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The bulk structure of mixtures of two protic ionic liquids, propylammonium nitrate and butylammonium nitrate, with a salt with
a common anion, is analyzed at room temperature by means of small angle X-ray scattering and classical molecular dynamics
simulations. The study of several structural properties, such as density, radial distribution functions, spatial distribution functions,
hydrogen bonds, coordination numbers and velocity autocorrelation functions, demonstrates that increasing the alkyl chain length
of the alkylammonium cation results in more segregated, better defined polar and apolar domains, the latter having a larger size.
This increase, associated to the erosion of the H-bond network in the ionic liquid polar regions as salt is added, is confirmed by
means of small angle X-ray scattering measurements, which show a clear linear increase of the characteristic spatial sizes of the
studied protic ionic liquids with salt concentration, similar to the one previously reported for ethylammonium nitrate (J. Phys.
Chem. B 2014, 118, 761-770). In addition, bigger ionic liquid cations lead to a lower degree of hydrogen bonding and to more
sparsely packed three-dimensional structures, which are more easily perturbed by the addition of lithium salts.

1 Introduction

Tonic liquids (ILs) are salts composed exclusively of cations
and anions that are poorly coordinated, which leads to their
being in a liquid state below 100 °C and even at room tem-
perature. Due to their unique array of physicochemical prop-
erties (high thermal stability, high ionic conductivity, negligi-
ble vapor pressure, large electrochemical window and ability
to solvate a wide range of organic and inorganic materials) '~
and their numerous potential applications (as lubricants, fuel
additives and electrolytes, in separation processes, heat stor-
age, synthesis and catalysis, among others),*” great research
efforts have been conducted to their better understanding over
the last few decades.

A subset of ILs is that of protic ionic liquids (PILs), first
discovered in 1914, when Walden® reported the description
of ethylammonium nitrate (EAN) and classified it as an IL
whose melting point is 287.6 K. These ILs are formed by pro-
ton transfer from a Brgnsted acid to a Brgnsted base.®~!! The
existence of this exchangeable proton is the main difference
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between PILs and aprotic ionic liquids (AILs) and gives rise
to an extended hydrogen bond network, which not only re-
sembles the three-dimensional hydrogen bond network of wa-
ter, 213 but it is also responsible for their special set of prop-
erties and their highly ordered structure. >-'1:14

The amount of articles studying the properties of PILs is not
comparable to those on AILs (amongst which it is worth men-
tioning the firt computational work performed by Canongia-
Lopes and Padua !> that reported the formation of segregated
domains), but relevant contributions have already been re-
ported that shed some light on their peculiar behavior, 14-16-21
For example, Greaves et al.>!! published several thermal and
physicochemical properties of a series of PILs, including glass
transition, melting point, boiling point, density, refractive in-
dex, viscosity, ionic conductivity, and air-liquid surface ten-
sion. In another experimental work, Atkin and Warr investi-
gated the bulk structure of EAN and propylammonium nitrate
(PAN) by using small-angle neutron scattering (SANS).??
They reported the existence of a Lz-sponge-like bulk struc-
ture of polar and non-polar domains, these nanoscale hetero-
geneities being favoured by the solvophobic interactions be-
tween alkyl groups, as well as by the electrostatic and hydro-
gen bonding attractions between the ammonium cation and
nitrate anion. This same sponge-like structure in bulk PAN
was also reported by Hayes et al.>> using empirical potential
structure refinement (EPSR). The resultant amphiphilic PAN
nanostructure is more pronounced and with a larger non-polar
domain size than that observed in EAN due to the extra methy-
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lene unit. Besides, Kennedy and Drummond observed the for-
mation of large aggregates of the constituent ions in several
PILs by employing electrospray ionization mass spectrometry
(ESI-MS).?* They showed that the CgA,* species (C = cation,
A = Anion) was the most abundant and that the formation and
size of clusters was dependent on the nature of the anion and
cation. This nanostructure is known to occur in imidazolium-
based ILs with alkyl chains > C4, whereas chains as short as
C, are enough to induce nanostructuring of primary ammo-
nium based PILs.?? Moreover, the spatial dimension of the
nanodomains in ILs is known to be controlled by the length
of the alkyl chains in their constituents. In a recent article we
reported a systematic study of the effect of the cationic chain
length and the degree of hydrogen bonding on several equilib-
rium and transport properties of EAN, PAN and butylammo-
nium nitrate (BAN) by means of several experimental tech-
niques.? All our observations reflected the lower hydrogen
bonding degree of the PILs with the longer chains, which is
due to to enhanced hydrophobic interactions with the cationic
chain length of the PILs.

