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Introduction

Tuning the low-temperature phase behavior of
aqueous ionic liquidst

C

Johannes Bachler, (22 Isabella Daidone, {2 ° Laura Zanetti-Polzi and

Thomas Loerting (2 *°

Water's anomalous behavior is often explained using a two-liquid model, where two types of water,
high-density liquid (HDL) and low-density liquid (LDL), can be separated via a liquid—liquid phase transi-
tion (LLPT) at low temperature. Mixtures of water and the ionic liquid hydrazinium trifluoroacetate were
suggested to also show an LLPT but with the advantage that there is no rapid ice crystallization hampering
its observation. It remains controversial whether these solutions exhibit an LLPT or are instead associated
with complex phase separation phenomena. We here show detailed low-temperature calorimetry and
diffraction experiments on aqueous solutions containing hydrazinium trifluoroacetate and other similar ionic
liquids, all at a solute mole fraction of x = 0.175. Hydrazinium trifluoroacetate, ammonium trifluoroacetate,
ethylammonium trifluoroacetate and hydrazinium pentafluoropropionate all boast exothermic transitions
unrelated to crystallization as well as remarkable structural changes upon cooling into the glassy state. We
propose a model inspired by micelle formation and decomposition in surfactant solutions, which is
complemented by MD simulations and allows rationalizing the rich phase behavior of our mixtures during
cooling. The fundamental aspect of the model is the hydrophobic nature of fluorinated anions that enables
aggregation, which is reversed upon cooling and culminates in the remarkable exothermic first-order
transition observed at low temperature. That is, we assign the first-order transition not to an LLPT but to
phase-separations similar to the ones when falling below the Krafft temperature. All other solutions merely
show simple vitrification behavior. Still, they exhibit distinct differences in liquid fragility, which is decreased
continuously with decreasing hydrophobicity of the anions. This might enable the systematic tuning of ionic
liquids with the goal of designing aqueous solutions of specific fragility.

scenario” and the critical-point-free scenario.® Especially in
recent years, many pieces of evidence were gathered in favor

Water is a simple, yet fascinating liquid with a range of unique
physical and chemical properties that make it essential for life
as we know it." Despite the huge amount of research dedicated
to elucidating its nature, there are still many aspects of water’s
behavior that remain poorly understood. This includes numer-
ous anomalies,”® especially the apparently diverging behavior
of the isobaric heat capacity, isothermal compressibility and
expansion coefficient of the liquid upon supercooling, which
puzzled researchers for decades.” In order to explain this
peculiar behavior, different models have been suggested,
including the Speedy stability limit conjecture,” the liquid-
liquid critical point (LLCP) scenario,® the singularity-free
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of the LLCP scenario, both from the experimental and compu-
tational side.® In essence, the scenario introduces a second
critical point in the “no man’s land”, the temperature-pressure
window in which supercooled water rapidly crystallizes to ice."’
This critical point is analogous to the one involving liquid and
vapor, and hence tied to a phase transition from one fluid to
another. In the case of this second critical point however, it
does not comprise liquid and gas but a so-called liquid-liquid
phase transition (LLPT) between a low- (LDL) and a high-
density liquid (HDL)."*

In simulations, ice crystallization usually poses no issue and
consequently, this scenario could be proven for classical full-
atomistic water models such as ST2, TIP4P/2005 and TIP4P/
Ice.">" The LLCP scenario most likely also applies to many
other water models,"*™® although definitive proof is still
sought. On the other hand, direct experimental evidence is
difficult to gather as many traits exclusive to the LLCP scenario
are hidden in the no man’s land, behind the curtain of
crystallization. In particular, observation of the elusive LLPT
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is a necessity for the LLCP hypothesis."” Here, a common
experimental approach is to start from low- (LDA) and high-
density amorphous ice (HDA), which represent the glassy
proxies of the two liquids in this scenario.’®*! The liquids are
then accessed by heating the glasses above their glass transition
temperatures®> >’ where the LLPT could be induced through de-/
compression. Still, also these liquids tend to crystallize rather
rapidly,”® thereby hampering the observation of the LLPT with
conventional experimental techniques. In 2011, Winkel et al
demonstrated the LLPT at 140 K upon decompression by showing
that the first-order transition takes place in the deeply super-
cooled, ultraviscous regime, above both glass transition tempera-
tures related to HDL and LDL.* Later on, when employing
sophisticated pump-probe techniques, a first-order transition
that could be related to the LLPT was also observed at higher
temperatures and shorter time scales.***' However, these studies
are not straightforward and require not only an elaborate experi-
mental setup (including accurate pressure and temperature con-
trol) but also extensive data analysis.

