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Triphilic lonic-Liquid Mixtures: Fluorinated and Non-
fluorinated Aprotic lonic-Liquid Mixtures

Oldamur Holléczki,® Marina Macchiagodena,” Henry Weber,” Martin Thomas,™
Martin Brehm,® Annegret Stark, Olga Russina,” Alessandro Triolo,” and

Barbara Kirchner*®

We present here the possibility of forming triphilic mixtures
from alkyl- and fluoroalkylimidazolium ionic liquids, thus, mac-
roscopically homogeneous mixtures for which instead of the
often observed two domains—polar and nonpolar—three
stable microphases are present: polar, lipophilic, and fluorous
ones. The fluorinated side chains of the cations indeed self-as-
sociate and form domains that are segregated from those of
the polar and alkyl domains. To enable miscibility, despite the
generally preferred macroscopic separation between fluorous

1. Introduction

lonic liquids (ILs)!" continue to be an exciting research topic
because of their inherent wide chemical variety, which allows
an unimaginable amount of new features to be discovered.”?
One of the characteristic properties of ILs is their nanostruc-
ture, which was first observed from theoretical studies.** In
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and alkyl moieties, the importance of strong hydrogen bond-
ing is shown. As the long-range structure in the alkyl and fluo-
roalkyl domains is dependent on the composition of the liquid,
we propose that the heterogeneous, triphilic structure can be
easily tuned by the molar ratio of the components. We believe
that further development may allow the design of switchable,
smart liquids that change their properties in a predictable way
according to their composition or even their environment.

subsequent experiments, microheterogeneity was proven by
a low-g peak in the X-ray scattering of imidazolium-based ionic
liquids.®

Another exciting research field of ILs are their mixtures,'
which promise tuning of the properties by mixing different ILs
with different desired properties. Macroscopically, several in-
vestigations have revealed nearly or even completely ideal
mixing behavior for most of the systems.”'? Although, on one
hand, ideality makes the tuning of the properties of IL mixtures
easier, novel properties are difficult to achieve, as the charac-
teristics change between the extremes of the pure compo-
nents. However, considering (especially local) microscopic
structures,' deviations from ideality can be detected. This
has been confirmed by optical Kerr effect spectroscopy" and
theoretically by classical™® and ab initio"*'* molecular dynam-
ics (MD) simulations. Furthermore, the non-ideal mixing behav-
ior of hydrogen bonding in mixtures of protic ILs has been
studied by far-IR spectroscopy measurements supported by
MD simulations by the Ludwig group."” In another article, a de-
tailed MD analysis is given for the non-ideal mixing behavior
explained by simple lattice models.""”

Thus, despite this often observed ideal macroscopic mixing
behavior, several exciting applications are possible for which
preferential solvation by, for example, hydrogen bonding gives
rise to non-additive effects, which may lead to improvements
in the performance of the given ILs relative to that of the pure
components."”

Beside mixing, the interesting features of ILs can also be al-
tered by their functionalization."®'¥ Many examples such as
cation variation by ether,??" amide, nitrile,”” alcohol, or
alkene functionalization of the side chain but also chirality™®
have appeared in the literature. Amongst the several possibili-
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ties, fluorination has also been examined.”” Previously, we in-
vestigated fluorinated aprotic ionic liquids (FAILs),*>? for
which we showed that nanosegregation is enhanced upon flu-
orination,” but beside the effect of the size or the remaining
properties of the side chain, the nature of the anion also influ-
ences the microheterogeneous structure. Furthermore, we
were able to show that our newly developed domain analysis
tool implemented in our free software TRAVIS®” aids in under-
standing microheterogeneity in greater detail ¥ that is, we
were able to quantify the two nanophases (i.e. polar, nonpolar)
and the triphilic systems (i.e. polar, alkyl, and fluorous) of fluori-
nated imidazolium-based ionic liquids.®

Fluorination, in general, is especially interesting in the con-
text of (macroscopically) biphasic systems containing a fluorous
phase, introduced as a new concept in 1994 by Horvath and
Rabai.?® The underlying principle of the fluorous biphasic sys-
tems is based on the tendency of fluorous media to form a sep-
arate phase, which can be highly advantageous in the separa-
tion of the components. Owing to structural changes, many
examples are witnessed, in which fluorination—often based on
the gauche effect®*%—has a tremendous effect in organoca-
talysis.®"*? Furthermore, material design by fluorination is
a hot topic in liquid-crystal research,*® for which it is applied
in liquid crystal displays.®** Next to these interesting chemical
applications, modification of the macroscopic properties is ach-
ieved by (per)fluorination, such as by increasing the density
and viscosity in the case of hydrocarbons,” whereas the
vapor pressure increases and boiling points are lowered de-
spite the higher molecular weight. (Per)fluorination results in
low surface tension and a high capacity for dissolving gases.
These new materials show low intensity interactions with non-
fluorinated organic compounds, and they are inert both chemi-
cally and biologically. Owing to their very strong C—F bonds,
an increase in rigidity and a decrease in polarity can be ob-
served, which in turn provides high solubility and low-energy
requirements for expelling the molecules and regenerating the
solvent upon a decrease in pressure or/and an increase in tem-
perature.®%