Concerning solutions in PILs, the first contributions on their
structure have just been reported by Hayes er al.%® and by
some of us?’ using, respectively, neutron (WANS) and X-ray
scattering (WAXS), combined with reverse Monte Carlo sim-
ulation. In them, salt cations are clearly seen to be dissolved
into the polar domains of the IL bulk. Upon this solvation
process, IL nanosegregation of the PILs persists, only slightly
influenced by the salt addition, and crystalline-like organiza-
tions are adopted by the added salt in the polar nanocavities of
the amphphilic IL.?

Although many physicochemical properties of PILs are now
better characterized, it must be said that we are still far from
having a complete molecular understanding of dynamical and
structural properties of PILs. In this regard, computational
simulations are crucial in order to overcome the limitations
of experimental research and to get a systematic understand-
ing of the interaction mechanisms between the ions. However,
the number of works using computational methods are still
very scarce >>?8-32 and, up to our knowledge, only a few pub-
lications based on molecular dynamics (MD) simulations have
been reported so far.3373¢ In one of the MD studies that have
been published to the date, Umebayashi et al. 3* analyzed the
liquid structure of EAN and found that [NO]~ anions signif-
icantly interact not only with the ammonium group but also
with the alkyl chain of the cations. Their simulations also sup-
ported relatively short alkyl chain aggregation as proposed by
Atkin and Warr. 2 In addition, Zahn ef al. 3* performed ab ini-
tio MD simulations of the PIL monomethylammonium nitrate
(MMAN) to investigate its dynamics. Their results exhibited
a fast fluctuating hydrogen bond network in which, on aver-
age, one hydrogen bond acceptor and one donor site in each
ion pair remain free. The structural heterogeneity of EAN,

PAN and BAN was also studied by Song et al.*> They found
the formation of a distorted NH---O hydrogen bonded network
structure regardless of the alkyl chain length, in which nitrate
anions usually bond to the charged ammonium headgroup of
the cation, and the uncharged alkyl chains aggregate with each
other. Finally, this same year we reported the first (up to our
knowledge) MD study of the structure of mixtures of a PIL
with an inorganic salt, specifically lithium nitrate with EAN, 3
and we found that Li* cations placed themselves in the polar
domains of the amphiphilically nanostructured PIL, forming
solid-like aggregates with the anions in the bulk.

Focusing on the role of ILs as electrolytes for lithium and
lithium-ion batteries, most of the studies have been devoted
to the analysis of AILs, whereas only Menne et al.3"3® have
considered PILs as being a good and cheaper alternative to
conventional electrolytes. As it is well-known, obtaining in-
formation at the molecular level about the structure and solva-
tion process of these liquids is of fundamental importance for
a further understanding of their properties and, thus, improv-
ing their performance in this type of applications. In order to
provide an insight into the behavior of this kind of ILs we car-
ried out a series of MD simulations of several PILs and their
mixtures with alkaline salts.

Continuing with our previous studies, and trying to
further understand the structural features of salt solvation in
PILs, in this work we present an experimental and computa-
tional room-temperature study of the structure of mixtures of
lithium nitrate with three members of the most studied fam-
ily of PILs, alkylammonium nitrates: EAN, 36 PAN and BAN.
To access structural information we performed small angle X-
ray scattering (SAXS) to see the influence of the added salt
and the alkyl chain length on the nanostructuring of the IL,
and computationally examined the evolution of the radial dis-
tribution functions, spatial distribution functions, coordination
numbers, degrees of hydrogen bonding and cage autocorrela-
tion functions.

After this introduction we include a section describing the
computational details of our study, which is followed by a dis-
cussion of the obtained results. Finally, we summarize our
main conclusions.

25,27,36

2 Experimental and computational details

2.1 Chemical, density and small-angle X-ray scattering
measurements

EAN was purchased from IOLITEC with a purity degree of
> 97%, and it was used as received. LiNO; (> 99.9%) was
a Merck product, and it was used as received. Density was
continuously and automatically measured at 298.15 K using
a DSA 5000 Anton Paar density and sound velocity analyzer.
This device is equipped with a latest-generation vibrating tube
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(a)

Fig. 1 Molecular structure of (a) nitrate anion, (b) ethylammonium
cation, (c) propylammonium cation and (d) butylammonium cation.
All of them were modeled using an all-atom representation

for density measurements with a resolution of 107 g cm™3.

Temperature was controlled to within 103 K by means of
a Peltier module. The densimeter was calibrated with dry air
and distilled water at known pressure and temperature.

