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Abstract: Here we show that by adjusting the concentration of
tetrabutyl ammonium and phosphonium salts in water (~1.5-
2.0m), hydrophobic solvation triggers the formation of
a unique, highly incompressible supramolecular liquid, with
a dynamic structure similar to clathrates, involving essentially
all H,0O molecules of the solvent. Despite the increasing local
order, the thermal diffusivity, and compressibility of these
supramolecular liquids is strongly decreased with respect to
bulk water due to slower relaxation dynamics. The results
presented in this paper open an avenue to design a new family
of supramolecular fluids, stable under atmospheric conditions,
which can find important technological applications in energy
storage and conversion.

Dissolving small non (or moderate)-polar molecules in
water induces the formation of local ice-like structures
around them.™ Above a certain concentration of the
solute, and under conditions of high pressure and low
temperature, these host-guest hydrates can form crystalline
solids, so-called clathrate hydrates, a vast class of materials
with important applications in gas separation, storage and
transportation.’”) When the host molecule takes part within
the multi-polyhedral structure of hydrogen-bonded water,
semi-clathrate hydrates are formed. This is the case for
tetrabutyl ammonium bromide (TtBABr) and other quater-
nary ammonium salts, in which the anions incorporate into
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the hydrogen-bonded water networks which enclose TtBA*
cations.™ Interestingly, once crystallized several semi-clath-
rates of composition TtBABr-x H,O with x ~ 17-32 are stable
under ambient pressure, and melt above 9-12°C."*!!l Never-
theless, most of the investigations to date were limited to the
study of the crystalline phase, overlooking the structure of the
molten (liquid) phase. Strong evidence supporting the exis-
tence of rigid structures of H,O molecules around hydro-
phobic groups in the liquid phase has accumulated over the
years.[“] However, these are considered to affect a limited
number of water molecules; thus water is assumed to retain
most of its thermodynamic bulk properties, except for those in
crowded environments."” Here we demonstrate evidence for
the formation of a stable supramolecular liquid with a com-
position ~ TtBABr-32H,0, at a relatively low concentration
of TtBABr=~1.8 m (&3 mol %). The structure of TtBA" ions
induces the formation of large hydration spheres, involving all
molecules of the solvent. This fluid is shown to be highly
incompressible and presents an important reduction of its
thermal diffusivity and heat capacity with respect to bulk
water, despite its increasing molecular order. We report also
similar characteristics in tetrabutyl-ammonium chloride and
tetrabutyl-phosphonium bromide, suggesting that other poly-
alkyl pnictogen salts could show this type of supramolecular
liquid behavior. Given the nature of these complex fluids,
unforeseen applications in energy related areas as well as
sequestering agents of small nonpolar molecules could be
inferred.

We prepared a series of solutions with different concen-
trations of TtBABTr, from 0.2 m to 18 m. Calorimetric studies
(DSC, see Figure 1) show that the behavior up to ~ 0.6 m is
similar to that of pure water, with an exothermic peak at the
temperature of formation of ice and an endothermic peak at
the melting temperature at 0°C. At [TtBABr]|>0.6 m, the
peaks of ice-melting decrease progressively until practically
disappearing at ~ 1.8 m and beyond. At this concentration,
exothermic/endothermic peaks characteristic of the forma-
tion/melting of the crystalline clathrate hydrate lattice show
up. A comparison of the temperatures of formation (265 K)
and melting (282 K, 286 K), and the enthalpy of fusion
AH,, =202 Jg~!, with values in the literature,'"*3 shows
that the clathrate formed from cooling the 1.8 m solution is
TtBABr-32H,0.

This is almost exactly the TtBABr:H,O molecular ratio in
a solution of 1.8 m. The DSC scan for the 3.5m solution
(TtBABr:H,0 molar ratio xa~17) shows a double peak
structure at 7, ~282-285 K, similar to the report by Rodio-
nova et al.'!l for TtBABr-xH,O, x~24, and the complete
suppression of the ice-melting peak. By comparing the area of
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Figure 1. a) and b) DSC scans of pure water and other six solutions with an increasing concentration of TtBABr. The exo/endothermic peaks at
Ti(ice) /T, (ice), corresponding to the formation/melting of ice, are barely visible at concentrations above 1.8 m. Instead, only the peaks at Ty(clat)
and T, (clat), signaling the formation and melting of the crystalline clathrate hydrates, are observed. The double-peak shape of T, (clat) between
1-3.5 m is characteristic of TtBABrxH,0 x=17-32."! The large endothermic peak at T(ice) was cut to fit in the same scale. c) Fraction of ice-
forming bulk water extracted from the comparison of the areas of the melting peaks at 273 K of different solutions and pure water. The data show
that above ~1.8 m most of the water molecules are forming the crystalline lattice of the clathrate structure at low temperature. The arrow marks

the value for pure water. The dashed line is a guide to the eye.

