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Abstract

Reports of imidazolium-based ionic liquids (ILs) with at least one benzylic substituent
bound to the imidazolium cation are far less common than the ubiquitous 1-alkyl-3-
methylimidazolium ILs ([Cxmim][X]). Yet, there is significant motivation to determine structure-
property relationships for imidazolium-based ILs with at least one benzylic substituent. Not
only are these ILs just as straightforward to synthesize as [Cnmim][X] ILs, but ILs with benzylic
substituents are also representative segments of poly(lLs) and ionenes where imidazolium
cations with benzylic groups are commonly found. This report focuses on the effects of benzyl
and methylbenzyl substituents on the density and viscosity of a series of imidazolium cations
paired with bis[(trifluoromethyl)sulfonyl]imide (more commonly known as bistriflimide) ([Tf2N]
) anions. Furthermore, the solubility of CO; in 1-benzyl-3-methylimidazolium bistriflimide
[Bnmim][Tf,N] (CAS: 433337-24-7) was measured at 303.15, 318.15, 333.15 and 348.15 K at

pressures in the range of (1 —9) bar.



1. Introduction

The imidazolium cation offers an extensive number of possibilities in terms of the
functionalities that can be introduced at the N(1) and N(3) positions. A large body of research
has focused on understanding the thermophysical and thermodynamic properties of
imidazolium-based ILs bearing a wide range of functional groups attached to the two nitrogen
atoms, including combinations of alkyl, ether, alcohol, nitrile, fluoroalkyl and silicon-containing
substituents. Although known, the use of aryl (e.g., phenyl and benzyl) substituents on
imidazolium-based ILs is far less commonly used compared to alkyl substituents.’> While the
commercially available, yet expensive, N-phenylimidazole is the requisite precursor to
imidazolium cations bearing a phenyl substituent at N(1); imidazolium cations bearing benzyl
substituents at N(1) can be directly and efficiently synthesized from N-functionalized imidazoles
(e.g., 1-methylimidazole) and benzyl chloride or benzyl bromide (both inexpensive).

Despite the fact that imidazolium cations tethered to a benzyl group are easily accessed,
there are limited reports on such ILs in the literature, especially when compared to their 1-n-
alkyl-3-methylimidazolium ([Cxmim]*) counterparts.b A structure search for 1-benzyl-3-
methylimidazolium bistriflimide ([Bnmim][Tf.2N]) (Figure 1, left) revealed 75 non-patent
references since this IL was first introduced in the literature in the year 2002.” A similar
numbers of results are also found for the tetrafluoroborate ([BF4]) and hexafluorophosphate
([PFg]) salts of [Bhnmim]*. A structure search for 1-hexyl-3-methylimidazolium bistriflimide
[Cemim][Tf2N] showed that this IL has appeared in 1097 non-patent references during that

same time period. However, a structure search for 1-heptyl-3-methylimidazolium bistriflimide



([Czmim][Tf2N]) (Figure 1, center), which has the same number of carbon atoms in the side

chain as [Bnmim][Tf2N], only yielded 102 references.
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Figure 1: Structures of ILs [Bnmim][Tf2N] (left) and [C;mim][Tf2N] (center) and Tf;N" anion
(right); the benzyl moiety is denoted by Bn in this naming convention.

Consequently, there are limited thermophysical property data that have been reported
for [Bnmim][Tf;N] and other imidazolium-based ILs with similarly functionalized cations. It has
been reported that [Bnmim][Tf;N] possesses a comparable thermal stability to [Comim][Tf;N]
ILs,> however [Bnmim]* cations thermally degrade via an Sx1 mechanism, while [Chmim]*
cations degrade via an Sy mechanism.®?

There is no compelling reason as to why benzyl-functionalized ILs have not attracted
more fundamental and applied interest from the IL research community. The introduction of
aromatic compounds into imidazolium-based ILs has illuminated m-cation interactions resulting
in “liquid clathrate” formation.'® ! [Bnmim][Tf,N] and similar ILs with benzylic functional
groups have also shown increased affinity to graphite surfaces for the purposes of graphene
exfoliation.’? Furthermore, imidazolium cations tethered to benzylic linkages are commonly

1318 35 well as in ionene®® materials (Figure 2).

found in styrene-based poly(IL) ionomers
Measurement of the physical properties of styrene-based imidazolium monomers can prove

difficult given their propensities to autopolymerize.? However, the physical properties of the



non-polymerizable [Bnmim][Tf;N] and other imidazolium ILs with benzylic groups will be
approximately the same. Combined experimental and computational studies on [Bnmim][Tf2N]
and other benzylic-functionalized ILs can also yield insights into the conformation and fractional
free volume (FFV) associated with the imidazolium-benzyl linkage, wherein the angle at which

the imidazolium and benzene rings are connected through the methylene spacer essentially
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Figure 2: Examples of styrene-based poly(IL) (left) and ionene (right) materials wherein an
imidazolium cation is connected to a benzylic functional group. Imidazolium-benzylic linkages
shown in red.

