,C,YC,*5 ' mim][TEN].
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Figure 4. Comparison of density relative to temperature for ILs with
MW = 419.36 gmol™": & = [C,mim][TEN]; @ = [C,C,®mim]-
[TEN]; B = [C,C,“Ymim][TEN].

listed in Tables 2 and 3, a simple mole fraction weighted
average (eq 2) was used to calculate COSMOTherm-predicted
densities for [RC,*®mim][Tf,N] and [RC,?C,**mim]-
[T,N] ILs at 298.15S K based on their experimentally
determined isomer abundances, where pcosmoqnme and
PcosMo,s-Me are the values in Table S for each pair of isomers,

1.42

1.40 <><> A

1.30

1.28
253.15 273.15 293.15 313.15 333.15 353.15 373.15
T/K

Figure 6. Comparison of density relative to temperature for ILs with
MW = 447.41 g-mol™: & = [Cmim][Tf,N]; A =
[C,C,PC, ¥ mim][TE,N].

and x4 is the mole fraction of the 4-methyl isomer in the
mixture.

Pecosmo = (x4—Me)(Pco5Mo,4_Me)

+(1 - x4—Me)(pCOSMO,5—Me) ()
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Figure 7. Comparison of den51ty relative to temperature for ILs with
MW = 461.44 gmol ": = [C,mim][Tf,N]; ® = [C,C,Pmim]-
[TLN]; W= [C6C1(4/5>mim] [TfZN] ; A= [C4C2(2>C1W5)mlm] [TEN].
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Figure 8. Comparison of density relative to temperature for ILs with
MW = 489.49 g-mol™: & = [Comim][Tf,N]; A =
[C4C,PC, S mim][TE,N].

Using the parameters fitted to experimental data ETable 4),
linearly interpolated values for densities of for [RC,*/ S)mim]-
[Tf,N] and [RC, (Z)C 4/ mim] [T£,N] at 298.15 are compared
against the COSMOTherm calculations (Figure 9). Linearly
interpolated values at 298.15 K for [RC,”mim][T£,N] and
COSMOTherm calculations are also included in this plot.
Figure 9 shows that COSMOTherm calculates the density of
all groups of ILs experimentally measured in this work to within

oe
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MW/g.mol*
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Figure 9. Comparison of experimental (filled) and COSMOTherm
calculated (hollow) density relative to molecular weight: O,@ =
[RC,Pmim][Tf,N]; O, B = [RC,*¥mim][Tf,N]; A,A
[RC, o \#Smim][TEN].

~0.60% or less, except for [C;C,PC, " mim][Tf,N] which
shows a ~1.10% difference between the experimental and
calculated wvalue. Dens1t1es for [RC,”mim][T£,N] and
[RC,PC, 5)mlm] [TE,N] ILs are slightly underestimated,
while those for [ %4/ Smim][TE,N] ILs are slightly over-
estimated. The best agreement between experimental and
calculated values is observed for the [RC,®'mim][T£,N] ILs.
As mentioned in section 3, only the straight-chain conformers
were considered in the COSMOTherm calculations, so it may
be that the inclusion of other conformers for [RC,*/9mim]-
[T£,N] and [RC,PC,**mim][TE,N] ILs could improve the
accuracy of the calculated densities for these groups of ILs. The
slope of the relationship between density and the molecular
weight of the ILs within groups is well-modeled by using
COSMOTherm.

Given the ~1% or less difference in experimental density and
the COSMOTherm calculation, FFV in these ILs as well as for
[RC,Pmim][TEN] and [RC;Pmim][TEN] ILs (cf. Figure
1) was calculated using eq 1. FFV for [Rmim][T£,N] ILs from
our prior work were also included to compare how the
distribution of alkyl groups about the imidazolium cation affects
FFV. Figure S presents a plot of FFV relative to IL MW for
these 8 groups of ILs. With the exception of [Rmim][Tf,N]
ILs, values for all other ILs are only shown for R = C,, C;, C,
and Cg4 in Figure 10.