the endothermic peaks at 0°C with that of pure water, we
extracted the fraction of free water (available to form ice) for
each solution. At 1.8 m, less than 1% of the solvent water
molecules are available to form ice, while no free water is
detected in the 3.5 m solution. Thus, the calorimetric experi-
ments confirm the formation of crystalline clathrate hydrates
at low temperature, which around ~1.8-3.5m decompose
into a liquid state of the same composition, that is, all water
molecules of the solvent participate in the formation of the
solid clathrate hydrate at low temperature.

To analyze the structure of the liquid phase at these
concentrations, the average structural arrangement of water
molecules and their orientational motion was probed by
adiabatic compressibility, thermal diffusivity, and conven-
tional temperature dependence IR absorption of the O-H
stretching mode. The experiments for different concentra-
tions of TtBABTr are discussed below.

Thermal contraction makes most liquids less compressible
as temperature decreases. However, water shows a minimum
compressibility, K, at T,;,~330K, with a rapid increase
below this temperature due to the formation of a complex H-
bonding network (Figure 2a).'*!l As the energy to be
minimized in water is H-bonding, the temperature depend-
ence of K is dominated by thermal fluctuations above K(7T,,),
and by structural fluctuations below K(T;,)."®! H-bonds can
also store a substantial amount of energy, resulting in a C,
minimum at =330 K (Figure 2b). Consequently, any exten-
sive modification of the H-bond network of bulk liquid water
by hydrophobic solvation should be reflected in the magni-
tude and temperature dependence of K and C,,.

The results in Figure 2 show that dissolving TtBABr
indeed produces a rapid decrease of K and C,, and the
suppression of the minimum in the temperature dependence
of both magnitudes. In particular, the decrease of K at low
temperatures suggests that the structural fluctuations that
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Figure 2. Temperature dependence of the adiabatic compressibility, K
(a), and heat capacity, C, (b), for different concentrations of TtBABr.
The curves of C,(T) were multiplied by a factor (shown) to fit in the
same scale.

dominate K(7<T,,) in bulk water are progressively
replaced by thermal fluctuations, as [TtBABr] increases.

C, also decreases as [TtBABr] increases, reflecting the
suppression of the H-bond contribution to energy storage at
low temperature. However, the negative dC,/dT coefficient
up to ~3 m demonstrates that translational and rotational
modes (the main contributors to C, above room temperature
in liquid water) are largely suppressed at these concentrations
of TtBABr (at least up to 340 K). On the other hand, K
increases again at larger [TtBABr], and the characteristic dK/
d7>0 and dC/dT>0 of molecular liquids is recov-
ered."”"?! Thus, both K(293 K) and dC,/dT(293 K) show
aminimum at [TtBABr] = 1.4-2.2 m (Figure 3 and Figure S1),
the concentrations coincident with the hydration numbers of
the most stable solid semi-clathrates, TtBABr-xH,O x=17-
32.[10,1 1]
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Figure 3. Variation of the room temperature adiabatic compressibility,
K (open squares), and thermal diffusivity, «, (closed circles) for
different concentrations of TtBABr. The open/solid arrows indicate the
values of K/a at 293 K.

The thermal diffusivity, a = x/(oC,) also shows a minimum
in the same region as K. The extent and strength of H-bonding
is determinant in the energy transfer in liquid water, through
coupling of low frequency excitations over various H,O
molecules (see also the thermal conductivity in Figure S1 of
the supporting information).”? The reduction of a is much
higher than expected based on a purely local coordination
(see Figure S2 and its discussion) and further supports
a picture in which hydrophobic solvation of TtBA™ modifies
the H-bond structure of bulk water, beyond the most
immediate molecular environment. A comparison with the
compressibility, thermal diffusiv-
ity, and specific heat of other
tetra-alkyl ammonium bromide
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bles more a liquid-glass transition than a true crystallization
(like in pure ice for instance) where new and stronger long-
range bonds are formed from a disordered liquid.”*"

To follow the changes in the intermolecular hydrogen
bonding in more detail, we measured the temperature
dependence of the IR absorption of several [TtBABr]
solutions (Figure 4). The experiments were performed by
dissolving the TtBABr in 4.0% D,O in H,O (partially
deuterated water) to isolate the contribution from OD
stretching and prevent intermolecular coupling. This vibra-
tional mode gives a strong absorption in the IR spectrum at
~2500 cm™!, which is very sensitive to the distribution of
intermolecular hydrogen bond strengths.”2 The rapid
increase in frequency at =~ 1.8-3 m, suggests a change in the
arrangement of the H-bonds among water molecules at these
compositions (Figure S4).

