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ABSTRACT: The replacement of unsaturation with a cyclo-
propane motif as a (bio)isostere is a widespread strategy in bacteria
to tune the fluidity of lipid bilayers and protect membranes when
exposed to adverse environmental conditions, e.g., high temper-
ature, low pH, etc. Inspired by this phenomenon, we herein address
the relative effect of the cyclopropanation, both cis and trans
configurations, on melting points, packing efficiency, and order of a
series of lipid-like ionic liquids via a combination of thermophysical
analysis, X-ray crystallography, and computational modeling. The
data indicate there is considerable structural latitude possible when
designing highly lipophilic ionic liquids that exhibit low melting
points. While cyclopropanation of the lipid-like ionic liquids
provides more resistance to aerobic degradation than their olefin analogs, the impact on the melting point decrease is not as
pronounced. Our results demonstrate that incorporating one or more cyclopropyl moieties in long aliphatic chains of imidazolium-
based ionic liquids is highly effective in lowering the melting points of such materials relative to their counterparts bearing linear,
saturated, or thioether side chains. It is shown that the cyclopropane moiety effectively disrupts packing, favoring formation of gauche
conformer in the side chains, resulting in enhancement of fluidity. This was irrespective of the configuration of the methylene bridge,
although marked differences in the effect of cis- and trans-monocyclopropanated ILs on the melting points were observed.

■ INTRODUCTION
For 20-odd years, ionic liquids (ILs) have been subjects of
intense scrutiny by a broad spectrum of academic and
industrial chemists alike,1 and large-scale, industrial utilization
of them have been recently established.2,3 Two decades after
the initial report of air-and water-stable imidazolium-based
ILs,4 we are now in the midst of a new wave wherein novel ILs
are constantly being developed and rapidly adopted across
scientific disciplines. Concomitantly, the physical properties of
ILs have been of particular interest, particularly concerning
their melting points and miscibility (or lack thereof) with
various molecular solvents.5 Imidazolium-based ILs are central
in generating publications containing our knowledge about
these materials.6−12 The melting point (Tm) values of salts of
the former cation class have been systematically studied as a
function of several variables, although the chief foci of such
studies have been concerned with (i) the associated anion of
the salt and (ii) with the precise nature of the N′-bonded
organic appendages of the cation.13

The nature of the side chains tethered to cations of
imidazolium salts profoundly influences their fluidity/lique-
faction behaviors. Several of the earliest�and still most
valuable�studies on the liquefaction of ILs established that
increasing the length of one of the alkyl groups results in the

lowering of Tm values.14−17 This trend holds true when moving
from C1 to about C5, at which there is a leveling-off until a
chain length of ca. C7 is reached. At this point, there is a sharp
uptick in melting points that quickly grows to exceed ambient
temperature (Figure 1). Due to the decades of work to
generate this figure and data, several critical structural design
principles of ILs have emerged, highlighting the importance of
symmetry, steric, and conformational flexibility of the alkyl
chains.18 Consequently, it seemed unlikely that it would be
possible to prepare ILs with ever-increasing lipophilic
character, eventually making their melting points too high to
be used in some of the envisioned applications.19−21

However, as a group with a longstanding interest in
rationally designing and preparing ILs to have new functions
(molecular behavior), we saw this dilemma as posing an
interesting challenge. Taking our cue from nature’s approach,
we introduced the concept of lipid-like (or lipidic) ILs 12 years
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ago by focusing on its raison d’et̂re: the creation of ILs that are
highly lipophilic, low-melting, and potentially bio-innocuous.
Lipid-like ILs are a multifarious class of bioinspired materials
that include saturated, unsaturated, linear, branched, or
functionalized (e.g., ether, thioether) lipidic side chains while
retaining melting points that are below room temperature.22

Our first efforts in this direction were successful and resulted in
(among other things) the synthesis of ene-bearing imidazo-
lium-type lipid-like ILs.6 Initially, we set out to establish that
by way of incorporating unsaturation (particularly cis) in the
long imidazolium ion side chains, we could create salts of that
cation type with a high degree of lipophilic structural character
that nevertheless manifested low Tm.