Having observed a separate macroscopic fluorous phase in
molecular liquids,”® it is logical to assume that fluorinated
ionic liquids form a fluorous microphase, similar to the above-
discussed domains built of non-fluorinated alkyl chains, but
these domains do not mix with that formed by the alkyl side
chains.®”?? Indeed, a few articles suggesting the nanostructur-
ing of the fluorous moieties were recently published.®**® Rus-
sina et al. showed that fluorous phases in FAILs exist from X-
ray and NOE NMR spectroscopy data.?” For this purpose, espe-
cially cations with short side chains were chosen, combined
with the (nonafluorobutanesulfonyl)imide or (trifluoromethane-
sulfonyl)imide anion.

Pereiro et al., on the other hand, used differential scanning
calorimetry, rheology, and MD simulations to analyze two fluo-
rinated ILs, namely, 1-hexyl-3-methylimidazolium perfluorobu-

tanesulfonate and tetrabutylammonium perfluorobutanesulfo-
[36]

nate.”® Recently, MD simulations of fluorinated protic ionic lig-
uids®® indicated the existence of high structural heterogenei-
ties.’
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Whereas the triphilic microheterogeneity that arises from
the side chains of the anions and the cations already shows—
as mentioned above—significant potential in nanotechnology,
they are limited by the fact that the two phases can be built
up only in a well-defined ratio, as the molar ratio of the two
ions must always be 1:1 to maintain charge neutrality. Accord-
ingly, the sizes of the domains—and therefore the degree of
microheterogeneity and triphilicity—can only be tuned by al-
tering the length of the side chains and the degree of fluorina-
tion, which are predetermined already at the synthesis of the
IL. However, it might be desirable, for example, in a synthetic
application to switch between the triphilic state and the
normal dual-character (polar-nonpolar domains) state of ILs in
a manner similar to that described by Horvath and Rabai,*®
namely, the ability to switch between a one-phase mode and
a fluorous biphasic system could be important for cases in
which mass transfer between phases is rate limiting. Indeed, in
such a case the structure, physicochemical, and solvation prop-
erties can be affected to a significant extent, which results in
the ability to design smart liquids that can be switched easily
if desired. Thus, it would be a significant leap forward in the
application of such smart materials if the domains, thus, the
degree of separation, or the sizes of the different phases could
be altered or even switched by a much less involved way, for
instance, by simply changing the temperature or by mixing flu-
orinated and non-fluorinated ILs. In the present paper, we in-
vestigate FAIL and IL mixtures of different mole fractions and
at different temperatures (for the cation compounds, see
Figure 1). We try to understand the degree of structuring from
these approaches and whether it is possible to influence them.

Figure 1. Atom labeling of the ions used in this work: a) [C,C;Im]* and
b) [(Cp)sC,CqIm]*; bromide was chosen as the anion (not depicted).

Computational Methodologies and
Implementation of Structure Factor

The details of the molecular dynamics simulations as well as some
resulting quantities can be found in the Supporting Information.

Calculation of the theoretical structure factors I(g) was implement-
ed in TRAVIS® according to Equation (1):
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with the partial structure factors [Eq. (2)]

sin(qr)

ar dr (2)

Hy(q) = 47, / ™ P(gy(r) — 1)

In these equations, r and g denote the distance and the wavevec-
tor modulus, respectively. The indices i and j run over the N differ-
ent atom types in the simulation, x; is the mole fraction of atom
type i, f{(q) is the atomic scattering factor of atom type /i, and g;(r)
is the radial distribution function of atom types i and j. The
number density of atoms in the simulation is denoted by p, and
I'max 1S the maximum sampled distance in the radial distribution
function. The structure factors can be normalized to obtain Equa-
tion (3):

__ la)
S(q) = (ﬁxi:(q))z 3)

or Equation (4):
(4)

both normalizations are implemented in TRAVIS.?” Previously,“” it
was shown that 300 ion pairs are enough to reproduce all features
above 0.24 A~". However, as the scope of this work lies in the low-
q region, we included two simulations at 423 and 300 K with 1024
ion pairs (see Table S1 in the Supporting Information), which still
might be a critical number in terms of quantitative data.