As a result, alternative approaches exist that usually aim at
unveiling the LLPT by suppressing ice crystallization, e.g., using
confinement®” or aqueous solutions.?* Notably, in the field of
aqueous solutions, observation of the LLPT was reported in
binary mixtures containing either glycerol,* the ionic liquid
hydrazinium trifluoroacetate (N,Hs"TFA™),>*° trehalose®” or
LiCL*® In these cases, the LLPT was observed through cooling/
heating at ambient pressure conditions, though, without the
need of pressurization during any point of the experiment.
The LLPT claims are however not free from controversy.* >
For LiCl solutions, the transition does not take place in
chemical equilibrium at ambient pressure, but only in the
direction to lower chemical potential, from HDL to LDL, and
not backwards. In the case of water—glycerol, it is difficult to
differentiate the potential LLPT from crystallization of small ice
crystallites.*®*>**> Water-N,H;"TFA~ solutions on the other
hand, are especially puzzling because they experience an
unprecedented first-order transition involving latent heat upon
cooling, that is reversible and without ice crystallization.>>3%°
This could possibly imply chemical equilibrium, where the
high-pressure situation is reached at ambient conditions
through electrostrictive forces of ions. This transition is accom-
panied by a strengthening of hydrogen bonding®*® and an
increase in tetrahedrality.*® In addition, it shifts significantly
to lower temperatures upon H/D isotope substitution.*”
Although this would be consistent with the LLPT related to
water,*® it is missing other signature traits known from the
pure water case. Specifically, the halo peak pertaining to low-
density solution (LDL-/LDA-like) in XRD diffraction and the
pressure-induced polyamorphic transition back to high-density
solution (HDL-/HDA-like) are lacking.** Based on a recent
molecular dynamics study, Zanetti-Polzi et al. proposed that
the transition is coupled to a cooling-induced phase separation,
where ionic liquid segregates on the nanoscale.*® Simulta-
neously, water rearranges from predominantly high-density
states in the mixed phase to low-density states in the unmixed
phase. Nanosegregation itself is not a well defined term and
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used for a plethora of phenomena related to structural hetero-
geneity: in concentrated sorbitol solutions, water segregates
from sorbitol on the nanoscale by filling up voids within the
solute matrix.’° In many room temperature ionic liquids, polar
and apolar chains separate from each other even without the
addition of water.”* Eutectic LiCl-water and LiSCN-water solu-
tions exhibit a nanophase separation upon cooling that one
could mistake for an LLPT.>>>* All these cases of nanosegrega-
tion - while mechanistically different from each other - have in
common that (i) there is structural inhomogeneity that is not
macroscopic (on the order of few nanometer or below), and (ii)
they are not associated with a substantial release of latent heat.
To the best of our knowledge, the “Angell mix” (H,O +
N,H;"TFA~ with solute mole fraction x &~ 0.15-0.20) is the first
and only example where such segregation is accompanied by an
exothermic first-order-like transition. This would justify calling
the nanophase separation a liquid-liquid transition (LLT). The
LLPT however is associated with the one-component system
water, where, composition changes cannot occur by definition.
Hence, we will refrain from using the expression “LLPT” and
instead use the more general “LLT” in this work, bearing in
mind possible composition changes due to (nano)segregation.

The unprecedented LLT in the Angell mix suggests that
aqueous ionic liquids are promising candidates for discovering
intriguing low-temperature phase behavior. In that regard, one
of their key advantages for experimentalists is tunability, which
allows their physicochemical properties to be customized by
modifying the cation and anion components.>* In the present
work, we use this tunability to prepare selected aqueous ionic
liquids, in which either the cation or the anion of N,H;"TFA™ is
replaced with compounds similar in chemical structure (see
Fig. 1). Similarity is achieved by keeping the core functional
group of the respective ions, ie., the NH;" in hydrazinium and
the COO™ in trifluoroacetate, and only altering the side chains.
That is, we use cations R;-NH;" where R, = NH, (hydrazinium),
H (ammonium), CH; (methylammonium), C,H; (ethylammo-
nium), and anions R,~COO~ where R, = CF; (trifluoroacetate),
CCl; (trichloroacetate), CHCI, (dichloroacetate), CH; (acetate),
C,F5 (pentafluoropropionate). This difference in chemical nat-
ure has an impact on hydrogen-bonding ability and hydropho-
bicity of the solute. We probe the low-temperature phase
behavior of the aqueous solutions at a constant solute mole
fraction x = 0.175 (equating to 4.71 water molecules per
molecule of ionic liquid) employing differential scanning
calorimetry (DSC). Solutions exhibiting extraordinary phase
behavior are further investigated using X-ray diffraction
(XRD). Additional mechanistic insights are gained via molecu-
lar dynamics (MD) simulations.

Materials and methods

Solutions of N,H; TFA~ and water were prepared through a simple
acid/base neutralization reaction. Hydrazine-monohydrate N,H,-
H,0 and trifluoroacetic acid TFA were purchased from Sigma
Aldrich and used without further purification. First, the sample
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Fig. 1 Cations (red box) and anions (blue box) employed in this work. The

reference solute hydrazinium trifluoroacetate is shown at the top. One set of

ionic liquids is designed by exchanging the H,N-group of hydrazinium (red circle) with H (ammonium), CH3z (methylammonium) or C,Hs (ethylammo-
nium) while keeping the NHz* group and the TFA™ anion. In the other set, the CFz-group of trifluoroacetate (blue circle) is replaced by CCls
(trichloroacetate), CHCl, (dichloroacetate), CHs (acetate) or C;Fs (pentafluoropropionate) while keeping the COO™ group and the hydrazinium cation.

vial was flushed with argon and placed in an ice bath. Then,
stochiometric amounts of TFA were carefully added to the
aqueous hydrazine. Finally, water was added until the composi-
tion of solution was at a solute mole fraction of x = 0.175
(considering also water from N,H,;-H,0). All other aqueous
solutions with x = 0.175 were prepared in a similar fashion
using commercially available educts and following the neutrali-
zation reactions shown below:

Methylamine CH;NH, + TFA — CH;NH;"TFA~
Ethylamine C,HsNH, + TFA — C,H;NH; TFA~
N,H, + trichloroacetic acid TCA — N,H5"TCA~
N,H, + dichloroacetic acid DCA — N,H;"DCA~
N,H, + acetic acid HOAc — N,Hs"OAc™

N,H, + pentafluoroproprionic acid PFP — N,H; PFP~

The only exception is ammonium trifluoroacetate NH, TFA™,
which is available directly from Sigma Aldrich and was simply
dissolved in water.