In order to develop thermophysical property data around ILs with imidazolium cations
featuring pendant benzylic groups, we have synthesized 6 ILs with imidazolium cations and
[Tf2N] anions which have a benzylic (i.e., benzyl or methylbenzyl) substituent at the N(1)
position and varying lengths of n-alkyl chain at the N(3) position. Cation structures, names and

acronyms, and CAS registry numbers (when available) are provided in Table 1.



Table 1: Cation structures, names and acronyms for ILs with benzylic functionalities studied in
this work. [estimated mass fraction H,0 < 300 ppm; estimated mass fraction purity > 97 %]

Structure / MW Name Acronym/CAS #
1-Benzyl-3-methylimidazolium [Bnmim][Tf2N]
/T\ \/© bis[(trifluoromethyl)sulfonyl]imide
—NEN (commonly, a bistriflimide) 433337-24-7
szN@
453.37 g/mol
1-[(4-methylphenyl)methyl]-3- [MeBnCim][Tf2N]
—\ \/©/ ethylimidazolium bistriflimide
NNEN CAS N/A
szN@
481.43 g/mol
1-[(4-methylphenyl)methyl]-3- [MeBnCaim][Tf2N]
butylimidazolium bistriflimide
A Q CAS N/A
NN
o W=
szN@
509.48 g/mol
1-[(4-methylphenyl)methyl]-3- [MeBnCesim][Tf2N]
hexylimidazolium bistriflimide
f\ CAS N/A
\/\/\/Ni}N
szN@
537.54 g/mol
1-[(4-methylphenyl)methyl]-3- [MeBnCgim][Tf2N]
octyllimidazolium bistriflimide
/4\ CAS N/A
o~ NN
szN@
565.59 g/mol
1-[(4-methylphenyl)methyl]-3- [MeBnCi0im][Tf2N]
decyllimidazolium bistriflimide
f\ CAS N/A
NN
szN@
593.64/gmol




While 1-[(4-methylphenyl)methyl]-3-methylimidazolium bistriflimide
([MeBnC1im][Tf.N]) has been examined in terms of its "acidity" in DMSO relative to other ILs?3
and as a reaction solvent for the synthesis of poly(ethylene terephthalate),?* no density or
viscosity data were reported. However, [MeBnCiim][Tf2N] was not studied in this work due to
our experience that it is a solid at ambient temperature and pressure — hence its absence from
Table 1. Furthermore, no reports of any [MeBnCnim][Tf,N] ILs present in Table 1 were found in
the literature at the time of writing this manuscript. Thus, imidazolium-based ILs with benzylic
substituents are greatly underrepresented in the IL literature,® and there are scant physical
property data available. Herein, we report on the density and viscosity of the ILs in Table 1 as
well as the solubility of CO; in [Bnmim][Tf2N]. [Bnmim][Tf,N] was found to be denser and more
viscous than might be expected based on a very similar molecular weight to [C;mim][Tf,N].
Solubility of CO; in [Bnmim][Tf,N] was slightly reduced (i.e., larger Henry’s constants) than
[Comim][Tf,N]. Density and viscosity trends in the [MeBnCnim][Tf2N] series followed expected
behaviors with density decreasing and viscosity increasing as the n-alkyl substituent appended

to the imidazolium cation increased in length.

2. Methods and Materials
1-methylimidazole (99%) and 4-Methylbenzyl chloride (98%) were obtained from Alfa
Aesar”. All other 1-alkylimidazoles were synthesized according to our previously reported

methods, with purities > 97%.2> Benzyl chloride (97%) was obtained from Sigma-Aldrich.

* Commercial equipment, instruments, or materials are identified only in order to adequately specify certain
procedures. In no case does such identification imply recommendation or endorsement by the National Institute of
Standards and Technology, nor does it imply that the products identified are necessarily the best available for the
purpose.



Lithium bistriflimide (LiTf2N) (> 98%) was obtained from 3M. Deionized water was obtained
from a 12 MQ source. All solvents were ACS grade or higher. All chemicals were used as

received without further purification and molar purities are from supplier specifications.