2. Results
2.1. Mixing Alkyl- and Fluoroalkyl-Substituted ILs

Whereas the formation of triphilic structures has been previ-
ously observed and reported, any potential application of the
so-far investigated ILs might be limited, as the extent of the
segregation and the sizes of the different domains is predeter-
mined at the stage of synthesis by the length of the alkyl (at
the cation) and fluorinated (at the anion) side chains, as the
ratio of the two functional groups is a constant 1:1. If, howev-
er, we could create such triphilic mixtures of the aforemen-
tioned FAILs and ILs, the microheterogeneous properties could
also be altered and controlled by the molar ratio of the two
liquids. This, however, requires that the two liquids are miscible
to a reasonable extent, which is far from trivial.“*” Whereas the
idea of triphilicity is based on the general separation of hydro-
carbons and fluorous solvents, this very property can also limit
the miscibility of FAILs and ILs,*" because differences in struc-
tures of either the anion or cation that are too large can give
rise to two distinct macroscopic phases.*”” Merrigan and Davis
reported that the miscibility of partly fluorinated ionic liquids
of the type [(C;),C,C,,Im][PFs] with n=6 or 8 and m=1 or 4 in
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Table 1. Miscibility of FAILS with ILs.

Entry FAIL IL T Solubility Ref.
[K] [mol %]

1 [(CReC,CiIMIIPFe]  [CoCiImI[PF4] 293 <1 [24]

2 [(CR)sCCyImIM [CeC,ImIIN 352 >35 el

3 [(CeCCIMIIPF]  [CGyImIITEN] 293 >10 -l

4 [(CPeC,CIMIIPFG]l  [C,C,ImI[TH,N] 293 >10 -~

[a] Unpublished results.

the non-fluorinated 1-hexyl-3-methylimidazolium hexafluoro-
phosphate ([C,C,Im][PF]) is surprisingly low (=0.3 wt.%).*" In-
terestingly, in contrast to the previous findings, our qualitative
results (Table 1) demonstrate that certain FAILs possess satisfy-
ing solubility in their non-fluorinated analogues.

Although from this preliminary data it is difficult to obtain
any deep insight into the factors that control miscibility, it still
suggests that—beside the clear effect of temperature,“” which
affects largely the miscibility of fluorous compounds with
other substances®—there must be a delicate interplay be-
tween hydrogen-bond donor/acceptor interactions, Coulombic
interactions, and dispersion interactions. To understand the
low solubility of the hexafluorophosphate-based ionic liquids
(Table 1, entry 1), the way in which ILs mix should be kept in
mind. Ideal mixing is observed for ions that feature similar
properties in terms of size, steric demand, and ability to under-
go interactions with other cations or anions.”’ In fact, ideal
mixing in the strict sense requires that the overall enthalpy of
mixing is zero. Consequently, the sum of any newly formed in-
teractions in the mixture, irrespective of their type (e.g. Cou-
lombic, hydrogen bonding, dispersion), is equivalent to the
magnitude of interactions present in both pure ionic liquids.
[C,C,Im][PF,] is an isotropic liquid above its melting point,'*?
that is, a nonstructured liquid with relatively weak C2-H--[PF]~
hydrogen bonding™*? and normal alkyl-alkyl interactions
owing to the chain length of six units.*>*? [(C;),C,C,Im]* has
the same polar moieties, and therefore it similarly features few
hydrogen-bonding interactions and a very high degree of fluo-
roalkyl chain dispersion interactions.