Increasing the concentration of TtBABr to > 0.6 m results
in the formation of a clathrate during cooling across Ti(clat)
(Figure 1). The OD stretch band shows changes in its
approximately Gaussian shape and intensity across Ti(clat)
that are similar in the three solutions (Figure S5 in the
supporting information), suggesting similar structural changes
in the H-bond network across this transition. Further cooling
results in formation of ice below Ti(ice), with a discontinuous
softening and narrowing of the stretching mode, and a large
increase of the absorption intensity below this temperature.
The absorption peak shows a characteristic Lorentzian shape
(Figure S6), due to homogeneous broadening by thermal
fluctuations in ice. All these effects are the consequence of the
stronger and narrower frequency distribution of the intermo-
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of both). This situation resem-
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Figure 4. a—d) IR spectra for different concentrations of TtBABr in 4% D,0 in H,O at different
temperatures. The absorbance at 22500 cm™' corresponds to the stretching mode of the intramolecular
OD bonds. All plots in the same scale, for comparison. ) Temperature dependence of the frequency
and f) absorption intensity normalized at room temperature.
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lecular H-bonds in ice, and the increasing dipole moment with
respect to liquid water.! The contribution of the ice-peak to
the IR spectrum decreases as [TtBABr] increases, due to the
decreasing amount of free water.

This can be further appreciated comparing the relative
change in the absorbance of the solutions shown in Figure 4 f):
The magnitude of the increase at Ti(ice) decreases as the
concentration of free water decreases, and disappears com-
pletely at 1.8 m. On the other hand, the spectral change at
Ty(clat) is the same for the three solutions, suggesting a similar
bond rearrangement when the water solutions are cooled
across Ty(clat).

The nearly complete absence of spectral changes related
to ice formation in the 1.8 m solution seems to confirm that
there are no “free” water molecules in this solution, and that
the liquid formed upon melting TtBABrxH,O x=17-32 is
a supramolecular liquid, in which individual molecules of
TtBABr-x H,O interact loosely amongst each other at room
temperature, remaining in a fluid state stable under usual
atmospheric conditions.

To further corroborate this interpretation, we show in
Figure 5 the Br NMR spectra of several solutions with
different concentrations of TtBABr, at different temper-
atures. Br™ ion forms part of the water structure around TtBA
in semi-clathrates,” which should result in a substantial
increase of its rotational time in the liquid phase. Consistent
with that, a considerable line-broadening of the ”Br NMR
spectra was observed as the concentration of TtBABr
approaches 1.8 m (Figure Sa). The absorption of the 1.8 m
solution is completely suppressed at room temperature, and it
is progressively recovered above 330-340 K (Figure 5b). A
comparison with a 1.1 m solution of KBr shows that the large
broadening and deshielding observed is not compatible with
simple bromine hydration or an increase of the viscosity of the
solution, as the linewidth broadening is much higher than
predicted by Stokes-Einstein equation (see Figure S7 in the
supporting information and its discussion). Therefore, it can
be concluded that all Br™ ions incorporate to the clathrate
structure at 1.8 m; these structures become unstable as
temperature increases, and the signal of Br is partially
recovered. Additional temperature-dependent ’Br-NMR
spectra for different compositions are shown in Figure S8 of
the supporting information.

An important aspect of this work is to elucidate whether
the interesting properties reported for the liquid phase of
~1.8m TtBABr are unique to this system or can be
reproduced (or even improved regarding some applications)
with other solutes.

Communications

We observed that very similar characteristics are obtained
with other tetrabutylamonium salts, replacing Br~ by Cl~, for
instance (see supporting information Figure S9, and the
discussion of the next section). Guided by the intuition of
the symmetric disposition of the hydrophobic groups®®! we
studied the solutions of tetrabutylphosphonium bromide
(TtBPBYr).

The DSC scans (Figure S10 in the supporting information)
confirm the formation and stability of the hydrate clathrates
of the phosphonium salt, with an optimum composition at
~1.5-3.0m, like the case of the ammonium salt. The
adiabatic compressibility, thermal diffusivity (Figure 6), spe-
cific heat, and speed of sound (see also Figure S11 in the
supporting information), of the liquid phase show the
characteristic anomalies around these concentrations, thus
confirming the formation of the supramolecular fluid also
with the phosphonium salt.
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Figure 6. Adiabatic compressibility, K (open squares), and thermal
diffusivity, a, (closed circles) for different concentrations of TtBPBr.