This journal is © the Owner Societies 2024

Thermal behavior of solutions was studied using a DSC8000
by PerkinElmer calibrated for low temperatures with indium,
adamantane and cyclopentane.”® About 10 L of each solution
(corresponding to roughly 10-15 mg of sample, depending on
the density of solution) were weighed in aluminum crucibles,
sealed airtight and loaded into the instrument. Each sample was
subjected to 6 freeze-and-thaw cycles. We used different rates
Qcoo1 for the cooling scans (100, 50, 30, 10, 5 and 2 K min™") but
the same heating rate Qpeqc = 30 K min~" for the heating scans.
This protocol was performed at least twice for each solution to
ensure reproducibility.

Diffraction experiments were carried out on a D8 Bruker
Advance X-ray diffractometer using a CuKo X-ray source
(4 = 0.154178 nm) including parallel beam optics, and a
LynxEye XE-T array detector. The sample holder is made of
nickel-plated copper and can be cooled to ~15 K using our
FMB Oxford chamber and helium cryostat. Diffractograms of
liquids were recorded at 300 K, after pipetting 200 pL of
solution onto the sample holder. Diffraction data of glasses
were collected at 80 K, after quenching in liquid nitrogen
(Qeool ® 100-1000 K min "), grinding the transparent product
to a fine powder and transferring it onto the precooled
sample holder.
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MD simulations of N,Hs;"TFA™ solution are performed at
300 K and 1 bar using a solute molar fraction x = 0.16, which is
very close to the mole fraction used in experiments. In the
initial configuration the ions are placed at the interface with
water, resulting in an initially unmixed solution. The TIP5P
model®® is used for water. OPLS-AA force field parameters,
generated with the LigParGen tool®” are used for N,Hs" and
TFA™ ions apart from the atomic partial charges that were
computed using a series of optimized N,H; TFA™ ion pairs and
then using a scaling factor of 0.9.°® MD simulations are
performed with the GROMACS package (version 5.1.2)>° in
the NPT ensemble using a rectangular simulation box, the
velocity rescaling temperature coupling® and the Parrinello-
Rahman barostat®® with 2 ps relaxation times. Periodic boundary
conditions are used, and the long-range electrostatic interactions
are treated with the particle mesh Ewald method®* with a real
space cutoff of 0.9 nm. The Lennard-Jones potential is truncated
at 0.9 nm. The LINCS algorithm®® is used to constrain bond
lengths along with a 2 fs time step. Additionally, the popular
density-based clustering algorithm DBSCAN is used to detect
possible phase separation.®®®> DBSCAN starts from a query
point and expands clusters around it. To do that, it uses a cutoff
distance (¢) and a threshold number of neighbors (minPts, also
including the query point). In other words, the N points (with
N > minPts) within a radius ¢ belong to the same cluster. The
point that is surrounded by N — 1 other points within ¢ is the
core point. If one of the other N — 1 points is also surrounded by

Cooling
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N > minPts—1 points within ¢, it becomes a core point itself,
and the cluster gets bigger.

Results
Thermal analysis

Fig. 2 shows differential scanning calorimetry (DSC) traces for a
number of aqueous solutions of x = 0.175. In the top panel,
cations are exchanged where trifluoroacetate is always the anion.
In the bottom panel, anions are exchanged, where hydrazinium
serves as the cation. Left panels show the initial cooling scans,
and the right panels show the subsequent heating scan. Addi-
tionally, the behavior of the simple glass-forming molecular liquid
glycerol is depicted as dashed grey line in all panels for compar-
ison. Upon cooling, glycerol experiences merely a glass transition
with a glass transition temperature 7, ~ 197 K.°® This is
manifested as a typical step-like change in heat capacity, or here,
heat flow. Upon heating, the glassy glycerol exhibits the reverse
glass-to-liquid transition with a typical heat capacity overshoot.®”
Overshoots are well known phenomenona in glass physics®® and
further explained in the ESIL.¥ Our second reference is the Angell
mix (N,Hs TFA™), which serves as benchmark for an LLT with
similarities to the LLPT. That is, it involves latent heat release
(rather than just a step in heat capacity), as indicated by a
pronounced exotherm at ~190 K upon cooling (Fig. 2a and c).
Similarly, it involves latent heat uptake upon reheating, where the

Reheating

—— NHs TFA"
Angell mix
—— NH,*'TFA"

Cation exchange
exo « Heat Flow — endo

CH,NH,*TFA"
—— C,HsNH, TFA'
= = - Pure Glycerol

05Wg'

(b)

(c) —— N,H'TFA" (d)
Angell mix

N,Hs*TCA"

—— N,H;"DCA"

—— N,H;"0AC

Anion exchange
exo « Heat Flow — endo

I 05Wg" 1 05wWg'

T T T
180 200 220

Temperature / K

140 160

180
Temperature / K

240 140 200

Fig. 2 DSC traces of aqueous ionic liquids with x = 0.175. (a) Cooling scans and (b) reheating scans of trifluoroacetate solutions with various cations. (c)

Cooling scans and (d) reheating scans of hydrazinium solutions with various anions. All traces were recorded with cooling/heating rates of 30 K min

-1

The full heating scans showing cold-crystallization events and melting as well as scans with other cooling rates are found in the ESI.{ A scan of the

benchmark glass-former glycerol is included as a reference (grey dashed
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peak area of the endotherm at ~195 K (Fig. 2b and d) is
quite similar to the peak area of the exotherm upon cooling
(Fig. 2a and c). We note that both the latent heat and the
hysteresis in transformation temperature are definition criteria
for first-order transitions.