SAXS measurements were conducted at the ID02 beamline
at ESRF. The beamline makes use of an instrumental setup
that covers the momentum range Q = 1-11 nm~'. Measure-
ments were performed at 298.15 K using a thermostated bath.
The samples were kept inside a temperature controlled flow-
through cell with an internal diameter of 1.9 mm. The corre-
sponding empty-cell contribution was subtracted.

2.2 Simulation details

MD simulations of pure PAN and BAN, whose schemes are
shown in Figure 1, as well as their mixtures with LiNO; at
T =298.15 K and P = 1 atm, were carried out using the GRO-
MACS 4.5.4 package.3 With regard to the parametrization of
the ions, the OPLS-AA force field was used, which is an all-
atom version of the OPLS force field that models every hydro-
gen atom bonded to carbon explicitly and whose details have
reported in Ref. 40.

Propylammonium and butylammonium cations were built
by adding the corresponding number of sites and maintaining
the same charge of the alkyl chain as in EAN,3¢ and lithium
cations were modelled by a single site of charge +1 whose

Lennard-Jones parameters are ¢ = 1.25992- 10~ nm and € =
2.615- 107! kJ/mol. The rest of the details of the simulations
have been reported elsewhere. 3

Due to the fact that our experimental measurements of the
density showed that the solubility limits are %;,;; = 18.0 and
Yo5q;; = 15.4 for PAN and BAN, respectively, the salt molar
percentages simulated in all the systems (%;,;,={0, 5, 10, 15,
20 and 25}) covered the whole range of concentrations up
to saturation and some metastable concentrations above this
point. All the initial configurations were built by randomly
inserting 300 ionic pairs of IL in a cubic box; with the excep-
tion of the percentages %= 5 and 10, for which we consid-
ered 1000 and 450 ionic pairs with the aim of having enough
salt to yield statistically significant trajectories. The number
of lithium salt molecules was calculated for each situation by
considering each ionic pair as a single unit in the calculation
of mole fractions.

For each molar percentage of salt, the system was equili-
brated for 20 ns in the isothermal-isobaric (NpT) ensemble
applying periodic boundary conditions. We have employed
20 ns long simulations, a time long enough to ensure com-
plete equilibration and sampling of relevant enough regions of
the phase space. One must recall to this respect that the exper-
imental bulk density of the IL and its mixtures is reached after
0.5 ns, and the correlation of the ions velocities are completely
dumped out after 1 ns. Then, the results of an additional 10 ns—
long simulation in the isothermal-isobaric ensemble were used
for the analysis of the structure of the mixtures.

3 Results and discussion

SAXS data from binary mixtures of alkylammonium nitrates
(PAN and BAN) and LiNO; at ambient conditions are shown
in Figure 2. Data for EAN-LiNO; mixtures in the same con-
centration range and conditions have been recently published
by some of us.?’

Neat alkylammonium nitrates have been studied in the past
using diffraction techniques. Here we concentrate on those
studies referring to small angle X-ray/neutron scattering tech-
niques. In 2008 Atkin et al. observed the existence of a low-Q
feature in EAN and PAN?? extending the results*! of some
of us on AlLs. Greaves and coworkers extended this inves-
tigation to longer members of the series up to pentylammo-
nium nitrates *? and similar results were obtained by Song and
coworkers. 3 These structural features have been rationalised
in terms of nanoscale segregated morphology in ILs as a con-
sequence of their inherent amphiphilicity that leads to a polar
vs apolar domains segregation. In several ILs the characteris-
tic size associated to this structural feature (that is estimated
as given by D ~ 2m/Q, Q being the position of the low-Q
peak) is found to depend linearly on the number of CH,/CHj;
groups in the side alkyl tail and this is also the case for alkyl
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Fig. 2 Small angle X-ray scattering data from binary mixtures of (a)
propylammonium and (b) butylammonium nitrate-LiNO; at ambient
conditions. The legend refers to lithium salt content expressed in

molar fraction. Data have been vertically shifted for clarity purposes

ammonium nitrates. SAXS data from EAN-LiNO; mixtures
have been recently reported by us?’ together with a modelling
of wide angle X-ray scattering data, while wide angle neutron
scattering data from different isotopically substituted mixtures
were investigated by Atkin et al.?®

The existence of low-Q peaks associated to structural fea-
tures in the mixtures was also confirmed by means of MD sim-
ulations, as shown in Figure 3, where MD SAXS calculations
for a mixture of BAN with a 10% of lithium salt are compared
to the experimental observations. As can be observed in the
inset, the agreement for this concentration is very good, and
this is also the case for most of the studied concentration, as
shown in the inset.