2.1 Synthesis of Benzyl-functionalized ILs

[Bnmim][Tf2N] was synthesized from 1-methylimidazole, benzyl chloride and LiTf;N
according Scheme 1 using procedures previously reported by Bara, et al.* [MeBnCnim][Tf2N] ILs
(n=2,4,6, 8, 10) were synthesized from their corresponding 1-alkylimidazoles,? 4-
methylbenzyl chloride and LiTf,N according to Scheme 2. Based on our prior works that have
used the same synthetic, purification and conditioning methods, the water content in these ILs

is expected to be no greater than 300 ppm.% 26

Scheme 1: Synthesis of [Bnmim][Tf2N], where RT denotes room temperature.

—\ LiTf,N I \/Q
N N + > /N\ /N
N7 g CHSCN, 65°C, 16 h

H,0, RT, 3 h N N
TH,N

2.1.1 Synthesis of [Bnmim][Tf:N]
[Bnmim][Tf2N] was synthesized from 1-methylimidazole and benzyl chloride followed by

anion-exchange with LiTf,N in water as described by Bara, et al.* 'H NMR spectrum was

consistent with previously published data.



Scheme 2: Synthesis of [MeBnCnim][Tf2N] ILs.

=\ LiTf,N I\
Ny N * rR-NEN
TR ¢ CH;CN,65°C,16 h  H,O,RT,3h

2.1.2 Synthesis of [MeBnC,im][Tf2N]

1-ethylimidazole (7.61 g, 79.2 mmol) was dissolved in 100 mL CHsCN in a 250 mL round
bottom flask containing a magnetic stir bar. 4-methylbenzylchloride (12.25 g, 87.12 mmol) was
added, a reflux condenser attached to the flask, and the reaction heated at 338 K while stirring
overnight. After this time, the reaction was cooled to ambient temperature and the solvent
reduced via rotary evaporation. The crude product was poured into 500 mL of Et;0, and a
precipitate immediately formed. The mixture was chilled in a freezer at 263 K for several hours.
After this time, the Et,0 was decanted and the precipitate taken up in 150 mL deionized H,0.
The aqueous phase was washed with 3 x 100 mL Et,0. LiTf,N (22.74 g, 79.21 mmol) was added
to the aqueous phase and an oily phase was observed to immediately form at the bottom of
the flask. The reaction was stirred at ambient temperature for 3 h, after which time the
aqueous layer was carefully decanted. The oily phase was taken up in 200 mL of CH,Cl; and the
organic phase washed with 5 x 150 mL deionized H,0. Addition of AgNOs to the fourth and fifth
aqueous washings confirmed absence of halides, as no precipitate was observed in the aqueous
phase. The organic phase was then dried over anhydrous MgSQ0., followed by addition of

activated carbon. The mixture was filtered through a plug of basic Al,0s, which was washed



with a further 100 mL of CH,Cl,. The combined filtrate was reduced via rotary evaporation, and
the product dried under dynamic vacuum (< 103 bar) at 338 K overnight. Yield =22.01 g (57.9
%). *H NMR (500 MHz, DMSO-ds) 6 9.26 (d, J = 1.8 Hz, 1H), 7.79 (dt, J = 14.7, 1.9 Hz, 2H), 7.35 —
7.29 (m, 2H), 7.24 (d, J = 8.0 Hz, 2H), 5.35 (s, 2H), 4.20 (g, J = 7.3 Hz, 2H), 2.31 (s, 3H), 1.42 (td, J
=7.3, 1.7 Hz, 3H). HMRS: calculated as [A*][A*][B] = 682.1951; found = 682.1965.

2.1.3 Synthesis of [MeBnCaim][Tf2N]

[MeBnCaim][Tf,N] was prepared in a manner similar to that of [MeBnC,im][Tf,N] from 1-
butylimidazole (19.00 g, 153.0 mmol), 4-methylbenzyl chloride (22.60 g, 160.7 mmol) and LiTf;N
(48.32 g, 168.3 mmol). Yield = 58.18 g (74.6 %). H NMR (500 MHz, DMSO-ds) & 9.26 (s, 1H),
7.78 (q,J = 2.2 Hz, 2H), 7.32 (d, J = 7.8 Hz, 2H), 7.24 (d, J = 7.6 Hz, 2H), 5.36 (s, 2H), 4.17 (t, J =
7.2 Hz, 2H), 2.30 (s, 3H), 1.78 (p, J = 7.4 Hz, 2H), 1.26 (h, J = 7.4 Hz, 2H), 0.90 (t, J = 7.3 Hz, 3H).

HMRS: calculated as [A*][A*][B] = 738.2577; found = 738.2578.