To obtain a macroscopically homogeneous solution, some
interactions must exist to overcome the phobicity of the two
different side chains. Thus, some linking cross interactions—
implying interactions between the subunits of the two differ-
ent liquids—must be possible either between the side chains
or between the polar groups, which then allow interconnec-
tion of both liquids with a fluctuating network, that is, either
dispersive forces or hydrogen bonding. However, as the fluori-
nated groups generally segregate or even separate from non-
fluorous moieties,”® solubility can only be achieved if the inter-
actions between the polar groups enable the demixing effect
of the mismatch between the side chains to be overcome. Ac-
cordingly, an extended hydrogen-bonding network must exist
that would allow the cross interactions that are necessary for
mixing. Given that the hydrogen-bonding ability depends
strongly on the anion, by substituting the hexafluorophos-
phate with, for example, a halide (e.g. bromide, iodide)
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anion—which are known to exhibit strong hydrogen-bonding
interactions through the C2—H moiety™**~*—a mixed attrac-
tive interaction is introduced, and a counter balance to the
phobicity between the fluoroalkyl and the alkyl side chain is
given, which leads to (at least partial) miscibility. From this per-
spective, however, the solubility observed for the systems of
entries 3 and 4 in Table 1 is intriguing, as the strength of the
hydrogen bonds between the bis(trifluoromethylsulfonyl)imide
anion ([Tf,N]") and the acidic ring protons are under heavy
debate.®**¥ The [Tf,N]~ anion is observed to be almost as poor
a hydrogen-bond acceptor anion as the [PFg~ anion, and
hence, the counter-balancing attractive interaction seems to
be absent and little solubility should be achieved. On the
other hand, the large, flexible, and fluorinated [Tf,N]~ anion
might be capable of interacting with the fluoroalkyl chains (es-
pecially given that the fluorinated anion is introduced by the
pure alkyl species, see Table 1), similar to the bis(pentafluoroe-
thylsulfonyl)imide anion ([Pf,N]") presented in Ref.[26],
which—as an alternative to the cross-IL hydrogen bonds—acts
as a bridge between the two ionic liquids, leading to partial
miscibility.

2.2. Densities

Comparing our simulated density (1.11 gcm™) of [CyC,Im][Br]
(see Table S1) to the one available at 300 K,** we find better
agreement (5% deviation) with the experiment (1.17 gcm™)
than previous simulations.® This might be due to the different
charges or our smaller system size, which allow longer periods
of equilibration. The simulated densities (see Table S1) increase
with increasing fluorine content, as observed by both previous
simulations®®?*! and experiment.®”

For the characterization of the physical chemical properties
of mixtures, discussing the density is generally a good starting
point, because it contains valuable information about the
packing effects and cross interactions within the system. Devia-
tion from the ideal densities can be expressed by the excess
molar volume (V). In non-fluorinated binary ionic liquid mix-
tures, positive V£ values are usually found,” except for a few
counter examples.®® The V& values are generally small
(<0.1%), which indicates only slight structural rearrangements
upon mixing,"”’ whereas somewhat larger values (0.1-0.5%) are
obtained if the cations or anions are very unlike, for example,
the alkyl chains are of very different lengths or the nature of
the cations or anions are quite dissimilar. This has been as-
signed to nanosegregation by a combined molecular dynam-
ics/attenuated total reflectance IR spectroscopy study.”*'?

In the present case, deviations in excess molar volume of up
to —0.9% (Figure 2) are observed, which are notably higher
than the values reported in experimental studies of other
jonic-liquid mixtures. However, taking into account the ex-
treme dissimilarity of the ions involved, this is not surprising.
The obtained simulated densities are higher than ideal in most
cases (VF values are negative, see Figure 2). The negative V£
values indicate that the packing is more efficient and that the
sum of favorable interactions is larger than that in the neat ILs.
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Figure 2. Top) Excess density and bottom) excess molar volume at different
temperatures plotted with percentage of FAIL ([(C;)sC,C,Im][Br]) in IL
([CsCyIm][Br).

This corresponds to favorable cross interactions that assist mis-
cibility.

2.3. Structure Factor

Experimentally, the structure factor provides evidence for the
long-range ordering of ILs with microheterogeneous struc-
tures; therefore, it is mandatory to predict it theoretically for
our systems as well. The structure factor calculated for the 260
ion pair data at 300 and 423 K agrees well with the experimen-
tal data for pure [CC,Im][BrI®® (see Figure 3, top), given that
the cell consists of only 260 ion pairs. We observe peaks at g=
5.4, 3.6, 1.5, and 0.27 A", whereas the experimental values®
are located at g=5.8, 3.7, 1.6, and 0.29 A~" for pure [C4C,Im]
[Br]; the peaks at g=0.27 (calcd) and 0.29 A~" (exptl) are char-
acteristic of the aggregated side chains in microheterogeneous
ILs. It was shown that by increasing the temperature a sizable
shift to lower g values might be observed,”” which is also ap-
parent upon comparing the gray solid (423 K) and black
dashed (300 K) curves in Figure 3, top.