6 The inspiration for this
strategy was a biological phenomenon known as homeoviscous
adaptation (HVA),23 in which the composition of cell
membrane lipid bilayer of certain organisms varies on a
seasonal basis to ensure optimal fluidity. The proper function
of the lipid bilayer is closely tied to its fluidity, which is often
quantified by reference to Tm�i.e., increased fluidity = lower
Tm. Consider that phospholipids with unsaturated side chains
(i.e., from oleic acid, linoleic acid, etc.) have much lower Tm
values than counterparts with saturated (i.e., stearic acid) side
chains. The concept of lipid-like ILs worked quite well, and
imidazolium-type ILs had Tm values as low as −46.8 °C while
featuring 18-carbon alkyl side (Figure 2). We continued to
build on those preliminary results, and we exploited the same
strategy but applied it to ILs with ammonium24 and
methimazolium11 cation headgroups, which were likewise
successful.
While the former efforts were in progress, an unanticipated

consequence of the side-chain unsaturation was gradually
making itself apparent�the oxidative cleavage (albeit very
slowly) of the side chain when the IL was stored and handled
under air in lieu of an inert atmosphere. In retrospect, the
behavior should have been expected; naturally occurring
unsaturated fats eventually become rancid for the same reason.
Moreover, while we established that (taking a cue from the
food industry) this side-chain cleavage in the ILs could be
prevented by the addition of small amounts of the antioxidant
butylated hydroxytoluene (BHT) to them, we nevertheless set
out to identify other side-chain modifications that might
similarly “kink” the lipidic tails (viz., local cis geometry being
responsible for the Tm depression effect), but without
coincident air sensitivity. Although side-chain oxidative

cleavage may be advantageous from a biodegradability
perspective, it might complicate their use in specific practical
applications. As such, we sought to identify a scission-resistant
“effect isostere” that would alter the fluidity of lipidic materials
in a similar manner to olefins while retaining their lipophilicity.
Subsequently, two alternative Tm depression approaches

were found to be highly useful: One of these was the
replacement of the double bonds by midchain thioether
groups, and we have published several papers detailing various
aspects of the chemistry of those ILs.10,25 Still, thioethers are
susceptible to slow oxidation to sulfoxides, although this
process does not lead to molecular cleavage. The second
approach involved replacing the double bond with a cisoid
cyclopropyl moiety, a strategy used by numerous organisms
that utilize cyclopropanated lipids to depress Tm and modulate
cell membrane fluidity (Figure 3). It is commonly accepted
that the presence of cyclopropane fatty acids enhances the
chemical and physical stability of membranes against undesired
compounds, e.g., superoxide, singlet oxygen, ozonolysis, and
oxidative stress.26 However, we terminated our proof-of-
concept study after preparing and studying two compounds
(C16 based),9 since we discovered that synthesizing
monocyclopropanated ILs was considerably more complex
than the thioether-containing materials. Nevertheless, the
monocyclopropanated IL did prove to have a melting point
lower than that of the corresponding linear, saturated-side-
chain IL; that is, the concept of Tm depression via side-chain
cyclopropanation was (at least for the one example) validated.9

While the cyclopropane is a highly strained entity, the angle
strain of the three-membered ring renders this group an
appealing structural unit for many natural fatty acids and
natural products27 as well as for the production of energy-
dense fuels for high energy-demanding applications such as
aviation and rocketry (Figure 3).28 To understand a cyclo-
propane ring’s effect on lipid bilayer fluidity, Poger and Mark
examined lipid packing, chain order, and conformational
preference of the cyclopropanated lipid bilayers via MD
simulations.29 They found that cyclopropane fatty acids
enhance the fluidity of lipid bilayers via altering lipid packing
and favor the formation of gauche defects in the chains while
increasing the degree of order along the chains, preventing the
rotation of the bonds surrounding the cyclopropane motif.
Anderson and co-workers recently described the use of lipid-

like ILs provided by our group as stationary phases in the GC

Figure 1. Effect of alkyl-chain length on Tm in 1-alkyl-3-
methylimidazolium salts and the corresponding n-alkanes. Repro-
duced from ref 6 with permission from Jon Wiley and Sons.

Figure 2. Influence of a “kink” in the side chain of a C18-based
saturated (strearyl) and unsaturated (linoleyl) ILs.6
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analysis of kerosene.30 The results of that study were
encouraging insofar as separating nonpolar components at
high operating temperatures is concerned. Among the specific
ILs evaluated in their work was the monocyclopropanated IL
we had described earlier.9 Significantly, it not only proved to
be a useful stationary phase for the separation but was also
found to be the most thermally stable of the lipid-like ILs
evaluated in that role. Encouraged by these results, we
reconsidered our earlier abandonment of further cyclo-
propanated IL development and prepared a series of 10
mono- and polycyclopropanated ILs (2-CP, 4-CP−10-CP, 12-
CP, 13-CP), in a six-step process from high-purity fatty acids
for the evaluation of their thermophysical properties (Figure
4). We hypothesize that cyclopropane fatty acids can serve as
adaptable and practical “tutors” of lipid-like IL design, offering

valuable insights on structural components consistent with
simultaneous low-temperature fluidity and high lipophilicity.
Notably, to achieve the highest fluidity possible, we
strategically placed cyclopropane rings in the nature-selected
C9−C10 or C11−C12 symmetry-breaking positions of several
ILs, e.g., 5-CP, 6-CP, or 9-CP (Figure 4).
For the sake of clarity in discussing the properties of the new