2.1.4 Synthesis of [MeBnCsim][Tf.N]

[MeBnCesim][Tf2N] was prepared in a manner similar to that of [MeBnC,im][Tf,N] from 1-
hexylimidazole (10.81 g, 70.09 mmol), 4-methylbenzylchloride (10.84 g, 77.10 mmol) and LiTf;N
(20.12 g, 70.09 mmol). Yield = 27.94 g (74.2 %). *H NMR (500 MHz, DMSO-dg) 6 9.29 (t, J = 1.7
Hz, 1H), 7.80 (t, J = 1.9 Hz, 2H), 7.33 (d, /= 7.9 Hz, 2H), 7.24 (d, J = 7.8 Hz, 2H), 5.38 (s, 2H), 4.19
(t,J=7.2 Hz, 2H), 2.31 (s, 3H), 1.81 (p, J = 7.3 Hz, 2H), 1.32 = 1.20 (m, 6H), 0.89 — 0.83 (m, 3H).

HMRS: calculated as [A*][A*][B] = 794.3203; found = 794.3214.



2.1.5 Synthesis of [MeBnCsim][Tf.N]

[MeBnCgim][Tf,N]was prepared in a manner similar to that of [MeBnC,im][Tf,N]from 1-
octylimidazole (10.00 g, 55.47 mmol), 4-methylbenzyl chloride (8.58 g, 61.0 mmol) and LiTf;N
(17.53 g, 61.02 mmol). Yield = 19.14 g (61.0'H NMR (500 MHz, DMSO-ds) § 9.28 (t, J = 1.6 Hz,
1H), 7.79 (p, J = 2.0 Hz, 2H), 7.35 — 7.30 (m, 2H), 7.23 (d, J = 7.9 Hz, 2H), 5.37 (s, 2H), 4.17 (t, J =
7.2 Hz, 2H), 2.30 (s, 3H), 1.80 (p, J = 7.4 Hz, 2H), 1.32 — 1.18 (m, 10H), 0.86 (t, J = 7.0 Hz, 3H).
HMRS: calculated as [A*][A*][B] = 850.3829; found = 850.3820.

2.1.6 Synthesis of [MeBnCioim][Tf2N]

[MeBnCi0im][Tf2N] was prepared in a manner similar to that of [MeBnC,im][Tf;N] from
1-decylimidazole (10.00 g, 48.00 mmol), 4-methylbenzylchloride (7.42 g, 52.8 mmol) and LiTf;N
(15.16 g, 52.80 mmol). Yield = 15.51 g (54.4 %). *H NMR (500 MHz, DMSO-de) 6 9.27 (d, J = 1.7
Hz, 1H), 7.79 (p, J = 1.9 Hz, 2H), 7.32 (d, J = 8.0 Hz, 2H), 7.23 (d, J = 7.8 Hz, 2H), 5.37 (s, 2H), 4.17
(t,J=7.2 Hz, 2H), 2.30 (s, 3H), 1.79 (p, J = 7.3 Hz, 2H), 1.37 - 1.14 (m, 14H), 0.86 (t, J = 6.8 Hz,

3H). HMRS: calculated as [A*][A*][B] = 906.4455; found = 906.4486.

2.2 Density Measurements

Densities of the 6 benzylic-functionalized ILs were measured using a Mettler Toledo
DMA45 DeltaRange oscillating U-tube densitometer over a range of (293.15 —373.15) K at 100.5
kPa in increments of 10.00 K in a manner consistent with our prior works on ILs and imidazole
compounds.?’ The standard uncertainty of the density meter measurements is 5 x 10 g.cm? at
all temperatures. The cell temperature is controlled by a Peltier element within +/- 0.05 K.

Water standards provided by the manufacturer were used to verify the density calibration.



Between runs, the sample cell was flushed using air, followed by cleaning with acetone and
finally dried by injecting air until the cell reading was consistent with that of the density of air at

293.15 K (0.00120 g.cm?3).

2.3 Viscosity Measurements

Viscosity measurements were made with a Brookfield DV-II+ Pro viscometer, using the
"ULA" spindle and jacketed sample cell, over range of (293.15 — 373.15) K at 100.5 kPa. The
temperature of the jacketed sample chamber was controlled via a circulating bath, which has a
temperature stability of + 0.01 K. For the viscometer, the relative standard uncertainty of the
viscosity is 1% of the reading with a repeatability of + 0.2% of the reading. The sample cell was

cleaned between runs by rinsing with acetone, followed by air drying.