To discuss microheterogeneity itself, in Figure 3, bottom, the
structure factor of the 50:50 mixture for the large system at
423 K is depicted. Most interestingly, we observe a double
peak in the low g region at 0.45 and 0.25 A" (see left side of
Figure 3, bottom), instead of the single peak at g=0.27 A~" ob-
served in experiments on ILs with microheterogeneities.” This

© 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Top) Comparison of experimental (300 K) and calculated (300 and
423 K) structure factors from Equation (4) for pure [C;C,Im][Br]. Bottom) S(q)
as calculated from Equation (4) of 1024 ion pairs [C;C,Im][Br] mixed with
[(Cr)sC,CyImI[Br] in a 50:50 ratio at 423 K. The graph shows the low-q
double-peak between 0.1 and 0.6 A",

surprising result indicates that two different kinds of meso-
scopic phases are present, and hence, these peaks are most
likely to be associated with separate fluorous and alkyl phases.
This double peak, as detected previously as well,*® might
serve as another indication that the prepeak really fingerprints
side-chain aggregation and is
not only due to cation anisotro-
py (for a detailed discussion, see
Ref. [40]).

In the bottom panel of
Figure 3, the 1024 ion pair 50:50
simulation also exhibits a promi-
nent peak at g=1.5A" (exptl:
g=16A") next to the two
smaller ones at g=0.25 A~" and
045 A" (the structure of the
liquid with increasing FAIL con-
tent is given in the Supporting
Information). Altogether it is dif-
ficult to establish any general
trends in the changes in the
peak positions with altering
mole fraction.
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2.4. Structure Depending on Mole Fraction

To investigate the structure in terms of the three phases (i.e.
polar, fluorous, and alkyl), the radial distribution functions of
[CeC,Im][Br] and [(Cp)sC,CqIm][Br] together with their mixtures
were analyzed. Given that these systems are characterized by
long side chains, microheterogeneity is observable, and the
bromide anion should also ensure a strong hydrogen-bonding
network. The radial distribution functions (RDFs) corresponding
to the C2—H2--Br hydrogen bonding at 423 K are shown in the
Supporting Information. The details will not be discussed here,
because hydrogen bonding in ionic liquids in general™**=3
and upon fluorination® has been analyzed elsewhere. Hydro-
gen bonding between the ring protons and the [Br]™ anion is
strongly observable in all systems. Independent of the fluorous
content, hydrogen bonding appears to be similar, which sug-
gests that the basic structure around the cationic head
groups—so in the polar domains in general—is mostly unaf-
fected by fluorination of the side chain and by the molar ratio
of the two ILs. The location of the first, sharp peak is always at
approximately r=290 pm, followed by a strong second peak
at approximately r=630 pm, which corresponds to the other
hydrogen bonds formed by the same cationic ring at the 4,5-
positions. These hydrogen bonds also show prominent first
peaks in the corresponding RDFs in the case of imidazolium-
based ILs.***->3 Owing to the presence of these multiple hy-
drogen-bonding interactions, the existence of an extended hy-
drogen-bonding network can be surmised. The peak heights
slightly, but monotonously, become larger as the molar ratio of
the FAIL increases, which indicates that the higher fluorine
content leads to stronger hydrogen bonds within both the
FAILs and the ILs, although it has to be noted that the slower
dynamics, namely, the higher viscosities, can also induce such
effects, which was also reported for FAILs.?”!

In Figure 4 representative snapshots of [C4C;Im][Br] mixed
with [(Cp)¢C,C,Im][Br] are depicted for different compositions. It
is clear that the fluorinated system shows more microhetero-
geneity than the parent ionic liquid (compare snapshots of

Figure 4. Grayscale snapshots of [CsC,Im][Br] mixed with [(C;)¢C,C,Im][Br], simulated at 300 K. The percentage of

the FAIL is indicated by the number below each system. For a colored snapshot see the Supporting Information.

ChemPhysChem 2015, 16, 3325 -3333 www.chemphyschem.org

3329  © 2015 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim


http://www.chemphyschem.org

:f@} ChemPubSoc

CHEMPHYSCHEM

* Europe Articles
3 The second shell peaks of the
- 300 K Sertt Ciorm—Cierm RDFs were also con-
2.5 B 3 T sidered to characterize longer
o|- B 28;:32 range nanostructuring. For the
R - 2 80% F/ FH mixtures we find that at 423K
5 15 B oA the fluorous side chain always
_ == provides the largest second shell
1__ 1= \r—\ peak, independent of the com-
05+ L position. In terms of composi-
B T . tion, at the 50:50 and 20:80 mix-
800 400 600 800 1000 1200300 400 600 800 1000 1200 tures the largest second neigh-
r/pm r/pm bor peak is provided by the FF
3.2 [ ] 3.2 [ i function followed by the mixed
3 -1 3 — peak (FH) and by the HH peak.
2.8_— J.8F _- At the 80:20 fluorous content,
g - - / the mixed peak is only as strong
@ L o L - as the HH peak, and both are
x 24 24 ] weaker than the FF peak. This is
g 2.2.-———‘\‘// — o2 — slightly different at 300 K. Al-
S oo FF J S J though the FF second shell peak
S FH - S - is always more intense than the
1.8 " T A—A HH L 1.8 A T T L HH peaks, the mixed interaction
0 20 40 60 80 100 O 20 40 60 80 100 seems to be more pronounced

composition composition

Figure 5. Selected radial distribution functions (left: 423 K, right: 300 K) of [C¢C,Im][Br] mixed with [(C;)sC,C,Im]