In Figure 4, we show the LiNO; concentration dependence
of the characteristic scales in the three sets of mixtures. To-
gether with the data obtained for PAN and BAN, we also re-
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Fig. 3 Small angle X-ray scattering data from MD simulations of
BAN mixed with a 10% of LiNO;. The inset shows the

experimental heights of the low-Q peaks vs the corresponding MD
predictions for the various studied concentrations of mixtures with
PAN and BAN. The dashed line corresponds to perfect agreement.

port data from Ref. 27. We notice that the three sets of solu-
tions show an approximately linear trend for D vs [Li]* con-
tent. These data sets show that the characteristic spatial scales
for the mesoscopic order in these mixtures fall in the range
from 9 to 16 A, with progressive increase of this size with in-
creasing [Li]* content.

16

14} 4
’g 131 J
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[P NP T TP SR PR SRR SR |
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Fig. 4 Characteristic spatial sizes (D) extracted from small angle
X-ray scattering data from binary mixtures of ethyl-, propyl- and
butyl-ammonium nitrate/LiNO; (EAN, PAN and BAN, respectively)
at ambient conditions. The three lines are parallel and have been
obtained by a linear fitting to the EAN-LiNO; trend excluding the
0.055 mf value.

It is noteworthy that at intermediate concentrations EAN-
LiNO; mixtures show deviations from such a linear trend and
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D at 0.06 molar fraction (mf) in lithium salt is smaller than
the value for neat EAN. At higher [Li]* content, however, D
tends to grow and gets larger than in neat EAN. This kind of
behaviour explains the observation done in a recent paper by
Atkin et al., where they report experimental neutron scatter-
ing data for the case of 0.10 molar fraction in [Li]* salt and
they notice that for that concentration the low-Q peak posi-
tion falls at larger Q values than for neat EAN. Our present
X-ray data set somehow confirms that a concentration regime
exists where the peak position shifts towards larger Q values
(decrease in D values), but this is followed by a concentration
range where the peak shifts towards smaller Q values (increase
in D values). It is also noteworthy that the same trend is not
observed for the case of PAN and BAN mixtures with lithium
salt, as the peak position (characteristic spatial scale) progres-
sively shifts downwards (upwards) upon lithium salt addition.
Moreover, we notice that, even when the 0.055 mf data de-
viates ca. 2%, the characteristic spatial sizes in the EAN-
LiNO; mixtures follow a linear trend with a slope dD/ dxp i+

=5 A/mf. This trend is also followed by PAN and BAN mix-
tures with LiNOj3, in the dilute regime below xp;+= 0.1. This
observation might imply subtle structural effects played by the
lithium addition on the sponge-like morphology in bulk alky-
lammonium nitrates.

Hence, our X-ray data suggest that the characteristic size of
the mesoscopic correlations increases with salt addition. In or-
der to get further understanding of this phenomenon, we per-
formed MD simulations of the studied mixtures. As density
is one of the properties most easily comparable with experi-
mental data, it is worth making a comparison between com-
putational and experimental density results to estimate the va-
lidity of the force field employed in our MD simulations and
its accuracy to represent the behavior of a given system. Fig-
ure 5 shows the salt concentration dependence of both exper-
imental and simulated density for mixtures of EAN (which
had been previously reported in Ref. 36), PAN and BAN with
LiNO;. It can be seen there that the predicted densities of the
systems involving PAN and BAN are in excellent agreement
with the experimental values. In view of these results we can
be reasonably confident about the ability of our force field to
reproduce the structural properties and the solvation process
of these PILs. However, it must be taken into account that,
since the force field employed is non-polarizable, we cannot
get quantitatively accurate predictions for the dynamic prop-
erties of lithium ions (as we proved in Ref. 43). It can be also
seen that all the mixtures show the same linear increase with
salt concentration previously reported for lithium salts in AILs
and in EAN.3%%3 In addition, the slope of the density is prac-
tically independent of the IL cation alkyl chain length. These
features suggest that added salt ions are solvated into the polar
nanoregions of the mixture, whose density increases upon salt
addition either by breaking hydrogen bonds in these regions
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Fig. 5 Simulated and experimental densities at 7 = 298.15 K of
EAN (squares), PAN (dots) and BAN (triangles) mixed with lithium
salts with a common anion as a function of the lithium salt
concentration. Data for EAN were taken from Ref. 36.

and/or by forming clusters with the [NO;]~. Moreover, if we
recall that the partial molar volume of a solute of molar mass
My, V3, in an IL of density py can be approximated for con-
stant partial molar volume (i.e. when the partial molar volume
and the apparent molar volume are equal) as

_ 1 ap
Vz—% <M28c> (D

where ¢ is the molar concentration of the salt, we can easily
conclude that, as the chain length of the cation IL increases,
the partial (equiv. apparent) molar volume of the salt in-
creases, which can be seen as an indicative of an enhanced in-
fluence of the addition of salt on the thermodynamics proper-
ties of the systems the longer the IL cation alkyl chain length.