It is not yet clear what is at the origin of this transition,
though Woutersen et al. were able to rule out first-order
transitions such as crystallization/melting based on spectro-
scopy experiments.’® We emphasize that the first-order transi-
tion is in fact coupled to a glass transition where the step-like
change in heat flow is masked by the pronounced exo-/
endotherm.*>*® In our data, this can be seen by the remarkable
difference in baseline after the transition (Ac,, marked by
brackets in Fig. 2a and c). This adds the necessity to consider
the transition either as an LLT followed by a glass transition or
a liquid—glass transition.

Now, we move on to trifluoroacetate solutions with different
cations (Fig. 2a and b). For ammoniumtrifluoroacetate
NH, TFA™ (red curves), we observe transitions very similar to
the ones in the Angell mix upon cooling, ie., an exotherm
around the same temperature (2190 K) and a pronounced
difference in baseline afterwards. First and foremost, this
demonstrates that an LLT is not an exclusive feature of the
Angell mix. Interestingly, this LLT appears to develop already
slowly at higher temperatures (210 K), making the transition
significantly broader. Upon reheating, we would expect the
endothermic reverse transition but instead, we find an asym-
metric peak that appears to consist of a glass transition and an
endothermic bump. Using methylammonium CH;NH;' as
cation (green curves) changes the phenomenology dramatically.
There is no longer an LLT during cooling and only a simple

T T T T T T T T 2.0
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glass transition with Ty = 171 K remains. Also when reheating
the glass, we infer only a glass transition including the typical
overshoot, just like, e.g., in glycerol. Surprisingly, changing the
cation to ethylammonium C,H;NH," (blue curves) again leads
to the observation of an exotherm at ~ 190 K upon cooling. This
LLT is less broad than for the NH,"TFA~ and N,H;"TFA™ case
and furthermore, followed by a step in heat flow starting at
~ 180 K indicating a glass transition. In other words, first-order
transition and glass transition seem to be separated in this
case. Reheating the solution reveals an even more complex
phase behavior with four distinct calorimetric traits: first, the
solution experiences the reverse glass transition at ~175 K,
directly followed by a weak exotherm at ~190 K that is related
to cold-crystallization of ice. The cold-crystallization event is
superseded by yet another endotherm at x~200 K before the
solution again crystallizes at ~210 K.

In the case of hydrazinium solutions with different anions
(Fig. 2c and d), already replacing fluorine atoms by chlorine
atoms, i.e., the switch from TFA™ to TCA™ (cyan curves), leads to
disappearance of the LLT upon cooling. Only a tiny exothermic
drift is observed before the glass transition at T, = 186 K. The
reheating scan also lacks the endotherm and only reveals a
glass transition with overshoot. Replacing some chlorine atoms
with hydrogen atoms retains the simple glass-forming behavior
as is evident from Fig. 2c for both dichloroacetate (cyan curves)
with T, = 183 K and acetate (dark yellow curves) with T, = 173 K.
Adding fluorine atoms by using PFP~ (orange curves) on the
other hand again produces an intense exotherm upon cooling,
albeit at significantly higher temperatures (~210 K). The
transition is succeeded by a very broad step between 200 and
180 K, and a tiny but reproducible exotherm at ~160 K.

Cation exchange Anion exchange

(a) Reheating N,Hs*TFA" solution (b)
after cooling with:
2K min”!
——5Kmin"
——10 K min"!
——30 K min”!
50 K min”!
100 K min”!

0.54

0.0 4

log(Q/ Qg)

05Wg' 051

exo « Heat Flow — endo

-2.04

-2.5

m=125+15

C,H;NHz*
m=146 + 37

NH,*

m=580x2.0 m=935+29

Pure Glycerol
m=594+16

Pure Glycerol
m=59.4+1.6

T T T T T T T T T T
160 165 170 175 180 185 190 195 200 205 210 0.98
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Fig. 3

T
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(a) DSC heating traces highlighting the impact of previous cooling rate on the heat capacity overshoot of the glass transition in the Angell mix. (b

and c) Scaled Arrhenius plots of cooling rate vs. estimated fictive temperature for aqueous ionic liquids (x = 0.175) containing either (b) TFA™ or (c) NoHs™.
Glycerol is included as reference. Cooling rates and temperatures have been scaled with the values obtained from a standard cooling scan (30 K min™).
Steepness indices m are calculated using an Arrhenius fit (depicted as lines in these plots) and errors are given from the standard deviation of the fits. For

further details please see ref. 73 and the ESI.¥
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Reheating the solution does not yield any endotherm that
would signify a reverse LLT, but two broad steps possibly
related to a double glass transition before cold-crystallization
sets in.

Upon closer inspection of all the DSC heating scans in
Fig. 2b and d, one might notice that all solutions except for
N,H;'PFP~ generate similar warm-up traces, regardless of
which type of transitions occurred during cooling. The first
calorimetric feature is always a glass-to-liquid transition with
heat capacity overshoot, just like in the reference glycerol glass.
Even the endotherm in the Angell mix could be described as a
glass transition with a very pronounced overshoot. The shape of
the overshoot is highly dependent on the cooling rate: High
Qcool Will lead to a small overshoot and low Q..o to a large
overshoot — provided the glasses are warmed with the same
heating rate. To our surprise, even the Angell mix obeys this
principle, at least between 100 and 2 K min~"' (Fig. 3a). This
phenomenology is very typical of glasses and was studied in
depth, e.g., by Moynihan et al.®® From the changing overshoot
at the glass transition it is possible to extract fragilities for the
supercooled liquids thermodynamically connected to the
glasses. Specifically, the steepness index m’° can be extracted
as a measure of fragility. From the cooling rate dependence of
the overshoot, it is furthermore possible to extract the activa-
tion energy of relaxation times.”" The paramter m is defined as
the slope of relaxation times at T, and used as a measure of
fragility, i.e., how much the relaxation behavior deviates from
Arrhenius behavior.®” A straightforward way of evaluation was
promoted by Angell and co-workers’>”® using an enthalpy
differencing procedure. This procedure is summarized in great
detail in the ESIL.T One key advantage of the method is that only