[Br]. FF indicates the Cim—Cierm function from the fluorinated side chains and HH indicates the Ci;—Cierm function
from the alkyl side chains, and FH indicates the Cim—Cierm function in which one carbon atom stems from the flu-
orinated side chain and the other one from the alkyl side chain. Bottom) Peak height plotted against the composi-

tion of the system. For color figures, see the Supporting Information.

compositions 0 and 100% in Figure 4). It is also apparent that
the mixtures show microheterogeneity; however, the degree
to which it occurs has to be determined from a more quantita-
tive function. At first glance, it is also clear that the polar moi-
eties and the side chains are segregated, and—in accordance
with the previous results®—this segregation is more domi-
nant in the FAILs. Most remarkably, especially in the middle of
the concentration range, the triphilicity is clearly visible,
namely, in the 40-60% interval the alkyl, fluorous, and polar
domains clearly form separate clusters in the simulation boxes.
After having seen the triphilicity in a qualitative way, the
Cierm—Cierm RDFs were calculated (see Figure 5: left for 423 K
and right for 300 K). The most striking feature of these curves
is that the first peaks do not change in height monotonously
towards the larger FAIL contents. At both simulation tempera-
tures, the strongest first neighbor interaction—at least for the
fluorinated cation—is given approximately at the 50:50 mix-
ture (Figure 5, bottom). From these data it is again apparent
that the fluorinated side chains at any given composition
always stick more together than the alkyl groups (compare FF
and HH functions in Figure 5, F: fluorous; H: alkyl). The mixed
interaction (FH curves, Figure 5) between the fluorous and
alkyl side chain is always higher than the self-interaction of the
alkyl side chain. At one composition (80:20) and temperature
(300 K), the mixed interaction is even slightly more pro-
nounced in the first peak height than the FF interaction.
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than FF interaction at 50:50 and
very weak at high fluorous con-
tent (80:20). The alkyl second
peak is almost not present at
low (20:80) fluorous content. All
this information shows that the
long-range structure is signifi-
cantly influenced by the molar
ratio of the two components, which clearly suggests the possi-
bility of tuning the structure and/or the behavior of the
system by mixing.

Faround H
self H around H
+around H

@@ self Faround F
10 H around F
+around F
| F around +
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sl
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= S _ — —
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Figure 6. Neighbor count from Table 2 plotted against the composition of
[CsC,Im][Br] mixed with [(C;)sC,C,ImI[Br]. F: “Fluorous”; H: “alkyl”, +: “ring”
moieties. Black: neighbor count around “alkyl”, dark gray: neighbor count
around “fluorous”, light gray: neighbor count around polar “ring” groups.
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Table 2. Domain analysis at 300 K.©!
System Fluorous Alkyl Ring Anion Domain count D-Vol [A%] D-Surf [A%] Qe
fluorous 20:80 2.1 6.6 6.8 33 13.3 1090.9 902.9 0.51
50:50 5.1 43 59 29 1.1 352423 215844 0.13
80:20 74 1.6 59 2.8 1.0 58423.8 26288.7 0.15
FAIL 9.2 - 55 2.7 1.0 745239 24086.9 0.21
alkyl IL - 6.8 6.4 3.2 1.0 47800.1 26340.6 0.12
20:80 1.6 54 6.1 3.0 1.6 28276.5 19011.3 0.25
50:50 43 34 53 25 6.2 4367.1 3616.6 0.47
80:20 6.5 0.9 53 24 30.3 3328 341.8 0.59
ring IL - 6.4 7.5 5.0 1.0 59004.3 26353.7 0.15
20:80 1.4 4.9 74 5.0 1.0 59024.8 25943.6 0.15
50:50 29 2.7 7.7 5.1 1.0 58805.5 23056.9 0.18
80:20 4.7 1.1 7.3 5.0 1.0 58971.1 24617.2 0.16
FAIL 55 - 74 5.0 1.0 59014.7 24086.9 0.17
anion IL - 3.2 5.0 0.2
20:80 0.7 24 5.0 0.2
50:50 1.4 1.2 5.1 0.2
80:20 23 0.5 5.0 0.3
FAIL 2.7 - 5.0 0.3
[a] First column lists the group around which the neighbor count is performed. Next column gives the composition; columns three to six list the neighbor
count. Next to the domain count, the domain volume (D-Vol) and domain surface (D-Surf) together with the average isoperimetric quotient (Q™") are
given. Note for the last three columns the ring and anion are summarized as “polar group”; therefore, only data for the ring is given.