2.4 CO; Solubility Measurements

Solubility of CO; in [Bnmim][Tf2N] was measured at 303.15, 318.15, 333.15 and 348.15 K
and within the pressure range of (1-9) bar using a gravimetric method and calculations
described in a prior work from our group.?® This method yields reliable solubilities with
estimated relative standard uncertainties (2 to 4) % in molar composition. In contrast to this
prior work, wherein the sample was a very low viscosity liquid (~1 mPa s), the relatively high
viscosity of [Bnmim][Tf;N] necessitated that loading of CO; into the cell was performed at
348.15 K so as to decrease the time to reach initial vapor-liquid equilibrium (VLE). The cell was
then cooled to each temperature point and the equilibrium pressure was recorded, which is the

reverse of our prior works wherein the CO; was introduced at the lowest temperature and the



sample was heated to each desired temperature.?® 2° The mass of the cell was then recorded
before the cell was then reheated to 348.15 K and CO; introduced at the next pressure. This
process was repeated 5 times with pressure increments of about 2 bar. For the calculations,
the partial molar volume of CO, was taken as 29 cm3-mol™? per the atomistic simulations of
Huang, et al.3°
3. Results and Discussion

Experimentally-determined densities for the six ILs synthesized are presented in Table 2.

Table 2: Densities (p) of ILs with benzylic substituents at different temperatures (T) and p =
100.5 kPa with comparisons to literature values where applicable.?

T p T p T P
K g-cm™3 K |g-cm™3 K g cm™3
[Bnmim][Tf2N] [MeBnCaim][Tf2N] [MeBnCaim][Tf2N]
Exp. Lit. Exp. Exp.
293.15 | 1.4962 | 1.4982 | 293.15 | 1.4243 293.15 1.3687
1.50431
303.15 | 1.4863 | 1.488% | 303.15 | 1.4147 303.15 1.3596
1.4843%

313.15 | 1.4766 | 1.478% | 313.15 | 1.4053 313.15 1.3505
323.15 | 1.4670 | 1.468% | 323.15 | 1.3960 323.15 1.3416

1.4583%2
333.15 | 1.4575 333.15 | 1.3868 333.15 1.3327
343.15 | 1.4480 343.15 | 1.3777 343.15 1.3239
353.15 | 1.4387 353.15 | 1.36861 | 353.15 1.3152
r _P r _P r _P
K g cm™3 K g-cm™3 K g cm™3
[MeBnCesim][Tf2N] [MeBnCgim][Tf2N] [MeBnCi0im][Tf2N]
Exp. Exp. Exp.

293.15 1.3236 293.15 1.2841 293.15 1.2536
303.15 1.3147 303.15 1.2755 303.15 1.2453
313.15 1.3059 313.15 1.2669 313.15 1.2369
323.15 1.2971 323.15 1.2584 323.15 1.2285
333.15 1.2884 333.15 1.2480 333.15 1.2202
343.15 1.2798 343.15 1.2416 343.15 1.2120
353.15 1.2712 353.15 1.2332 353.15 1.2038




aStandard uncertainty in the temperature is 0.01 K. Standard uncertainty of all density
measurements is 0.0002 g-cm~3 which includes the contribution from sample impurity.

Table 3 summarizes the parameters for the density-temperature equation, p=-a-T + b, for each

IL measured.

Table 3: Isobaric density-temperature equation (o =-a-T + b) parameters for ILs with benzylic
substituents over temperature range (293.15 — 373.15) K for p = 101 kPa.

IL a b RZ
10‘4-g-cm‘3-K gCT
[Bhmim][Tf2N] 9.582 1.777 0.9999
[MeBnCaim][Tf2N] 9.266 1.696 0.9999
[MeBnCaim][Tf2N] 8.926 1.630 0.9999
[MeBnCsim][Tf2N] 8.725 1.579 0.9999
[MeBnCsim][Tf2N] 8.483 1.533 1.0000
[MeBnCloim][szN] 8.312 1.497 1.000

Table 3 indicates that the isobaric relationship between temperature and IL density is
highly linear within the range of (293.15 — 353.15) K for p = 101 kPa. Figure 3 presents a
graphical comparison of density trends with temperature, illustrating that the density of the IL
decreases with temperature and with the increasing length of the n-alkyl substituent appended

to N(3) position of the imidazolium cation.
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Figure 3: Comparison of density relative to temperature at p = 101 kPa for ILs with benzylic
substituents.

® = [Bnmim][Tf,N]; @M= [MeBnC,im][Tf,N]; ¢ = [MeBnCsim][Tf.N]; A = [MeBnCeim][Tf2N];
O = [MeBnCgim][Tf;N]; O = [MeBnC10im][T2N].