ILs, and to facilitate their comparison to their molecular
analogs, the following convention is used in distinguishing
between them: the compound number, as noted in Tables
1−3, defines the base alkane or alkene chain along with the
unsaturation pattern. The suffix following the number
describes whether the compound is a saturated/unsaturated
IL (-AL), a cyclopropanated IL (-CP), a molecular fatty acid
(-FA), or a molecular methyl ester of the fatty acid (-ME). For

Figure 3. Examples of naturally occurring and useful compounds containing cyclopropane fatty acid motifs. Syntin is a synthetic fuel, which was
used as a rocket fuel for the Soyuz and Proton.28 N.B.: no absolute configuration of cyclopropane moieties implied for Jawsamycin, U-106305, and
cardiolipins derivative for the sake of clarity.
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example, 7-CP represents an 1-alkyl-3-methylimidazolium
bistriflimide salt where the side chain has base structure 7 (a
C18 chain with a trans double bond at the 9−10 position,
which has been cyclopropanated) while 5-ME would represent
the methyl ester of a C18 fatty acid with a cis double bond in
the 9−10 position.

■ RESULTS AND DISCUSSION
The new ILs were evaluated by differential scanning
calorimetry (DSC), and the resulting melting points,
enthalpies, and entropies of fusion are listed in Tables 1 and
2; uncertainties are calculated as the standard deviation of the
mean. To understand the effect of cyclopropanation on the
melting points of these compounds, the Tm values of the parent

series of saturated/unsaturated of ILs (-AL), their cyclo-
propanated counterparts (-CP) (Figure 4), the analogous
saturated/unsaturated fatty acid (-FA), and the methyl ester of
the fatty acid (-ME) are shown in Table 1. Two trends emerge
from this analysis:
The first trend is that the melting points of the ILs increase

upon conversion from the unsaturated species to the
cyclopropanated species, proportional to the degree of
cyclopropanation. As demonstrated in Table 1, the cyclo-
propane-induced “kink” in the aliphatic side chain plays a
crucial role in drastically lowering the chain order and packing
efficiency and the subsequent Tm values of the ILs. The average
Tm increase for species converted from a single cis unsaturation
to a single cis cyclopropanation is 8.0 °C, for conversion for

Figure 4. Top: Synthetic pathway of monocyclopropanated IL 5-CP as a representative method for the synthesis of cyclopropanated IL analogs.
The olefin cyclopropanation occurred through the Simmons−Smith reaction. Bottom: Structures of synthesized cyclopropanated ILs (CPs). The
counteranion is NTf2− that was omitted for clarity.
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doubly unsaturated species to double cyclopropanated species
is ∼25 °C, and the increase for the tri-unsaturated species is 52
°C. This is consistent with the idea that cyclopropanation
decreases the degrees of freedom of the chain, limiting mobility
in the liquid phase and decreasing the entropy of the liquid,
which in turn decreases the enthalpy of fusion and increases
the Tm. Similar effect is observed for the gel-to-liquid-
crystalline phase transition cyclopropane fatty acids.31 When
both fatty acids in a phospholipid bilayer are identical,
cyclopropanated, or unsaturated, the phase transition takes
place at a higher temperature for cyclopropane-containing
bilayers, indicating that they have a lower degree of fluidity. In
contrast, the cyclopropanated moiety still frustrates packing in
the solid phase, resulting in melting points for the cyclo-
propanated species which, though higher than their more
thermally and oxidatively labile unsaturated analogs, are
markedly lower than their saturated counterparts. The same
trend can be observed for cyclopropane fatty acids, which are
more ordered relative to their analogous unsaturated chains
(Table 1). Thus, cyclopropanation of unsaturated lipid-like ILs
plainly provides a means to replace the less stable alkene
modules while still maintaining relatively low melting points.
Even so, there is an outlier from the foregoing trend (2-CP),
which has a melting point 13 °C lower than its unsaturated
counterpart. We postulate that this deviation is likely a result of
the shorter chain in 2 (C16 vs C18 or C20), which results in
the cyclopropyl motif being closer to the end of the chain. This
would then further frustrate packing in the solid phase and lead

to fewer dispersion force interactions due to the shorter chain
length. Like fatty acids, the stereochemistry of the cyclo-
propane ring has a determining impact on the degree of fluidity
of the ILs (Table 1). That is, cis-cyclopropanated ILs (5-CP)
tend to be less ordered than its trans 7-CP isomer with ΔTm of
29.8 °C.
The second trend can be seen by examining the enthalpies