2.5. Domain Analysis

Finally, we present the data of the domain analysis to obtain
a more quantitative picture of the triphilic microstructure of the
mixtures (see Table 2 and Figure 6, the data for 423 K can be
found in the Supporting Information). In the previous article, in
which we developed the domain analysis* we showed that
much more insight can be gained from this kind of data than
from simply considering the RDFs. The subunits of the liquids are
distinguished as discussed for the previous systems,” namely, as
“ring” and “anion” (which form together the polar domain), and
as “alkyl” and “fluorous” (see also the Supporting Information).
With increasing FAIL content, the self-interaction between
the “fluorous” subunits becomes higher, that is, in Table 2
a higher amount of neighbor count is found, which is depicted
in Figure 6 (@). The “alkyl” unit behaves similarly in terms of
self-contacts, as with decreasing concentration of the IL the
“alkyl”-"alkyl” neighbors decrease in number (see Figure 6, m).
The neighbor counts are usually higher for the fluorinated side
chains than for the alkyl groups (dark gray curves are usually
higher than black curves in Figure 6), which is in good qualita-
tive agreement with the peak heights in the RDFs for the inter-
action between the terminal carbon atoms. Interestingly, both
side chains are surrounded by more polar groups (i.e. anion
and cation) with decreasing fluorous content but the “fluo-
rous” group is always enclosed by more polar groups than the
“alkyl” side chain. However, in any composition, the polar
group prefers self-aggregation over the surrounding of either
the “alkyl” or the “fluorous” group (see the black, dark gray,
light gray curves with triangles in Figure 6). The mixed interac-
tions between the side chains behave like the self-interaction
of the side chains, that is, with growing amount of FAIL/IL the
amount of neighbors increases. The cationic head group

|u
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almost always possesses the higher self-neighbor count; thus,
it is often surrounded by itself and by the anion, and the anion
is also surrounded by the cation but not at all by other anions.
The high neighbor count supports the idea of an extended
network in the polar phase, which as a consequence might
enable the macroscopic mixing of the IL with the FAIL.

Interestingly, as observed previously in other pure ionic lig-
uids,’®®?* the polar group always forms one domain in all mix-
tures and pure liquids, which deviates largely from sphericity,
and again it shows an extended network of cationic head
groups and anions. For the fluorinated side chains, there are
fewer domains (at high FAIL content) than for the alkyl side
chains (at high IL content), which again indicates that the fluo-
rous side chains aggregate more intensely than the non-fluori-
nated ones. Most importantly, even at the higher tempera-
ture—apart from the 80:20 and 20:80 mixtures—the number
of domains is generally low for all units, which suggests that
triphilic liquids can be prepared by mixing ILs with fluorinated
and non-fluorinated chains in the right ratio and at the right
temperature.

It is important to note again that the first peaks between
the fluorinated and the alkyl side chains are very high, in fact,
higher than the first peaks in the alkyl-alkyl RDF. From this in-
formation it could be deduced that the nonpolar and fluorous
side chains are miscible. In such a case, however, a large
number of alkyl and fluorous domains are expected, which
was not the case here (Table 2). Accordingly, the large mixed
peaks should be interpreted rather through the neighboring
alkyl and fluorous side chains at the surfaces of the two do-
mains. This intriguing finding also clearly shows the necessity
of our newly implemented domain analysis tool, which pro-
vides a much more sophisticated picture than considering only
the corresponding RDFs.
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If we concentrate on both points of dilute systems, that is,
20:80 and 80:20 FAIL/IL mixtures, we observe the following: at
high IL content, “fluorous”-“fluorous” self-aggregation is low
and “alkyl”-"alkyl” aggregation is high (as discussed above);
the mixed interaction of “alkyl” around “fluorous” is even
higher than the “alkyl”-"alkyl” self-interaction, whereas the
mixed interaction of “fluorous” around “alkyl” is negligible. This
behavior is almost the exact opposite to that found for the
low IL content system, with the exception that the highest
neighbor count is given for the “fluorous” self-interaction.
Comparing these results together with the amount of domains
to the behavior of the first peak in the RDF shows that the
latter results have to be interpreted with care with respect to
quantitative analysis.