d spacing / nm
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the glass transition is used whereas any possibly overlapping
first-order transitions are removed in the evaluation. We utilize
this method to estimate m for all our solutions except for
N,H;'PFP~. Here, the model fails because of the overlapping
double glass transition. Results for TFA™ mixtures with differ-
ent cations are shown in Fig. 3b and for N,Hs" solutions with
different anions in Fig. 3c. The Angell mix and pure glycerol
(for reference) are included in both panels. Glycerol exhibits a
fragility index of m = 59, making it a perfect example of a rather
fragile liquid. Please note that the small discrepancy to the
literature value of m = 517° is most likely due to differing water
content. We obtain m = 44 for the Angell mix, which points
towards stronger, more Arrhenius-like relaxation behavior.
This is consistent with the increase in tetrahedrality when
approaching the LLT and consequently, the glass transition
during cooling.***® However, the solution is still significantly
more fragile than pure water LDL (m ~ 14) or HDL (m ~ 20-
25), the strongest liquids known thus far.>® Replacing N,H;"
increases liquid fragility slightly for NH," (m = 58) yet substan-
tially for CH;NH;" (m = 125) and C,H;" (m = 146). This is
remarkable because fragility indices m > 100 are typically
encountered for the most fragile molecular liquids and long-
chained polymers, signifying a very complex relaxation beha-
vior, as well as dynamic heterogeneity.”*”® Also replacing TFA™
leads to a more fragile mixture for all anions employed, albeit
none of them cross the m = 100 mark (see Fig. 3c). This suggests
that exchanging either cations or anions not only leads to the
observation of different thermal signatures but also to pro-
nounced differences in relaxation behavior. Here, an obvious
question is whether all these remarkable traits have a common
structural origin, which can be probed using XRD.
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Fig. 4 Diffractograms of selected aqueous solutions in (a) the liquid state at 300 K and (b) the glassy state after quenching to 80 K. Halo peak maximum
positions obtained via Gaussian fits are labelled in the scans. Intensities are normalized using the most intense halo peak of each scan.
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X-ray diffraction

Fig. 4 shows X-ray diffractograms of aqueous mixtures with
N,H;"TFA~, NH,"TFA~, C,H;NH;'TFA~, N,H;‘OAc~ and
N,H; 'PFP™ in the liquid phase (panel a) and in the glassy state
at 80 K (panel b). Solutions were selected based on their
thermal behavior (see Fig. 2), i.e., all solutions that exhibit an
exotherm upon cooling and one that does not (N,Hs OAc™)
were chosen. This allows examining the structural changes
accompanying the cooling-induced LLT. Most importantly, no
signs of sharp Bragg peaks stemming from crystal phases are
found in all diffractograms, excluding the possibility that the
exotherms in DSC during cooling are linked to crystallization.
The Angell mix (black) at 300 K is characterized by a broad feature
exhibiting a double halo peak with maxima at 20 = 23.6° and 33.1°
(see also the ESI in ref. 44). This suggests structural heterogeneity
and two preferred geometries, one of lower density (low diffrac-
tion angles) and one of higher density (high diffraction angles). In
the glassy state at 80 K, we observe changes in relative peak
intensities and a shift of the two halo peaks to 20 = 26.3° and
32.7°, indicating a rearrangement of molecules. The most inter-
esting feature however, is the emergence of another feeble halo
peak at 20 = 15.6° that was shown to evolve into a set of Bragg
peaks pertaining to TFA tetrahydrate at higher temperatures.*
That is, the LLT is connected to a structural change from two
domains in the liquid phase to three domains in the glassy state.

A similar picture for the liquid is presented for NH, TFA~
solution (red) with halo peaks at 26 = 24.0° and 34.2°. In the
glassy state, a new peak emerges at 20 = 14.9° and the first halo
shifts to higher angles. In stark contrast to the Angell mix
however, the new halo peak is very pronounced whereas the
halo at 20 = 34.2° has transitioned into a broad shoulder. This
could signify that mostly molecules from denser geometries
transform in the course of the LLT. The arguably most peculiar
diffraction patterns are observed for C,H;NH;"TFA™ solution
(blue). Here, we find a halo peak maximum at 20 = 21.9°
accompanied by a broad shoulder at high angles (20 ~ 32.9°)
and another shoulder at low angles (20 = 14.3°) in the liquid
state. Upon quenching into the glass state, none of the afore-
mentioned halos remain. Instead, there is a broad amorphous
band with a maximum that could only be anticipated around
20 = 27.3°. In contrast, the water-N,H;'OAc™ mixture (dark
yellow) shows a simple glass-forming behavior just as inferred
from Fig. 2. That is, there is a broad halo with a maximum at
20 = 27.8° in the liquid, which is hardly affected by the vitrifica-
tion process. This exemplifies the widely accepted notion that
glasses represent immobilized liquids. Lastly, solutions contain-
ing N,H;'PFP~ feature yet another diffraction pattern. At 300 K,
it is quite similar to N,H; 'TFA~ and NH,'TFA™ solutions: we
again observe a double halo peak at 20 = 19.1° and 34.3°.
Notably, for this solution the double halo peak is more separated
in the liquid state when compared to N,H; ' TFA~ and NH, TFA™.
This indicates that the two preferred geometries are more
pronounced. At 80 K, the two maxima approach each other,
resulting in peaks at 20 = 21.1° and 33.9°. Instead of a separate
halo peak there appears a broad shoulder at the lower angle side
in the glass state.
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Molecular dynamics simulations