Interestingly, these findings point out the possibility of
extending the formation of supramolecular liquids to other
pnictogen alkyl salts; given the huge number of clathrate-
forming molecules,"®! the properties of the supramolecular
fluids so designed could be carefully optimized for a particular
application.

Next, we describe two electrochemical processes in water,
in which the molecular liquids described in this paper could
find an application.

The oxidation of Pt’ in water at positive potentials, that is,
Pt + H,O — Pt-OH + H" + e~ (and its reverse reduction
reaction) is a well-known process.’!l To probe whether the
supramolecular liquid structure restricts the participation of
the water molecules on the redox process occurring on a Pt
surface, cyclic voltammogram
experiments of Pt nanoparticles

Intensity / a.u.
8 8 8 8
o o o =]

n
Q
=]

3/ ppm

Figure 5. a) ”Br-NMR spectra for solutions with different concentrations of TtBABr at 330 K. The black
line centered at 0 =0 corresponds to a 1.1 m solution of KBr (divided by 4 to fit in the same scale) for
comparison. b) Temperature dependence of °Br- NMR absorption for the 1.8 m.
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(Pt-NPs) on carbon supported
on a glassy carbon electrode
were performed using TtBABr
(1.8 m) water solution as the
electrolyte. The voltammogram
experiments were compared
with that obtained for KBr
(1.8m) water solutions. As
shown in Figure 7, Pt-NPs pres-
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Figure 7. Cyclic voltammograms of Pt/C in hydrogen saturated 1.8 m KBr (blue) and 1.8 m TtBABr (red)
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Hydrogen adsorption This experiment demon-
H,+2Pt <«——> 2PtH

strates that wusing TtBABr
(1.8 m) as an electrolyte, limits
the surface redox reactions on Pt
due to the inhibition of the H,O
adsorption, widening the work-
ing potential window, which
could offer interesting electro-
chemical applications for these
supramolecular liquids.

On the other hand, electro-
chemical applications of several
non-noble metals like Cu are
severely limited by their stability
on aqueous environment, due to
corrosion.”>*! The electrochem-

Pt oxidation

Pt+H,0 <3 PLOH+H'+e ical properties of Cu in the
TtBABr supramolecular liquid

solutions at 50 mVs™'. The region between ~—0.6 to 0 V corresponds to the adsorption/desorption of were investigated in a three-
hydrogen on the surface of platinum nanoparticles, while that (highlighted) between ~0.2 to 0.6 V is electrode set-up, using Ag/AgCl

related to the superficial oxidation/reduction of Pt. The schemes represent

these processes; the as the reference electrode and Pt

superficial oxidation/reduction of Pt in water is inhibited in TtBABr 1.8 m due to low reactivity of water wire the counter electrode. The

molecules when forming liquid clathrates.

ent the expected electrochemically activity in a hydrogen
saturated solution of KBr (1.8 m), that is, H, molecules show
a reversible adsorption/desorption on the Pt surface at
negative potentials (from ~ —0.6 to 0 V), while H,O mole-
cules oxidize the Pt surface at potential higher than ~ 0.4 V.B!
The cathodic peak at ~0.38 V in the KBr solution corre-
sponds to the reduction of the electrochemically oxidized Pt
surface. However, the oxidation of Pt by H,O is inhibited in
the TtBABr (1.8 m) water solution, as reflected in the absence
of any measurable faradaic current at positive potentials. It is
important to remark that TtBA™ is not blocking the electrode
surface, as demonstrated by the fact that Pt is still electro-
chemically active at negative potentials, where the adsorp-
tion/desorption of hydrogen takes place. Therefore, it is the
strong interaction among H,O molecules in the tight structure
of the supramolecular liquid what limits their reactivity.
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corrosion of Cu is chemically

complex, and apart from the
oxidation to copper oxides (Cu,0), it has been reported an
additional two-step process in the presence of Cl . In this
case, a film of CuCl grows on the surface of the electrode,
according to:B

Cu(s) + Cl (aq) < CuClI(s) + e~ 1)
and it then forms a soluble chloro-cuprate (I) species:
CuCl(s) + CI” « CuCl, (aq) (2)

Figure 8a shows a cyclic voltammogram of a Cu wire in
a 1.8 m solution of KCl, showing a redox process around 0 V.
The low Coulombic efficiency, that is, the large anodic to
cathodic peak current ratio (ia/ic) ~2.42, confirms that some
of the Cu atoms are irreversibly oxidized to CuCl,” leaving

b) 12
) R

o <€ 8 yr

§ £ KCI (1.8m)