Figure 3 shows that [Bnmim][Tf;N] is clearly the most dense IL among the six ILs
examined. For the [MeBnCnim][Tf2N] ILs which vary only in the length on the n-alkyl
substituent at the N(3) position of the imidazolium ring, density decreases with increasing
length at a given temperature. However, the incremental decrease in density becomes smaller
as the chain length increases at a given temperature. For example, the difference in density
between [BnC,im][Tf2N] and [BnCsim][Tf;N] is larger than that of [BnCsim][Tf;N] and

[BnC10im][Tf2N]. This trend suggests that the aromatic substituent is the dominant factor



influencing density when the n-alkyl substituent is small, but this effect diminishes as the alkyl
chain is lengthened. This is also reflected in the relative changes in the values of ‘b’ in Table 3.
Furthermore, an analysis of the trend of IL molar volume with respect to the length of the n-
alkyl chain for [MeBnCnim][Tf,N] ILs reveals a linear behavior at all temperatures. This is similar
to what has been previously reported for [C.mim][X] ILs by Rebelo and co-workers.33

As previously discussed in Bara, et al., the density of [Bnmim][Tf,N] was observed at
298.15 K to be comparable to that of [Ccmim][Tf,N] despite the larger molecular weight of
[Bnmim][Tf2N], which has 5 more carbons contained within the functional group at the
imidazolium N(1) site. [Bnmim][Tf,N] is also much more dense than [C;mim][Tf,N] which has
the same number of carbon atoms in the functional group. Comparative density data are

presented in Figure 4, with the data for [Ccmim][Tf2N] and [C;mim][Tf;N] taken from Gardas, et

al 34
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Figure 4: Comparison of density relative to temperature for selected ILs at p = 101 kPa. @ =
[Bhnmim][Tf2N]; <= [Camim][Tf2N]; A= [Csmim][Tf2N].

The larger than expected density of [Bnmim][Tf,N] may support the notion of nt-cation
associations such as those proposed by Rogers and co-workers in mixtures of ILs with
benzene.'® ! Furthermore, 'H NMR data also indicate a stronger cation-anion association at
the "acidic" C(2)-H of the imidazolium ring, which shows a chemical shift (in de-DMSO) of ~9.26
ppm for [Bnmim][Tf2N] and the [MeBnC,im][Tf;N] ILs examined in this work, while the chemical
shift for the same proton in [Comim][Tf,N] ILs is just ~9.10 ppm. The downfield shift of this
proton observed for [Bnmim][Tf2N] and the [MeBnC,im][Tf;N] ILs is due to electron-withdrawal
and resonance effects of the benzyl group, which are not present with the mildly electron-

donating alkyl groups in [Comim][Tf2N] ILs. Thus, the [Tf2N]  anion is more strongly attracted to



the C(2)-H of the imidazolium ring with the benzylic group present at N(1) than with an alkyl
group present at N(1).

Viscosity data measured for benzylic-functionalized ILs are presented in Table 4.



Table 4: Dynamic viscosities (1) of ILs with benzylic substituents at different temperatures (T)
and p = 100.5 kPa with comparisons to literature values where applicable.”

T K T K T K
K mPa-s K mPa-s K mPa-s
[Bnmim][Tf2N] [MeBnCaim][Tf2N] [MeBnCaim][Tf2N]
Exp. Lit. Exp. Exp.
293.15 | 192.15 | 1903 | 293.15 | 190.44 293.15 284.85
298.15 | 135.05 | 113’ 298.15 | 142.46 298.15 211.78
303.15 | 101.33 303.15 | 105.66 303.15 156.45
308.15 | 78.12 308.15 81.66 308.15 118.05
313.15 | 61.48 313.15 64.15 313.15 90.59
318.15 | 49.49 318.15 51.3 318.15 71.26
323.15 | 40.38 323.15 41.82 323.15 56.20
333.15 | 28.06 333.15 28.94 333.15 37.68
343.15 | 20.45 343.15 20.95 343.15 26.51
353.15 | 15.54 353.15 15.77 353.15 19.48
T U T U T u
K mPa-s K mPa-s K mPa-s
[MeBnCsim][Tf2N] [MeBnCsgim][Tf2N] [MeBnCi0im][Tf2N]
Exp. Exp. Exp.

293.15 345.85 293.15 380.13 293.15 469.45
298.15 257.57 298.15 277.69 298.15 338.55
303.15 189.65 303.15 204.09 303.15 249.66
308.15 142.44 308.15 154.66 308.15 184.92
313.15 108.51 313.15 117.86 313.15 141.55
318.15 83.73 318.15 91.48 318.15 109.88
323.15 67.41 323.15 72.33 323.15 84.62
333.15 4431 333.15 47.53 333.15 54.97
343.15 30.64 343.15 32.72 343.15 37.53
353.15 22.05 353.15 23.54 353.15 26.67

bStandard uncertainty in the temperature is 0.01 K. Relative standard uncertainty of all
viscosity measurements is 2 % of the reported measurement which includes the contribution
from sample impurity.