Computer simulations are a powerful tool for shedding light on
the molecular structures underlying experimentally observed
diffraction peaks.””””® Similarly, our MD simulation of
N,H;"TFA~ solution at 300 K allows disentangling the micro-
scopic origin of the peculiar double halo peaks observed in our
X-ray diffractograms. More specifically, we recognize small
TFA™ aggregates in which CF; groups are in contact with each
other while the COO™ groups are exposed to surrounding
solution (Fig. 5). The observation of aggregation is bolstered
by density-based clustering analysis when considering as points
the C atoms of the CF; group using minPts = 3 and ¢ = 0.44 nm
(i.e., the peak in the C-C radial distribution function). These
small aggregates composed of 3-4 TFA™ ions make up x25% of
the total of TFA™ molecules (Table 1). In order to extend our
cluster analysis to water molecules beyond the first hydration
shell, we consider as points the O atoms of the water molecules
using minPts = 13 and ¢ = 0.45 nm (i.e., the second peak in the
Oyater—Owater radial distribution function). It is revealed that
one third of water molecules is found in pools comprising
25 molecules on average, i.e., more than one hydration shell
(Table 1).

These findings allow a tentative assignment of the two halo
peaks found in the diffractograms at 300 K: the 23.6° peak,
corresponding to a distance of ~0.4 nm, is due to the aggrega-
tion of CF; groups. This assignment is in reasonable agreement
with the peak at 0.44 nm of the pair radial distribution
function, g(r), for the C---C contacts of the CF; groups as
obtained from the MD simulation (see ESIt). The broad peak
at ~33° on the other hand arises from hydrated TFA™ and
N,H;" molecules, as well as from their interaction. This peak
corresponds to a distance of ~0.26-0.28 nm, i.e., to a typical
HB distance. The interaction between the COO™ groups and
water is typically stronger than the one among water molecules,
resulting in slightly shorter hydrogen bond distances.”
This feature is also observed in the MD simulation as is
demonstrated by both the pair radial distribution functions
and the average hydrogen bond distances (see ESIt). Our MD
simulation hence aids in revealing the molecular origin of
the double-halo feature in X-ray diffractograms. It is clearly
tied to the nature of the solutes involved, specifically the TFA™
anions. These solutes give rise to a multitude of possible
interactions, as is evident from analysis of the HB population
(see ESIY).
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Fig. 5 Snapshot of N,Hs* TFA™ solution at 300 K. Transient TFA™ clusters

are highlighted by yellow circles. Color code: blue, nitrogen; red, oxygen;
pink, fluorine; cyan, carbon; white, hydrogen.
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Table 1 Characterization of TFA™ and water clusters in the course of the
MD simulation using the average number of clusters per frame (N.), the
average fraction (f) of molecules involved in clusters and the average
number of molecules in each cluster (Ny,) (ie., the dimension of the
cluster). Clusters have been identified using the DBSCAN method

TFA aggregates Water aggregates

L)y, & T
- T k’v
(Ne) 14
(f) 0.27
(Npm) 3.7
Discussion

We identify an array of mixtures that exhibit low-temperature
exotherms upon cooling (Fig. 2a and c). These transitions
cannot be associated with crystallization, because no sharp
Bragg peaks appear in any of the diffractograms (Fig. 4b). Such
transitions could possibly involve a liquid-liquid phase transi-
tion (LLPT) in water itself, without change in composition.
Alternatively, they could also involve a liquid-liquid transition
(LLT), in which the composition changes at the transition. On
the contrary, solutions with non-fluorinated anions (TCA™,
DCA™ or OAc™) show no exothermic transitions (Fig. 2¢). They
merely display glass-forming behavior where the glass transi-
tion temperature and fragility gradually decrease when going
from TCA™ (Ty = 186 K, m = 94) to DCA™ (T, = 183 K, m = 89) and
OAc™ (T = 173 K, m = 69). This suggests that the glass-forming
behavior can easily be tuned by varying the chemical nature of

View Article Online
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the anion. Reversely, this signifies that potential LLTs are
limited to fluorinated ionic liquids. The solutions containing
those anions studied here (i.e., TFA™ and PFP ) exhibit at least
two halo peaks in the liquid at 300 K. This is rather uncommon
as only one broad halo peak is observed in water and most of its
solutions at room temperature (see for instance N,Hs'OAc™ in
Fig. 4a). It shows that while these solutions represent globally
disordered liquids, there are two preferred structural motifs.
Supported by MD simulations, we argue that this is because the
anion itself is amphiphilic, containing a hydrophilic (COO™)
and an extremely hydrophobic (CF;, C,Fs) part. Consequently,
hydrogen-bonding is possible only with the COO™ functional
group of the anion but not with the fluorocarbon skeleton.®
This is known to drive water molecules from hydrophobic to
hydrophilic solute parts, where they then form small water
pools.®’ In turn, the depletion of water molecules around
hydrophobic parts leads to clustering of the latter through
hydrophobic interaction.

Interestingly, such structural inhomogeneities typical for
fluorinated aqueous ionic liquids are known under the general
term “nanosegregation” in literature.®’ We point out that this
nanosegregation very much resembles micellization as
observed in many surfactant solutions. In fact, some fluori-
nated ionic liquids were shown to form self-assembled micellar
aggregates in water.®” Thus, we also suggest to associate the
aggregation behavior of aqueous ionic liquids from the present
work with the formation and dissociation of micelle-like struc-
tures. For simplicity, we call these aggregates “micelles”, albeit
they consist only of 3-4 molecules.