of fusion (ΔSfus) shown in Table 2. We note that the measured
ΔSfus of compounds 8-CP, 9-CP, 10-CP, and 13-CP, all of
which are polycyclopropanated species, are much lower than
values common for similar species or ordered solids in general.
Such values would indicate the possibility of a glass transition
(second-order phase transition); however, the shape of the
DSC curves of these species is more similar to those observed
for a first-order phase transition. To account for this behavior,
we posit that due to frustrated packing in the solid phase, only
a portion of the sample is able to attain its lowest-energy-
ordered structure, with the bulk of the sample adopting a
disordered glassy structure. This, then, results in a sharp
endothermic signal from only a small portion of the sample. To
test this hypothesis, we measured the ΔSfus of a sample of 10-
CP after cooling from a liquid with both high and low cooling
rates (20 and 1 °C/min) to potentially induce different levels
of crystallinity based on the thermal history of the sample. In
doing so, the enthalpies of fusion (ΔHfus) differed by ∼7%,
which is ca. two times higher than the standard uncertainty for
experiments where the thermal history of the samples was the
same (Table 2). Although further study of this behavior is
necessary, this further indicates the presence of significant
packing frustration resulting from the inclusion of cyclo-
propane moieties in these species.
With the new data from this work, we sought to compare the

effect of saturated, unsaturated, cyclopropanated, and thioether
moieties embedded within the long aliphatic chains of the
imidazolium-based ILs as shown in Table 3. We have spent the
past decade studying the effect of structural modifications in
the aliphatic chain framework upon the Tm of IL materials.
Together, the findings provide useful insights on characteristics
and correlations that are consistent with obtaining low Tm
values in salts with lipid-like cation appendages − features that
are not apparent from our earlier studies. For our comparison,
we look at the C18-based ILs with structural differences in the
C9−C10 position of the aliphatic chain as depicted in Figure 5.
Indeed, compared to the relevant saturated IL standards 1, 3,
or 11, cyclopropanation and unsaturation bring about a radical

Table 1. Tm Values for Saturated, ene-Bearing, Cyclopropanated ILs Along with Their Fatty Acid and Methyl Ester Analogs

Tm (°C)

base structure appendage type alkyl/alkenyl (-AL) cyclopropanated (-CP) fatty acid (-FA) methyl ester (-ME)

1 C16:0 46.9 63.5 33.5
2 C16:1, cis 9 −22.0 −35.0 0.5 −33.9
3 C18:0 53.5 69.6 38.9
4 C18:1, cis 6 −2.2 −1.5 29.8
5 C18:1, cis 9 −20.9 −8.6 16.2 −19.6
6 C18:1, cis 11 −9.8 8.3 12.0 −24.3
7 C18:1, trans 9 16.0 21.2 43.7 10.3
8 C18:2, cis 9, 12 −46.8 −27.7 −6.5 −35.0
9 C18:2, cis 9, 11 −48.6 −25.5 22.0
10 C18:3, cis 9, 12, 15 −80.0 −27.8 −11.0
11 C20:0 62.5 75.5 54.0
12 C20:1, cis 11 4.2 7.7 23.5 −34.0
13 C20:2, cis 11, 14 −38.9 −7.5 (Tg)

Table 2. Comparison of Melting Points, Enthalpy, and
Entropy of Fusion Values

compound Tm (°C) ΔH (kJ/g) ΔS fus (J/g K)

2-CP −35.0 ± 0.3 20.1 ± 0.8 84 ± 4
2-ME-CP −36.7 ± 0.2 47.2 ± 0.62 200 ± 4
4-CP −1.5 ± 0.2 37.8 ± 1.5 139 ± 28
5-CP −57.21 2.133 10
6-CP 8.3 ± 0.2 58.6 ± 1.5 208 ± 10
8-CP −27.8
9-AL −48.64 1.74 8
9-CP −25.5 ± 0.5 0.68 ± 0.04 2.7 ± 0.2
10-CP −27.8 ± 0.1 0.61 ± 0.03 2.48 ± 0.12
12-CP 7.7 ± 0.4 55.5 ± 3.4 198 ± 23
13-AL −38.87 1.359 6
13-CP −7.5 ± 0.6 0.71 ± 0.11 2.7 ± 0.6
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Tm decrease on a same-chain-length basis. This effect closely
resembles that observed for the analogous C18 fatty acids and
their corresponding methyl esters. The saturated IL (2-AL)
yielded a Tm value of 53.5 °C while the unsaturated ILs gave
Tm values of −20.9 °C (cis, 5-AL) and 16.0 °C (trans, 7-AL),
which provided ΔTm of 74.4 and 37.5 °C, respectively.
Furthermore, the cis and trans stereoisomers (5-AL and 7-AL)
provide additional insight into the effect of the “kink” for the
starting oleyl methyl ester 5-ME (Tm = −19.6 °C) and the
cyclopropanated methyl ester 5-ME whereas the trans
stereoisomer 7-ME induces only a mild “kink” into the chain
(Tm = 10.3 °C), which mimics the side chain structure of the
stearyl methyl ester 3-ME. Notably, the Tm gap for the
unsaturated/cyclopropanated pairs 4-AL/4-CP, 5-AL/4-CP,
and 7-AL/4-CP are modest (i.e., ΔTm values are 0.7, 12.3, and
5.2 °C, respectively), indicating that the addition of a single