< = ‘

£ S

€ S5 4-

@ O
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O
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0 100 200 300
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Figure 8. a) Cyclic voltammograms of a Cu wire in 1.8 m KC| (black) and in 1.8 m TtBACI (blue) at 50 mVs™'. b) Chronoamperogram of a Cu wire

in 1.8 m KCI (black) and in 1.8 m TtBACI (blue), at 0.3 V.
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the electrode surface. Note that current is still positive at
potential higher than 0.2 V as the dissolution of Cu leaves
fresh Cu atoms which can be further oxidized at positive
potentials.

To reduce the reactivity of Cl ions in water, we prepared
a 1.8m solution of TtBACI and studied the effect of the
formation of a supramolecular clathrate structure on the Cu
corrosion. As discussed before, calorimetric DSC experi-
ments (Figure S8) show that the clathrate is formed with the
chloride tetrabutylammonium salt, thus retaining Cl~ ions
within the hydrate structure.

The corrosion of copper is largely inhibited in the aqueous
TtBACI solution; there is a new redox process at ~—0.52 V
with a small current density and larger potential peak
separation AE=FE,—E.~1.162 V (Figure 8a), compared to
~0.216 V in the 1.8 m KClI solution. The oxidized species of
Cu appears to be now stabilized towards the reduction, and
the formation and loss of CuCl,” from the electrode is
hindered with respect to that observed in KCl, as the current
when decreasing the potential is negative at 0.2 V.

To further demonstrate the stability of Cu in the 1.8 m
aqueous solution of TtBACI, chronoamperometry measure-
ments were performed in KCI and TBACI, at a very oxidizing
potential of 0.3 V (Figure 8b). The oxidation of Cu in KCl is
characterized by a high current density (as expected taking
into consideration the current values observed at the same
potential in the cyclic voltammogram) and the change of color
of the electrochemical solution from transparent to light
brown. However, this is not the case for the TtBACI, as shown
in the same Figure. Raman spectra (supporting information,
Figure S12) confirms the formation of both CuCl and Cu,O
on the surface of the Cu electrode in 1.8 m KCI after
chronoamperometry experiments, while only the bands
related to the presence of TtBA*' are observed on the Cu
electrode used for the experiment with the clathrate solu-
tion.[>** Thus, it is demonstrated that copper is more stable in
aqueous media in the presence of clathrates structures even in
a high concentration of Cl™. To ascertain that the stability of
Cu is solely due to the fluid clathrate structure and not to the
adsorption of TtBA™ on the Cu surface, we carried out a cyclic
voltammogram of a Cu wire in 0.6 m TtBACl aqueous
solution and compare with the cyclic voltammogram obtained
in the 1.8 m TtBACI. As shown in Figure S13, the obtained
cyclic voltammograms show significant differences related to
the Cu stability at potentials higher than 0.2 V where the
current is still positive for the cyclic voltammogram in 0.6 m.
Besides, cyclic voltammogram in 1.8 m KCl of the Cu wire
after the experiment with the clathrate solution, in which the
electrode surface was showing the presence of TtBA* by
Raman is identical to the initially obtained in 1.8 m KCl
(Figure 8a), ruling out the possibility that the adsorption of
TtBA™ on the metal surface is triggering the stability of the
Cu electrode.

In summary, we have demonstrated the existence of a new
type of supramolecular liquid, formed by (molten) semi-
clathrate hydrate structures of composition ~ TtBABr-x H,O
x=238-24, involving most of the water molecules in the
solvent. Similar results were found in the corresponding Cl-
salt, and in tetrabutyl-phosphonium bromide, suggesting

Angew. Chem. Int. Ed. 2021, 60, 7540 —7546

Communications

© 2021 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH

a general behavior. In these fluids the structural fluctuations
related to hydrophobic solvation of the alkyl chains dominate
over the conventional H-bond (tetrahedral) structural fluc-
tuations in bulk water. The change of the characteristic H-
bond network of water results in a minimum compressibility
and thermal diffusivity at room temperature, among other
anomalies.

The results presented in this paper suggest an original
approach for the design of a new class of supramolecular
liquids, based on water solutions of small molecules contain-
ing a hydrophobic tail (probably with a symmetric disposition
around a central atom). These supramolecular liquids could
find important advanced technological applications as sol-
vents and electrochemical media, sequestering agents for
small non-polar molecules, etc.
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