In general, the formation of micelles is a process governed
by thermodynamics. For micellization to occur, the difference
of Gibbs energy consisting of both enthalpic and entropic
contributions needs to be negative. Given that micellization is
found to be an endothermic process at room temperature for

300 K 80 K
Disordered H-bond network More ordered H-bond network
"HDL-like" "Cage-like" or "LDA-like"
NH;
HoN. N Hs*N

NH, HaN

! “NH,*
Hy'N

F NH;*

. o)\éF HoN.

H,N—NH,

Fig. 6 Schematic representation of NoHs TFA™ solution at 300 K (left) and after quenching to 80 K (right). Water is shown implicitly in blue color and H-
bonds of TFA™ are marked by dotted lines. At 300 K, trifluoroacetate ions are encountered in micellic structures (red sphere) that are bonded to the
surrounding H-bond network consisting of water and hydrazinium. At 80 K, micellic structures have broken down through an exothermic transition,
possibly resulting in the TFA dimeric structures that are present in the tetrahydrate. Notably, this necessitates that protons are withdrawn from
hydrazinium and shared between the carboxylate groups of two TFA™ molecules each.
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most surfactants, it must be tied to an increase in entropy.*
This increase is achieved by breaking the cage-like structures
that water needs to form around hydrophobic groups.®* Due to
the fact that water no longer hydrates the hydrophobic parts,
they aggregate. This state is schematically illustrated in the left
panel of Fig. 6 using the Angell mix as an example. Specifically,
the fluorinated tails of TFA™ are aggregated (red sphere) whereas
the hydrophilic COO™ groups are integrated into a disordered
H-bond network made of water and hydrazinium (blue). Upon
lowering temperature, the contribution of entropy to the Gibbs
energy decreases, which makes enthalpy the decisive factor.
Consequently, at a certain temperature the Gibbs energy for
micellization will become positive and this leads to (exothermic)
decomposition of micelles (“LLT”) followed immediately by the
glass transition. A possible depiction of the resulting vitrified
state is shown in the right panel of Fig. 6.

We conjecture that TFA™ is not encountered as individually
hydrated ion but rather as [H(CF;COO),]” dimers (green
ellipses). This is based on the same arrangement found in
the hemiclathrate TFA tetrahydrate® to which the glassy
solution crystallizes upon reheating.*! It is largely consistent
with the X-ray pattern at 80 K that can be interpreted as
nanocrystalline TFA-4H,0 where peak broadening due to small
crystal size leads to halo peaks instead of sharp Bragg peaks. So,
in a sense, the transition can be interpreted as falling below the
Krafft temperature®® where the solution phase-separates but the
surfactant does not crystallize fully to its tetrahydrate and forms
frustrated clusters instead. We argue that frustration of crystal-
lization is enhanced by the cation since similar observations were
made for specific cations in aluminate solutions.®” Interestingly,
there is a proton in the [H(CF;COO),]” dimer that can only come
from the H-bond network or more specifically, from hydrazinium.
This suggests that the pH of the solution changes, i.e., becomes
more basic upon vitrification. In addition to pH changes, demi-
cellization is coupled to a loss of hydrogen bonding sites and
more exposed hydrophobic groups. The latter cannot form hydro-
gen bonds and must be accommodated by cage-like water
structures® that have close resemblance to the ordered LDA
network.>® Such ordered tetrahedral states are at the heart of
the rather low fragility index determined at the glass transition.

We now use the same concept to understand the phase
behavior upon cooling of all aqueous ionic liquids studied here.
For NH, TFA ™, we observe a similar exothermic demicellization
at nearly identical Krafft temperatures because the responsible
anion TFA™ remains unchanged. Similarly, the phase-separated
vitrified state bears resemblance to TFA-4H,O nanocrystals
encountered for the Angell mix. Still, the change of cation
may alter the surrounding H-bond network slightly. Compared
to N,Hs*, the switch to NH," could affect the nature of the
frustrated TFA hydrate clusters because of the ions’ differences
in acidity and hydrogen-bonding ability. This is also reflected in
the X-ray data with a more pronounced low-angle halo peak
at 20 = 14.9° but no dedicated shoulder at 260 > 30°. For
aqueous N,Hs PFP~, exothermic demicellization is also found
but at slightly higher temperatures. The increase in Krafft
temperature is due to higher hydrophobicity of PFP~ compared
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to TFA™ consistent with literature on other perfluoroalkane
carboxylates.®® We cannot determine from our X-ray data
whether frustrated PFP™ clusters form similar dimeric structures
as TFA™. However, the cooling behavior with a pronounced
shoulder following the demicellization exotherm observed in
calorimetry scans indicates a more complex arrangement of
molecules in the vitrified state.

Using amines instead of N,Hs" or NH," as cations adds yet
another layer of complexity. This is because the hydrocarbon
group represents a part, which is more hydrophobic than the
NH;" and COO™ groups but less hydrophobic than fluorinated
carbons. In pure fluorinated ionic liquids, such hydrocarbon
chains can even induce nanosegregation into three distinct
domains instead of two.® In other words, there could be two
different types of micellic arrangements in aqueous solution
instead of one. In fact, C,H;NH; "TFA™ mixtures exhibit two low-
angle halo peaks at 300 K, which might correspond to these two
arrangements. At 80 K, both halo peaks disappear indicating
complete demicellization. During cooling we observe two
exothermic events, a pronounced peak followed by a broad
shoulder, which we attribute to demicellization of fluorocarbon
micelles and hydrocarbon micelles, respectively. That is, we
expect the mixture to be multi-phase-separated into two solute-
rich components at 80 K, one component comprising mostly
TFA~ and the other mostly C,H;NH;".