3. Conclusions and Outlook

In this paper, we analyzed the structure of alkyl- and fluoroal-
kylimidazolium ionic liquid mixtures to build a basic theoretical
framework for the design of ionic liquids with tunable or even
switchable triphilic microheterogeneous structures; thus, with
nanosegregation into three domains of polar, alkyl, and fluo-
roalkyl regions. As opposed to the previously designed triphilic
ionic liquids (ILs) with the fluorous tail attached to the anion
and the non-fluorous tail attached to the cation, we were mo-
tivated to create more room to tune this special nanoscale
structure by allowing the ratio of the two kinds of side chains
to change within a larger interval, which thus triggered triphi-
licity by forming mixtures. With this simple approach we can
avoid predetermination of the characteristic sizes, structures,
and association properties of the liquid at the synthesis stage
by the length of the side chains, and these properties can be
controlled upon application.

However, in a previous case of ILs with fluorinated
anion-alkyl cation assemblies macroscopic homogeneity was
achieved simply by naturally maintained charge neutrality,
whereas in the case of the present mixtures, phase separation
on the macroscopic scale can be induced by the very same flu-
orophobicity that may result in the interesting microscopic tri-
philic structure. We found, however, that strong interactions
between the polar moieties of the two ionic liquids—in the
case of strongly hydrogen-bonding anions—may counterbal-
ance this separation behavior, which results in the desired
macroscopically homogeneous but microscopically triphilic
liquid. Indeed, in the case of the bromide anion the hydrogen-
bonding behavior exhibited almost no selectivity for either of
the two cations, and it instead provided an extended network,
whereas the association of the side chains suffered significant
structural changes.

The newly implemented domain analysis® in TRAVIS®” al-
lowed the analysis of the domains in terms of their numbers
and their shapes. The polar region (including the anion and
the head group of the cation) form a single domain in the
pure liquids and all mixtures in the form of lengthy, nonspheri-
cal channels. The side chains, however, show completely differ-
ent aggregation behavior. As the amount of the fluorinated
ionic liquid is increased in the obtained macroscopically homo-

[26,37]
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geneous mixtures, the heterogeneous microstructure of the
pure non-fluorinated liquid is maintained, whereas the fluori-
nated side chains also start to associate to form a third, fluo-
rous microphase in the liquid. In the middle of the concentra-
tion range, therefore, these three phases coexist, but with a fur-
ther increase in the molar ratio of the fluorinated IL the non-
fluorinated IL becomes more disperse and forms many inde-
pendent clusters in the solution. In good agreement with
these data and in clear contrast to the measurements that
were conducted on pure ILs, the simulated structure factors
exhibit a double low g peak, which shows the coexistence of
two different kinds of long-range order corresponding to the
aggregated fluorous and alkyl domains.

Similar to that previously observed for IL mixtures that pos-
sess different side chains, and thus, different aggregation be-
havior, some deviations from ideality can be expected. Indeed,
as the association behavior of the different side chains alters
with the molar fractions, the densities show non-ideal behavior
that is larger than that for other ionic-liquid mixtures.

As presented in our data, it seems possible to switch this tri-
philic association on the nanoscale in mixtures of fluorinated
and non-fluorinated ionic liquids simply by varying the concen-
trations. Our study has several implications. Such a switchable
triphilic mixture might be utilized in many ways. In the case of
reactions that can be performed in only one of the three mi-
crophases, building or dispersing (i.e. destroying) these do-
mains might have significant value. By adding one of the IL
components to the reaction mixture one of the microphases
can be dispersed, and the product will have to choose another
phase, and thus, a transfer of compounds from one phase to
the other takes place. By such directed transfer of the substan-
ces from one microphase to the other, one can switch the
given chemical process on and off, or alternatively, reactions
might be conducted in a selective and consecutive way by al-
lowing collision with only certain kinds of molecules at a time.
Similarly, by switching the triphilicity or the microheterogenei-
ty in general, the solubility of a given substance in the IL
phase could be altered, which would allow separation process-
es or selective synthesis. This concept might even work in mix-
tures of ILs with alkyl and polar side chains, as mentioned in
the Introduction. By adding an IL with polar side chains, the
microheterogeneity can be disintegrated and captured sub-
stances can be released. The same might be valid for mixtures
of ILs with molecular liquids, which increase or decrease the
microheterogeneity properties.

We believe that this rather simple principle will contribute
to the overlapping fields of IL research, fluorine chemistry, and
smart materials; furthermore, control over nanostructure can
be gained, which might be considerably useful for the corre-
sponding applications.
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