methylene bridge had the same effect on packing, irrespective
of its configuration. As expected, comparison of the IL with the
saturated alkyl chain (3-AL) to its cyclopropanated analog (5-
CP) yields a ΔTm of 62.1 °C, which illustrates the effect of the
cyclopropyl moiety on the packing efficiency and chain order.
Marked differences in the effect of cis- and trans-mono-
cyclopropanated ILs were also observed (vide supra). In line
with our previous observations, the parent fatty acids have
consistently higher Tm than their analogous cyclopropanated
ILs, mostly due to the presence of the bulky asymmetrical
imidazolium headgroup, which prohibits the ILs from
interacting as closely together as the parent fatty acids.
Moreover, incorporation of a thioether linkage into the C18

chain strategically at the 9 position (9[S]) via the thiol−ene
click reaction32 yielded a Tm = 24.5 °C, with a structure similar
to the trans cyclopropanated IL 7-CP (Tm = 21.2 °C). Our
results indicate that cyclopropanated ILs are in general less
ordered than the analogous thioether-functionalized ILs (Table
3). Branching at the 10 position on the previously mentioned
9[S] IL lowers the Tm to 1.9 °C. It is apparent that introducing
branching into a somewhat linear structure of the thioether
linkage provides an intermediate Tm depression, somewhere
between the oleyl-based IL 5-AL and the cyclopropanated
trans IL 7-CP.
Seeking greater insights into structure−fluidity correlation,

we concluded that X-ray studies of a representative cyclo-
propanated IL might provide deeper insight into the nature of
the structure and the influence upon the packing, conforma-
tional preference, and chain order. However, despite
considerable effort, we were unable to isolate a cyclo-
propanated IL in single-crystalline form. Consequently, we
made a cyclopropanated salt with progressively shorter-chained
analog (C6), paired with Ph4B− anion, that was suitably single
crystalline at room temperature for analysis. The salt, 14-CP,
was then studied by X-ray diffraction (Figure 6). The kinking

induced by the cyclopropane is clear, and the overall irregular
side-chain orientations in this cation are likely representative of
their longer-chain counterparts. As can be seen in Figure 7, the
cis cyclopropyl moiety forces a bend within the alkyl chain and
disrupts the long-range packing within the crystalline state.
Further, on examining the X-ray structure, it is visually

Table 3. Comparison of Tm Values for C16, C18, and C20-
Based ILs with Functionalization at Various Locations
Within the Aliphatic Chain

base structure chain length functional group Tm (°C)
1-AL C16:0 46.96

2-AL C16:1 olefin, cis 9−10 −22.06

2-CP C16 cyclopropyl, cis 9−10 −35.0
C16 thioether, 9[S] −2.825

3-AL C18:0 53.56

4-AL C18:1 olefin, cis 6−7 −2.26

4-CP C18 cyclopropyl, cis 6−7 −1.5
C18 thioether, 6[S] −11.325

C18 thioether, 6[S], 7-Me −27.710

5-AL C18:1 olefin, cis 9−10 −20.96

7-AL C18:1 olefin, trans 9−10 16.06

5-CP C18 cyclopropyl, cis 9−10 −8.69

7-CP C18 cyclopropyl, trans 9−10 21.2
C18 thioether, 9[S] 24.525

C18 thioether 9[S], 10-Me 1.910

6-AL C18 olefin, cis 11−12 −9.86

6-CP C18 cyclopropyl, cis 11−12 8.3
C18 thioether, 11[S] 27.025

11-AL C20:0 62.56

12-AL C20:1 olefin, cis 11−12 4.26

12-CP C20 cyclopropyl, cis 11−12 7.7
C20 thioether, 11[S] 22.525

Figure 5. ΔTm relationships among three generations of lipid-like ILs.
The NTf2− anion was omitted for clarity.