These features can be also observed in Fig. 6, in which we
analyze the concentration dependence of the well-known hy-
drogen bond network between nitrate anions and alkylammo-
nium cations. For this purpose, we calculated the evolution of
the average number of hydrogen bonds per molecule by nor-
malizing the number of H-bonds by the number of ions (ex-
cluding lithium cations), as explained in Ref. 36. In addition,
since the large organic parts of the molecules of these systems
are not involved in hydrogen bonds, the fraction of hydrogen-
bonded atoms is more informative about the relative extent
of hydrogen bonding. Accordingly, we included the analy-
sis of the average number of hydrogen bonds per atom in the
ionic pair in order to clarify the effect that the cationic chain
length has on this property. The criteria considered in GRO-
MACS for determining the presence of a hydrogen bond are
purely geometrical; that is to say, the distance between acep-
tor and hydrogen must be lower than or equal to 0.35 nm, and
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the angle between acceptor-donor-hydrogen must be smaller
than or equal to 30°. In this case, the three-dimensional net-
work results from the hydrogen bond taking place between the
oxygen atoms of all the nitrates that are present in the mix-
ture (regarded as acceptors) and the hydrogen atoms of the
ammonium headgroup of the cation (considered as donors).
In Fig. 6.a we can observe a linear decrease in the average
number of hydrogen bonds regardless of the alkylammonium
cation chain length as the lithium salt concentration increases,
which shows a gradual break up of the IL H-bond network
due to the [Li]* cations placing themselves in the polar do-
mains of the network. This is the same tendency previously
reported for solutions of EAN with LiNO3.36 Furthermore,
Fig. 6.b evidences that the hydrogen bonding extent of the
PILs is lower the longer the cation chain length, since the for-
mation of a hydrogen bond is more difficult due to the higher
size of the apolar domains and the greater distance between
ions.? Interestingly, we can see in Fig. 6.a that the number of
hydrogen bonds per molecule is practically the same for the
various studied PILs, and, even more interestingly, the rate of
change of this number with concentration is practically iden-
tical for the different ILs. This further reinforces the notion
that changes on the hydrogen bond network with added salt
are confined to the polar nanoregions of the mixture, where
[Li]* electrostrictive ionic field forces reorientation of [NO;]~
anions, removing them from H-bonds with the [XA]* cations.
However, when we come to analyze the number of hydrogen
bonds per atom, we see that the average number of H-bonds
per atom in the ionic pair decreases slightly faster for mixtures
of PILs with shorter alkyl chains, since longer cations have
more atoms that do not participate in a hydrogen bond. Nev-
ertheless, it must be pointed out that, since mixtures of PILs
with longer alkyl chains are hydrogen bonded to a lesser ex-
tent, H-bonds breakage is expected to have a deeper impact on
the properties of the mixture the longer the alkyl chain length
of the solvent cation.

A strong segregation of polar and apolar domains in the
mixtures can be clearly observed in Fig. 7, in which we show
several snapshots of the simulation box of a 25% of LiNO,
mixed with PAN and BAN. As we previously found in so-
lutions of LiNO; in EAN,% the vast majority of the [Li]*
cations are located in the polar regions of the bulk, decreas-
ing the interaction strength between nitrate anions and ammo-
nium groups and gradually breaking the strong hydrogen bond
network existing in bulk PILs. Moreover, these snapshots sup-
port the picture of larger apolar domains as the IL cation alkyl
chain length increases, in agreement with the study of Hayes
et al.”!

Further evidence of lithium cations solvation in the bulk
system and its influence on the IL network can be obtained by
quantifying spatial structure through the analysis of the radial
distribution function (RDF),
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Fig. 6 (a) Concentration dependence of the average number of
hydrogen bonds per molecule for mixtures of LiNO; with EAN
(blue), PAN (red) and BAN (green). (b) Concentration dependence
of the average number of hydrogen bonds per atom in the ionic pair
for solution of LiNO5 in EAN (blue), PAN (red) and BAN (green).
The lines are guides for the eye. Data for EAN were taken from Ref.
36.