It has been previously shown that the isobaric temperature dependence of viscosity for

ILs and 1-alkylimidazoles is well-described?” by the Litovitz Equation, x = a-exp(bT3).27-35 36



Table 5 summarizes the parameters for the Litovitz viscosity-temperature equation for the ILs

with benzylic substituents considered in this work.

Table 5: Litovitz viscosity-temperature equation (u = a-exp(bT3)) parameters for ILs with
benzylic substituents over temperature range (293.15 —373.15) K at p = 101 kPa.

IL a b R?
mPa-s K-3
[Bnmim][Tf2N] 0.3759 1.566 x 108 | 0.9982

[MeBnCaim][Tf,N] 0.4706 | 1.512x10% | 0.9997
[MeBnCa4im][Tf,N] 0.4978 | 1.601x 108 | 0.9998
[MeBnCsim][Tf2N] 0.5772 | 1.613x10% | 0.9997
[MeBnCsim][Tf,N] 0.5620 | 1.642x10% | 1.0000
[MeBnCioim][Tf2N] | 0.5824 | 1.686x 10% | 1.0000

Figure 5 presents viscosity data for the 6 ILs relative to temperature.
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Figure 5: Comparison of dynamic viscosity relative to temperature at p =101 kPa for ILs with
benzylic substituents. ® = [Bnmim][Tf,N]; M= [MeBnC,im][Tf2N]; ¢ = [MeBnCsim][Tf2N]; A =
[MeBnCsim][Tf2N]; O = [MeBnCsim][Tf2N]; O = [MeBnCioim][Tf2N].

From Figure 5 it is clear that viscosity increases with decreasing temperature. Itis also
apparent that the viscosity of [MeBnCnim][Tf;N] ILs increases at a given temperature with
increasing length of the alkyl substituent, which is consistent with trends in [Comim][Tf,N] ILs%’
and 1-n-alkylimidazoles.?’

Comparative viscosity data are presented in Figure 6, with the data for [C;mim][Tf,N]

and [Csmim][Tf,;N] taken from Tarig, et al.3®
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Figure 6: Comparison of dynamic viscosity relative to temperature at p = 101 kPa for selected
ILs. ® = [Bnmim][Tf,N]; <= [Comim][TfaN]; A= [C;mim][Tf2N].

While [Bnmim][Tf2N] is relatively "small" as it exhibits a density much closer to that of
[Comim][Tf,N] than that of [C;mim][Tf.N] (Figure 3), Figure 6 shows that its viscosity profile at p
=101 kPa is much closer to that of [C;mim][Tf;N]. Although both [Bnmim][Tf;N] and
[Csmim][Tf2N] have the same number of carbons in the substituent at the N(1) position (i.e.,
benzyl and n-heptyl), the larger viscosity of [Bnmim][Tf,N] further supports the notion that
stronger intermolecular forces (n-cation, Coulombic) are present with an aromatic substituent

than an n-alkyl substituent.



Based on the measured viscosities of [Bnmim][Tf:N] and the [MeBnCnim][Tf2N] IL series,
it might be a convenient conclusion to discard these ILs as "too viscous" compared to
[Camim][Tf;N] and 1-ethyl-3-methylimidazolium dicyanamide ([C;mim][dca]). While many
works comment on the dramatic increase of IL viscosity with larger substituents, this effect is
most pronounced at lower temperatures. The data presented in Figure 6 indicate that
[Bnmim][Tf2N] is 4.8 and 1.8 times respectively more viscous at 293.15 K than [Comim][Tf2N]
and [C;mim][Tf2N]. However, at 353.15 K, the respective ratios of viscosity are only 1.9 and 1.3.
While solvent viscosity is a key property in mass transfer limited processes, the screening of ILs
should not be solely based on viscosity at room temperature, i.e., (293.15 — 298.15) K.

Solubility of CO; in [Bnmim][Tf,N] is presented in Table 6, where m is the slope
calculated from the least squares linear fit of the experimentally measured relationship
between the CO, mole fraction in the liquid phase (xco2) and pressure (Pco2) at constant
temperature (T) forcing the intercept (b) to O (i.e., Xco2 = m-Pcoz2+ b; b =0). For each isotherm,
the correlation coefficient (R?) was > 0.975 and the average absolute percent deviation (AAPD)
was ~5.0 % at T = (303.15—-333.15) K and 6.4 % at 348.15 K. Since the Henry’s constant (H) is a
metric of gas solubility behavior at a given temperature, we choose to represent the
experimental measurements with this constant. Table 6 presents the results in units of bar? by
using the factor (1 atm / 0.980665 bar) to convert the original measurements.

Table 6: Linear fit parameters and solubility of CO; in [Bnmim][Tf;N] at various temperatures.