Figure 6. Asymmetric unit of compound 14-CP shown with 50%
probability ellipsoids. Labeling shown for clarity. Only the major
portion of the disorder (A) is shown. Carbon = gray; nitrogen = blue;
boron = pink; hydrogen = white.
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apparent that the gauche conformation of the C7−C8−C9−
C11 bonds produce a distinct kinking of the side chain in
which it is incorporated (Figures 6 and 7). While this will, as
demonstrated, lower the melting point, the introduction of
new structural features of ILs also leads to the formation of
new intermolecular interactions. Thus, an examination of the
interactions and local structure of the cation is necessary to
draw out the structural impacts of the introduction of the
cyclopropyl motif to the side chains.
A single cation−anion pair exists in the asymmetric unit of

compound 14-CP (Figure 6). The cation is disordered over
three positions. This disorder, however, does offer insight into
the solution structure of the IL (see Figure S1). First, the
disorder in the alkyl chain of the cation arises predominantly
from changes in the torsion angles of specific bonds. Following
previously established nomenclature,33 moieties A and C exist
in the G/G conformation, while B is in the G′/G′
conformation. These orientations are with respect to the
N3−C7−C8−C9 and C7−C8−C9−C10 torsion angles. These
energetically accessible changes in alkyl conformation, in
conjunction with alkyl flexibility, play a key role in the phase
transitions of ILs.18,34 Second, additional changes in torsion
angles are seen when examining the entire alkyl chain with

respect to the imidazolium headgroup. Specifically, moieties A
and B show an ∼180° rotation of the entire chain, wherein the
cyclopropyl moieties are oriented in different directions
(Figure 7). Thus, the inclusion of the cyclopropyl moiety
does not appear to hinder the rotation of the chain as a whole.
Finally, the ethyl portion of the chain, that is, C12 and C13,
also shows distinct orientations. Three orientations of the ethyl
group, with respect to the cyclopropyl moiety, are observed.
Moiety A has a C9−C10−C11−C12 torsion angle of 81°, B is
148°, and C is −158°. In summary, three orientations of the
alkyl chain are observed at multiple strategic points in the
chain. These readily accessible torsion angles and chain
conformations contribute to the lower lattice energy for the
compound, decreasing the melting points of these ILs. It
should be noted that the size of the anion is theorized to
influence the orientation of the alkyl chains in ILs, and thus,
changes are expected when contrasting the crystal (BPh4−) vs
the Tf2N− analogs.35

An initial theoretical validation of the concept was provided
by the computational study of the molecular structure of the
14-CP. Only the major portion of the disordered cation was
optimized using the Spartan’20. Table 4 compares bond
distances of the optimized and experimental structures, while

Figure 7. Packing diagram of compound 14-CP (top). Packing diagram viewed down the crystallographic b axis of just the cation. Disorder
omitted for clarity (bottom).
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Figure S2 shows an overlay of the two structures highlighting
the similarities in the two. It is well understood, however, that
the structures within a crystal may not be at a global energy
minima. Thus, we searched for the low-lying conformers to
gain a better understanding of the different geometries this

cation may adopt. The seven lowest-energy conformers are
shown in Figure 8 (I−VII). These conformers were chosen
given that the change in energy between the conformers is ∼5
kJ/mol, promoting flexibility within the lipid chains.
Several noteworthy observations are made regarding these

theoretical structures. First, the two lowest-energy conformers
are related by a simple rotation of the imidazolium ring, with
the C2−H moieties oriented 180° with each other. Curiously,
despite this simple change in orientation, II is slightly higher in
energy than I (ΔE1−2 = 1.53 kJ/mol). This does help explain
the observed disorder in the crystal; however, wherein two
portions of the disorder are related by the rotation of the ring.
Second, conformational changes in the pendant ethyl chain of
the cation are a point of distinction for several conformers
(e.g., III vs IV). Again, the theoretical studies mirror what is
observed experimentally with the disordered moieties in the
crystal. Third, the alkyl chains in all of the conformers are in
either the G or G′ conformation, as observed in the crystal.
Finally, conformer V is closest in overall structure when
compared to the experimentally observed cation, with respect
to the major portion of the disorder. Conformer VII matches
well with the disordered portion C of the cation. Thus, the
conformations found in the crystal are likely not the lowest
energy. Based on these results, it is likely that many closely

Table 4. List of the Bond Distances of the Optimized and
Experimental Structures of 14-CP

bond experimental calculated difference

N1−C2 1.322 1.332 −0.010
C2−N3 1.338 1.329 0.009
N3−C4 1.370 1.377 −0.007
C4−C5 1.360 1.358 0.002
C5−N1 1.387 1.378 0.009
N1−C6 1.459 1.466 −0.007
N3−C7 1.472 1.475 −0.003
C7−C8 1.526 1.528 −0.002
C8−C9 1.502 1.512 −0.010
C9−C10 1.520 1.516 0.004
C9−C11 1.507 1.508 −0.001
C10−C11 1.504 1.502 0.002
C11−C12 1.497 1.512 −0.015
C12−C13 1.527 1.527 0.000