Figure 10 illustrates that for all cation substitution patterns,
FFV increases with MW, or increasing length of substituent at

Table 7. Densities (p) of [RC,Ymim][T£,N], [RC,®mim][T£,N], [RC,?C,*mim][T£,N] and [RC,¥C,¥mim][T£,N] ILs at

298.15 K Calculated by COSMOTherm

P 4

cation p— cation p—
[C Cl mlm] 18.4809 [C;_Cl rmm] 54852
[C,C,®mim] 1.4427 [C,C,®mim] 1.4520
[C,C,®mim] 1.4097 [C,C,®mim] 1.4179
[C4C,®mim] 1.3520 [C4C,Pmim] 1.3583

H

(c,
[
[
(

P

cation = cation =
O, ®mim] L4168 [C,C,PC,®mim] 14199
(:3c2<2>c1(4 mim] 1.3788 [c,C,Pc,® un] 1.3884
c,c,¥c® mlm] 13622 [C,C,PC,®mim] 1.3710
C4C,YC,Pmim] 1.3138 [CcsC,PC,® mlm] 1.3200
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Figure 10. FFV values calculated using COSMOTherm relative to
MW for each IL cation type shown in Figure 1 paired with [Tf,N]~
anion: & = [Rmim][TEN] ; @ = [RC,Pmim][TEN]; @ =
[RC,Pmim][TEN]; © = [RC,,Pmim][T£,N]; B = [RC,¥mim]-
[TE,N]; gray square = [RC,®'mim][TEN]; A = [RC,PC,Pmim]-
[TE,N]; gray triangle = [RC,PC,®mim][T£,N].

the N(1) position. This is fully consistent with results from our
prior work. However, within groups of isomers, especially at
443.39 g-mol_l, there is a distinct difference in FFV based on
how the alkyl groups are distributed around the imidazolium
ring. For all relevant examples, the [RC,’mim] and
[RC,”mim] exhibit the greatest FFV, followed by [Rmim]
and [RC,¥mim] cations, while the [RC,;®mim] cation has
the smallest FFV, with [RC,”mim] cations only marginally
greater. These trends indicate that functionalization of the C(2)
and/or C(4) positions of the imidazolium ring with a methyl
group can modestly increase FFV relative to the [Rmim]
baseline, perhaps up to 1—2%. Correspondingly, introducing
ethyl or isopropyl groups at the C(2) position can reduce FFV
relative to the [Rmim] baseline by up to 3%. While these
changes in FFV associated with isomer connectivity are small in
their magnitude, small changes in FFV may have larger
influences on properties such as gas diffusivity,”* which would
be of interest to imidazolium-based poly(IL) and ionene gas
separation membranes formed from ILs or around imidazolium
cations.

5. CONCLUSIONS

The densities [RC,*’¥mim][T£,N], [RC,**mim][T£,N] and
[RC,®C,*¥mim][T£,N] ILs were measured over the range of
(293.15 to 373.15) K. Densities were observed to decrease with
increasing temperature, and increase as substituents were
introduced to the C(2), C(4), and/or C(5) Fositions.
COSMOTherm calculations indicate that for [RC,**mim]-
[TE,N] and [RCZ(Z)Clws)mim] [TE,N] ILs, the S-methyl
isomers are denser than the 4-methyl isomers. COSMOTherm
calculations also indicate that within groups of constitutional
isomers, FFV is largest for [RC,*mim] cations and smallest for
[RC,;¥mim] cations relative to [Rmim] cations. To the best
of our knowledge, this is the first literature report of any density
measurements or application of COSMOTherm as a predictive
tool for the properties of [RC1(4/5)mim] [Tf,N] or

[RC,YC,*3mim][THN] ILs. The study of tri-, tetra-, and
penta-functionalized imidazolium cations is certainly very
underexplored compared to relatively simple [Rmim][X] ILs
and there is ample opportunity for fundamental studies on
structure—property relationships on these salts as well as their
use as building blocks for more sophisticated poly(IL) and
ionene-based materials.*®
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