T m AAPD R? H

K 10~2 - bar~1 (%) bar
303.15 2.342 5.1 0.977 44.8 +/-2.2
318.15 1.799 5.2 0.980 57.0+/-2.9
333.15 1.461 5.0 0.979 70.2 +/-3.4
348.15 1.221 6.4 0.976 84.0+/-5.4




The AAPD values (5.0 - 6.5) % associated with the linear relationship between CO;
partial pressure and liquid phase solubility in Table 6 are slightly higher than those in our prior
works (1-4) % and we attribute the deviation to the much larger viscosity of [Bnmim][Tf,N] IL
resulting in longer times (i.e., hours) to reach apparent equilibrium compared to that of less
viscous ILs such as [C;mim][Tf;N] (cf. Figure 6) or non-ionic solvents such as 1,2,3-
trimethoxypropane.?®. Nonetheless, the values of Hco, measured for [Bnmim][Tf2N] in this work
are consistent with the single data point previously published in Bara, et al. for [Bnmim][Tf,N] +
CO; (Hcoz = 35.3 + 1 bar (36 + 1 atm) at 295.15 K).* Furthermore, Henry’s constants for
[Bnmim][Tf2N] + CO; reported in Table 6 are comparable to those reported by Camper, et al.
and Finotello, et al. for [C;mim][Tf,N] over the same temperature range,?® 3° with Henry’s
constants for [Bnmim][Tf2N] about 10 % larger than those for [C;mim][Tf,N] at a given
temperature. As such, CO; is slightly less soluble (on a mole fraction basis) in [Bnmim][Tf;N]
compared to [C;mim][Tf;N] and [Cemim][Tf,N] but more soluble than in ILs such as
[Camim][BF4].2% 40

The enthalpy of absorption (AabsH) of CO, was calculated by applying the van’t Hoff
equation to the [Bnmim][Tf,N] + CO, data. AapsH for [Bnmim][Tf,N] + CO2 was determined to be
-12.3 kJ-mol, which indicates that this is a "physical" solvent (i.e., no chemical reaction
between the IL and CO;) and is consistent with previously reported values for CO; in ILs
(typically -12 to -13 kJ-mol?).?° Thus, it can be concluded that there is no major difference in
the behavior of CO; in [Bnmim][Tf2N] than in [Comim][Tf2N] ILs. The small decrease may be a
consequence of reduced fractional free volume (FFV) in [Bnmim][Tf,N] relative to [Cnmim][Tf.N]

ILs as suggested by Horne, et al.,>! which likely arises from stronger cation-anion interactions,



vis-a- vis the downfield shift of the C(2)-H imidazolium proton observed in *H NMR and/or -
cation interactions!?® ! between the benzene ring and imidazolium ring.

As the solubility of CO; in [Bnmim][Tf;N] was not markedly different than in
[Camim][Tf:N] ILs, there was no compelling reason to perform the same measurements for
[MeBnCnim][Tf2N] ILs + CO,, particularly since the viscosities of these ILs were at least as great

but generally (much) greater than the viscosity of [Bnmim][Tf,N] (Table 4).

4. Conclusions

Densities and viscosities [Bnmim][Tf2N] and [MeBnC,im][Tf2N] (n =2, 4, 6, 8, 10) ILs
were measured over the range of (293.15 - 353.15) K at p = 101 kPa. The density of
[Bnmim][Tf2N] was the largest at all temperatures and was much closer to that of [Comim][Tf2N]
than that of [C;mim][Tf,N] despite the fact that the [Bnmim]* and [C;mim]* cations both have 7
carbons in the substituent at the N(1) site. However, the viscosity of [Bnmim][Tf,N] exhibited
an opposite behavior, being more viscous than [C;mim][Tf;N]. These behaviors appear to
indicate much stronger intermolecular interactions in ILs when an aromatic group is present at
N(1) than an alkyl group. For [MeBnCnim][Tf;N] ILs, density at a given temperature decreased
with increasing length of the n-alkyl substituent at N(3), while their viscosities increased along
the same trend. Solubility of CO, in [Bnmim][Tf,N] was measured over the range of (303.15 —
348.15) K, with Henry’s constants and AapsH values comparable to other [Comim][Tf2N] ILs.

To the best of our knowledge, this is the first literature report any [MeBnCnim][Tf2N] ILs
other than two reports which used [MeBnCiim][Tf;N]. Despite 20+ years of research into the
properties of imidazolium-based ILs,*! the general lack of reports on ILs with benzylic

substituents over this time period is somewhat surprising. Furthermore, the connection of



these ILs to the growing interest poly(IL) and ionene materials, represents an opportunity by

which the properties of polymers can be connected with those of the representative IL.
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