Figure 8. Seven lowest-energy conformers of the cation of compound 14-CP. Values shown depict the relative change in energy when compared
with the lowest-energy conformer (I).
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related conformers are present in the liquid state of 14-CP, an
important feature leading to the depressed melting point of
these ILs. In particular, conformers I−IV show a distinctive
arrangement of the cyclopropyl moiety with respect to the
imidazolium core when compared with the crystalline
molecules. This points to the possibility of rotation around
this portion of the chain, albeit partially restricted due to the
cyclical geometry.
To further understand the crystal structure and the

interactions observed therein, we calculated the electrostatic
potential map (ESP)36 of the optimized structure (Figure 9).
The features of the ESP are similar to other previously
reported structures.37 The cation shows the most positive
regions of the surface with all three aromatic hydrogens being
positive. C2−H is the most positive with Vs,max = 530 kJ/mol,
as expected. Further, the aliphatic hydrogens near the
imidazolium ring, C6 and C7, are also regions of positive
density, accounting for some of the shorter hydrogen
interactions observed in the crystal (vide infra). Finally, the
tail-end of the alkyl chain and the cyclopropyl moiety are the
more negative regions of the calculated ESP. This helps explain

the discussed cation−cation interactions observed in the
crystal (vide supra).
While the local geometry of the cation provides useful

information, the packing and long-range order of the crystal
give relevant information with respect to interionic inter-
actions. Examining the packing diagram for 14-CP reveals
several notable features. First, the cation as a whole is
surrounded by seven BPh4 moieties (see Figure S3). Five of
the anions surround the imidazolium ring, and the remaining
two interact, predominantly, with the alkyl chains. Second,
there are no π−π interactions between cations or anions, an
important packing motif in imidazolium ILs.38 Third, a close
inspection of the images in Figure S3 reveals two regions near
the cyclopropyl moiety in which cation−anion interactions are
not observed. In fact, these atoms interact with symmetry
adjacent cyclopropyl moieties of other cations.
Two cation−cation interaction motifs are observed when

examining the interactions arising from the cyclopropyl moiety
(Figure 10). These interactions arise from the different
conformations of the alkyl chain (crystallographic disorder).
The interactions can best be described as a side-on interaction
with the cyclopropyl moiety and a face-on interaction. In both

Figure 9. Cation of 14-CP mapped with the ESP. The two views show the different angles of the compound for clarity.

Figure 10. Depictions of the side-on (top) and face-on (bottom) interactions arising from the cyclopropyl moiety of the cation. Depictions with
the van der Waals radii spheres are provided to show the H···H interactions.
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cases, the interactions are between the hydrogen atoms of the
rings, accounting for a portion of the H···H interactions
observed in the fingerprints (vide infra). These interactions
with the cyclopropyl ring complement the computational
studies, which revealed negative ESP in this region of the alkyl
chain (vide supra).
To further examine the packing of the compounds, the

crystalline voids were calculated and visualized (Figure 11).
The total volume of the crystalline voids was found to be
160.72 Å3 or 5.6% of the unit cell volume. Voids are located
predominantly near the faces of the Ph4B− anion. This follows
the previous observation on the lack of any notable π−π
interactions in this structure. Additional voids are also seen
above the face of the imidazolium ring. The lack of cation π
interactions is significant, given the proposed importance of
these interactions within ILs.39,40 However, it is likely that due
to the bulky nature of the Ph4B− anion, efficient packing
maximizing these π interactions is not achievable.
Hirshfeld surface analysis allows for a deeper understanding

of the exact interactions present in the crystalline state.41 While

the overall interactions in the crystalline state of ILs are
dominated by Coulombic interactions, other noncovalent
interactions do play a role in the formation of the structure,42

particularly with respect to directional interactions (e.g.,
hydrogen bonding, σ-hole interactions, etc.43). Further, these
interactions will be present in the liquid state as well,44 thus
knowledge of specific interactions can help find specialized
applications for our compounds. The interaction fingerprints
are shown in Figure 12, and the Hirshfeld surface mapped with
dnorm, shape index, and the fragment patch are shown in Figure
13.
Several important observations are made when examining

the results of the Hirshfeld surface analysis. First, H···H
interactions are the dominant noncovalent interactions within
this crystal. Overall, hydrogen interactions account for almost
96% of the interionic interactions. This is expected, of course,
given the composition of both the cation and anion. The
geometries and nature of these H interactions are important;
however, the remaining nonhydrogen interactions, 4% of the
total interactions, are residual close contracts with carbon or

Figure 11. Depiction of the void space within the crystal of compound 14-CP. Disorder omitted for clarity within the image, but accounted for
with the calculation of the voids.