@ 0

Fig. 7 Snapshots of the simulation box of the mixtures of 25% of
LiNO; with PAN (a, b, ¢) and BAN (d, e, f) at 298 K. The
representations of the bulk structure include: (a) and (d) the whole
system, (b) and (e) nitrate anions, ammonium group of the IL cation
(polar domain - red) and lithiums (blue), (c) and (f) chain of the IL
cation (apolar domain - green) and lithiums (blue). The relative size
of lithium has been exaggerated for clarity.
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1 N
gij(ra) = — Y (8(A —7)8(72 = 7)) )
pip; &

where p is the number density, N stands for the number of par-
ticles in the system, i and j run over all the species, and brack-
ets indicate the ensemble average. It must be clarified that for
the calculations of the RDFs involving the alkylammonium
cation we only took into account the four atoms in the am-
monium or methyl groups, and that all RDFs presented in this
paper were calculated by considering the center of mass of the
defined groups, except in the case of hydrogen-oxygen g(r)’s
(of ammonium group and nitrate, respectively), for which an
average of the atomic RDFs was calculated.

The lithium salt concentration dependences of the RDFs in-
volving the ions of the PILs are presented in Figs. 8 and 9
for mixtures with PAN and BAN, respectively. In particu-
lar, these two figures show g(r)’s between (a) [NO;]~ anion-
ammonium group of the IL cation, (b) [NOs]~ anion-methyl
group of the IL cation, and (c) hydrogen-oxygen (of ammo-
nium group of the IL cation and nitrate anion, respectively).
In a similar way to that reported for EAN, 3% the strongest co-
ordination is found between [NO;]~ and [NH;]*. The strength
of this interaction decreases in a more pronounced way than
that between [NO5]™ and IL cation alkyl groups with the addi-
tion of lithium salt to the system, which once again indicates
that lithium cations are accommodated into the polar domains
of the bulk inducing a rupture of the H-bonds between IL ions
in the nanoregion. Moreover, the position of the first peaks
of the g(r)’s of the IL components does not vary as the con-
centration of lithium salt increases, which indicates that the
structure of these liquids is not significantly changed by salt
addition, but for its hydrogen bond extent in the polar nanore-
gions. However, increasing the length of the cation alkyl chain
does have an impact on the amphiphilic nanostructure of the
bulk. Firstly, the height of the first peak in the RDF between
nitrate anion and ammonium group (Fig. 8.a, Fig. 9.a in this
paper, and Fig. 2.a in Ref. 36) clearly increases upon increas-
ing the cation alkyl chain, which is indicative of an increasing
segregation of the fluid, giving rise to better defined polar do-
mains of the PILs with alkyl chain length.?! Additionally, the
decrease of the height of the first peak in the g(r) between ni-
trate anion and methyl group (Fig. 8.b, Fig. 9.b in this paper,
and Fig. 2.b in Ref. 36) reveals a reduction in the coordi-
nation between these two groups of atoms, which is due to
the existence of larger and better defined apolar domains and
leads to a looser nanostructuration more similar to a sponge
in the mixtures with longer alkyl chains. Finally, there are no
substantial differences in the distance between the atoms that
participate in the hydrogen bond (Fig. 8.c, Fig. 9.c and Fig.
2.cin Ref. 36), and we obtained an average O - - H distance of
0.18 nm, in agreement with the conclusions drew by Bodo et
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Fig. 8 RDFs of (a) nitrate anion-ammonium group, (b) nitrate
anion-methyl group and, (c) hydrogen-oxygen (of ammonium group
and nitrate anion) as a function of the lithium salt concentration in
solutions of LiNO; in PAN at 298.15 K.

al.?® However, the number of atoms at that distance decreases
with the addition of salt, as reflected in the height of the peak
of 9.c.