Surprisingly, merely simple vitrification behavior is observed
for aqueous CH;NH;'TFA™ (see Fig. 2a), despite being the
“intermediate” compound between NH, TFA~ and C,H; TFA™.
We speculate that CH;NH;" is not hydrated fully (as suggested
for the cation in the Angell mix) but is also not found in micelles
(as suggested for the cation in C,H;'TFA~). Hydration is
impeded by the hydrophobicity of the hydrocarbon and micelle
formation is inhibited by insufficient chain length. In other
words, the cation is too hydrophobic for hydration but too
hydrophilic for micellization. We imagine that this results in a
structurally partially arrested mixture where the exothermic
demicellization of TFA™ is no longer possible. This might also
explain why the glass transition temperature is shifted to lower
temperatures than observed for N,H;'TFA~ and NH, TFA™
solutions.

The first trait upon reheating each of these phase-separated
glassy solutions is a glass transition into the corresponding
supercooled liquid (Fig. 2b and d). In the supercooled liquid,
ion and molecular mobility are enhanced substantially and
now the solutions could either (i) form micelles again via an
endothermic apparent first-order transition, or (ii) crystallize
fully via exothermic first-order transition(s). For N,Hs TFA~
solutions, scenario (i) is supported by an abrupt change in
local hydrogen-bond structure®® and a pronounced endotherm
(Fig. 2b).>® However, hardly any structural changes were
inferred upon reheating when using X-ray diffraction**® and
we here reveal that the endotherm can in fact also be explained
by the heat capacity overshoot of a glass transition rather than
latent heat uptake (Fig. 3a). That is, it is not possible to exclude
either scenario based on current experimental findings.
The same dilemma persists for NH, TFA™ mixtures, with the
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notable difference that here, we observe a two-step feature in
the form of a glass transition with an endothermic bump
instead of one single endotherm (Fig. 2b). Both features are
affected by the rate of the preceding cooling (see ESIt), which
suggests that they are related to glass transitions. This is an
important piece of evidence against scenario (i) and raises the
question whether an abrupt change in local hydrogen-bond
structure could be of a different, still unknown origin.

For aqueous C,Hs; TFA~, we observe four distinct calori-
metric features before the solution crystallizes entirely (Fig. 2b).
Consistent with our claim of multi-phase separation during
cooling, we assign the first glass transition to devitrification of
only one solute-rich part of the mixture. The enhanced mobility
of molecules allows for the growth of some ice crystals
nucleated during cooling, resulting in the first exotherm. Then,
the second part of the mixture devitrifies and might even start
to form micelles again, producing the endothermic signal.
However, the micellization is interrupted as soon as the steadily
increasing mobility of molecules enables full crystallization.
That is, we argue that hypothesis (i) of micelle (re-)formation
provides the best explanation for this aqueous ionic liquid.
Lastly, in N,Hs PFP™ solutions, we find two broad overlapping
steps, which we attribute to step-wise devitrification of the
complex phase-separated solution. We find no sign of re-
micellization due to preemptive cold-crystallization. However,
we emphasize that different cooling rates have a significant
impact on the warm-up phase behavior (see ESIt).

Summary and outlook

We have conducted a low-temperature calorimetric study on
the controversially discussed Angell mix and related aqueous
ionic liquids, all with the same solute mole fraction of x = 0.175.
This allows us to assess the role each ion plays in triggering
phase transitions. Information on structural changes is further
gained via X-ray diffraction experiments. Our results highlight
the fact that the complex chemical nature of ionic liquids
allows for many possible interactions between solute and water
molecules. This is arguably shown most impressively by the rich
calorigrams of C,H; TFA™ and N,H; PFP~ solutions. Most nota-
bly, we find that the anion largely determines which transforma-
tions are encountered. For all ionic liquids with fluorinated
anions except CH;NH; TFA™, we observe exothermic first-order
transitions (Fig. 2) that are not associated with ice crystallization
upon cooling as is usually the case in most aqueous solutions.
They are accompanied by pronounced structural changes
(Fig. 3), which we believe to be indicative of phase separation
and frustrated crystallization. The phase separations are ratio-
nalized using ideas associated with the formation and decom-
position of micelles (see Fig. 6). This model aligns with earlier
observations suggesting the presence of water patches in a
phase-separated state at lower temperatures.*® A straightforward
way to further probe this hypothesis is to determine the surface
tension upon increasing solute concentration. In the case of
micelle formation, surface tension is expected to drop gradually
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until it reaches a plateau at a certain concentration (in analogy to
the critical micelle concentration). Alternatively, isothermal titra-
tion calorimetry (ITC) allows for a straightforward thermo-
dynamic characterization of interactions during the aggregation
process.’® Yet another possibility would be to apply sophisticated
small-angle scattering techniques, which enable to capture the
formation or dissociation of such micellic arrangements.

By employing solutions with non-fluorinated anions, the
first-order transition vanishes, leading to simple vitrification
behavior. Here, the fragility of the liquid can be tuned by the
chemical nature of anions. Specifically, the fragility parameter
m almost linearly decreases from TCA™ to OAc™ upon stepwise
replacement of chlorine atoms with hydrogen atoms, i.e., m
decreases by gradually reducing hydrophobicity. This opens the
door for the design of model aqueous systems with adjustable
fragility, yet another branch where ionic liquids as solute shine
through their versatility, on top of their multitude of applica-
tions in chemical industry.”’ Disentangling the structural
changes in the hydrogen-bond network of these solutions both
upon cooling and heating is a promising premise for future
studies. This would allow addressing the especially interesting
role of water in the observed transformations.
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