Figure 12. Complete fingerprint of the cation from compound 14-CP (left). Fingerprint showing the reciprocal H···C|C···H interactions of the
cation (middle). Fingerprint showing the H···H interactions of the cation (right).
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nitrogen atoms. Second, the dispersed regions of interactions
on the periphery of the fingerprint are a consequence of the
disorder of the alkyl chain. However, the dispersed points at
the top right of the shape (di ≈ de ≈ 2.5 Å) are likely a
consequence of inefficient packing of the ions.
Examining the specific hydrogen interactions, that is, H···C,

H···N, H···H, offers insight into the classification of
interactions present. While no π−π stacking is observed,
H···π interactions are present. These are represented by the
H···C|C···H fingerprints (Figure S4). These H···π interactions
account for 22.0% of the interactions. Close inspection of the
fingerprint reveals an asymmetric shape of the plot. While
some of this is due to the disorder, the interactions between
different moieties are also present. For example, the upper
region of the figure (di = 1.0 Å, de = 1.7 Å) is due to,
predominantly, H···π interactions arising between the cation
and anion (see Figure 10). Close inspection of Figure 10
reveals that all the aromatic hydrogens on the cation interact
with symmetry adjacent π systems. Additionally, the methylene
and methyl hydrogens on C6 and C7 are also interacting. This
follows from the ESP discussion wherein the hydrogens on
these carbons (e.g., C2−H, C4−H, C5−H, C6−H, C7−H)
have the most positive potential.

Interactions arising from the cyclopropyl moiety involve
both cation···cation and cation···anion interactions. As
discussed previously, the cyclopropyl moiety does interact
with the other cations through H···H interactions. These
interactions are visualized as the four blunted spikes near the
bottom left of the H···H fingerprint (di ≈ de ≈ 1.0 Å).
Additional H···H interactions are observed between the
cyclopropyl hydrogens and the anions. A depiction of these
interactions is shown in Figure S5.

■ EXPERIMENTAL SECTION
The detailed synthetic procedure and the crystallographic and
computational methods used in this work were described in
the Supporting Information.

■ CONCLUSIONS
In this study, we demonstrated that ILs with long alkyl
appendages respond to side-chain modification�specifically
cyclopropanation�in a manner that mimics the mechanisms
that underlie homeoviscous adaptation in living organisms.
The introduction of the cyclopropyl moieties as the basis for
developing new lipid-like ILs provides key insights into
features that are consistent with achieving high fluidity in
such materials, ones that are not evident from our previous

Figure 13. From top to bottom, the Hirshfeld surface of the cation from compound 14-CP mapped with dnorm, shape index, and fragment patch.
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research. Comparison of the melting points of cyclopropanated
ILs, saturated/unsaturated ILs (representative first-generation
lipid-like ILs), and their ersatz fatty acids vs the structural
variation among them allowed us to readily identify the key
structure−property (Tm) relationships. The present data in
Table 1 reveal distinct melting point depression and packing
disruption in lipid-like ILs, based on the strategic introduction
of the cyclopropyl motifs into the aliphatic side chain, although
except in one case (2-CP), the degree of melting point
depression (relative to saturated and unsaturated reference
compounds) as great as that evoked by unsaturation.
Interestingly, the Tm of 2-CP (having the lowest, cf. “best,”
Tm among the cyclopropanated ILs) with its C16 side chain is
13.0 °C lower than its unsaturated counterpart 2-AL (the
“best” olefinic IL). In line with previously studied olefinic ILs,
the cis cyclopropyl motif in the side chains of the new salts is in
fact the most powerful downward driver of Tm, relative to the
trans isomer, although sub-ambient Tm values (e.g., 7-CP, 21.2
°C) can still be achieved.
Using X-ray crystallography and computational approaches,

we found that cyclopropane-functionalized ILs tend to increase
the fluidity of ILs by interfering with packing, forming gauche
defects, and decreasing the chain orders. Within the crystal
structure examination, it was found that multiple interaction
motifs arising from the cyclopropyl moiety are evident;
specifically, a face-on and side-on set of interactions between
symmetry adjacent hydrogens. As a whole, however, the
addition of a cyclopropane moiety follows previously observed
trends for interactions arising from ILs. Remarkably, computa-
tional studies predicted that the room-temperature population
of the gauche conformers ought to collectively comprise ca.
100% of the total conformer population around this linkage.
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