Figures 10 and 11, which show the RDFs involving [Li]*
cations and both ionic species of the PILs, provide us with fur-
ther evidence of the location of lithiums in the bulk mixtures.
The greater height of the peaks of the RDFs between [NO5]~
anions and [Li]* and their positions at shorter distances show
that lithiums are mainly coordinated with nitrate anions, as we
found in mixtures with EAN.3% Tt is also noteworthy that the
interaction of lithium cations with both nitrate anions and the
ammonium group of the IL cations increases as the degree of
hydrogen bonding decreases (that is, as the alkyl chain length
of the IL cation increases), which is compatible with lithium
being constrained to lie in progressively more compact, denser
polar nanoregions. In the case of PAN and BAN, the first
solvation shell of lithiums around nitrates is composed of a
double peak (Figs. 10.a and 11.a) as in the case of EAN mix-
tures, which indicates that [Li]* cations can be found in two
different conformations: bidendate (corresponding to the first
peak) and monodendate (corresponding to the second peak).
Although the monodendate conformation is the more abun-
dant independently of the alkyl chain length of the IL cation,
it seems that the relative abundance of this way of coordina-
tion becomes comparable to that of the bidendate one when
increasing the length of the IL cation alkyl chain, since the
heights of the peaks tend to be more similar. This is indicative
of a compaction of the polar regions as the alkyl chain length
of the IL cation is increased, associated to a decrease in their
volume fraction decrease via a “dilution effect”.

This journal is © The Royal Society of Chemistry [year]
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Another interesting tool for shedding light on the bulk struc-
ture is the spatial distribution function (SDF), which provides
useful information about the three-dimensional density distri-
bution of atoms around a central molecule. In this case, the
SDFs were determined by fixing a distance from the central
molecule, which corresponds to the position of the first (and
also second for calculations involving lithiums) maximum of
the RDFs, and calculating the angular probability distribution
of finding an atom at a specific point in the mixture. All the
reported SDFs correspond to the different species around the
nitrate anions, which are indeed plane molecules. The ref-
erence plane corresponds to the plane of the molecule itself,
and all the nitrate anions have been rotated so that their planes
are identically oriented before calculating the corresponding
average angular probabilities. Thus, Fig. 12 shows the heat
maps of the angular distribution of (a), (b), (e) and (f) lithium
cations, (c) and (g) nitrogen in the [NH;]* group of the IL
cation and (d) and (h) nitrogen in the [NOs]™ anion at an spe-
cific distance from a central nitrate for the mixtures of a 15%
of LiNO; with PAN (a, b, ¢, d) and BAN (e, f, g, h). The
main observed effect of increasing the alkyl chain length of
the IL cation is that, despite the better defined polar and apo-
lar domains the longer the alkyl chains, the polar domains of
PAN and BAN mixtures seem to be, on average, less ordered
than those in EAN mixtures.® This is reflected in the much
more diffuse heat maps of the distributions of lithium cations
(a, b, e, f) around the nitrates, where we see that [Li]* are nei-
ther forced to be located in the bisectrix of the angle formed
by two oxygens and the central nitrogen of the anions (biden-
date conformation) nor facing the nitrate oxygens (monoden-
date conformation). Hence, these two conformations around a

8| Journal Name, 2010, [vol]1—11
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central [NO5]™ are less clearly observed than in mixtures with
EAN.3¢ A similar effect, although slightly less marked in the
case of the nitrogen of the ammonium cation, is observed for
both alkylammonium cations and nitrate anions surrounding a
central [NOs]~. This increment of the orientational disorder
in the nanoregions could be associated to the collapse of the
directional hydrogen bond network inside the polar nanore-
gions.

The lithium salt concentration dependence of the coordina-
tion numbers of the ions in the mixtures is also an informative
variable. The results of numerically integrating the function
4nr’pg(r) (where p is the numerical density of the molecules
around an specific central ion, lithium in this case, and g(r)
is one of the RDFs plotted in Figs. 8.a, 9.a, 10 and 11) up
to the end of the first solvation shell (given by the first min-
imum of the corresponding RDFs) are shown in Fig. 13. In
general, there are no significant diferences between the co-
ordination numbers in solutions of LiNO; in EAN, PAN and
BAN, except for the fact that the number of alkylammonium
cations solvating a given lithium slightly decreases with in-
creasing the alkyl chain length, going from 3 in EAN to less
than 2.5 in BAN. The reason why this change takes place is the
increase of the thickness of the apolar domains with increasing
IL alkyl chain length, as indicated by bulk liquid correlation
length (determined from low Q Bragg peaks). Additionally, a
slight decreasing of the coordination numbers of alkylammo-
nium cations around a central [Li]* can be observed upon salt
addition. This could be explained by an increase of the po-
lar domains, since this kind of expansion would lead to fewer
cations in a solvation shell with the same size. The swelling
of the polar domains is due to the increase in the number of
ions in these regions associated to a decrease of the number
of H-bonds. However, the observed increase in density would
be associated to an increase in the ion densities in the polar
regions, confirmed not only by an increase of [NO;]~ densi-
ties in the polar regions from 1.25 [NO5;]~ /nm? for pure PIL
to 1.71 [NO;]~/nm® from a mixture with a 20% of lithium
salt, but also by a decreasing of the position of the first peak in
the anion-anion RDFs as the amount of salt increases. We can
also deduce an expansion of the apolar domains with the ad-
dition of lithium salt, which is suggested by a slight decrease
of [CH;] densities in the apolar regions. On the other hand, in
mixtures with PAN and BAN a central [Li]™ is also surrounded
by almost four [NO5]™ in its first coordination layer and an av-
erage of nearly one lithium in its second solvation shell over
the whole miscibility range, as we reported for EAN. 3% This is
in agreement with neutron diffraction?>#>4 and SAXS? ex-
periments, which have shown that the underlying bulk nanos-
tructure does not significantly undergo changes (and ion-ion
correlations) as IL alkyl chain length is increased.

In order to analyze the behaviour of lithium cations within
their first coordination shell, we calculated the velocity auto-

Fig. 12 SDF plots of lithium first (a), (b), and second peaks, (e) and
(f), nitrogen in the ammonium group of the alkylammonium cation
(c) and (g), and nitrogen in the nitrate anion (d) and (h) as a function
of the angular position around a central nitrate anion in mixtures of
a 15% of LiNO5 with PAN (a, b, ¢, d) and BAN (e, f, g, h). The
distance at which SDFs were calculated corresponds to the first (or
second in the case of lithiums) maximum of the RDFs: (a) and (e)
first peak (0.24 nm) in Figs. 10.a and 11.a, respectively; (b) and (f)
second peak (0.31 nm) in Figs. 10.b and 11.b, respectively; (c) and
(g) first peak (0.34 nm) in Figs. 8.a and 9.a, respectively; (d) and (h)
first peak (0.50 nm) in anion-anion RDFs.

This journal is © The Royal Society of Chemistry [year]

Journal Name, 2010, [vol], 1-11 |9



Physical Chemistry Chemical Physics

4.0 T T T T T

[] ° H ° H

3.5+ i

3.0 B
) s . B LIT-LIT (PAN)
< 254 . 1 e Lraniean)
g~ Y | @ LIT-CAT (PAN)
g . N * > * CAT-ANT (PAN)
o 2.0q% b b -4 4 ANICAT (PAN)
.2 < < B LIT-LIT (BAN)
T 15 4] e LIT-ANIBAN)
g 7 1 LIT-CAT (BAN)
3 CAT-ANI (BAN)
g 1.0 1 4 ANICAT (BAN)

8 | |

0.5+ " _

| |
]

0.0+ u i

T T T T T T T T

0 5 10 15 20 25

%

salt

Fig. 13 Concentration dependence of the coordination numbers of
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correlation functions (VACFs) of these ions, which are shown
in Fig. 14. The normalized VACFs are determined as

(V(z) - %(0))
(#(0)-%(0))”

where ¥(¢) is the velocity of the center of mass of the molecule
at time ¢ and the brackets indicate the ensemble average. We
have performed high-frequency calculations (time step = 1 fs)
and further verified that the results are not modified if we in-
crease the saving frequency to 2 fs. The first thing we observe
in the two panels of these figures is that the VACFs are almost
identical for PAN and BAN mixtures, once again reflecting the
relative independence of the solvation environment of lithium
on the alkyl chain length of the IL cation, which can only be
explained if the salt cation goes into the polar nanodomains
of the mixture. Moreover, in exactly the same way as it was
found in mixtures with EAN, 3¢ this magnitude shows a clear
oscillatory behavior that reveals that lithium cations experi-
ence a rattling motion inside the “cages” formed by they near-
est neighbors, that is, the four nitrate anions that form their
first coordination shell. Additionally, these oscillations are in
all cases completely damped out after 0.3 ps. However, in
mixtures of LiNO; with PAN and BAN we could not find a
clear tendency of the collision times (indicated by the first zero
of the VACF) with the amount of salt, but this is probably due
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Fig. 14 Evolution of the lithium cations VACFs with the amount of
lithium salt in mixtures with (a) PAN and (b) BAN. The insets show
the concentration dependence of the collision time.

to the uncertainties related to the low number of frames in the
trajectories for these short times.

4 Conclusions

In the present paper, SAXS and MD simulations have been
used with the aim of elucidating the bulk structure and the
solvation process in mixtures of PAN and BAN with LiNO; at
room temperature. For this purpose, we analyzed the influence
of the amount of salt and of the alkyl chain length of the IL
cation on several properties such as density, radial distribution
function, coordination numbers, spatial distribution function,
hydrogen bonds and velocity autocorrelation function.

Like we previously showed for mixtures with EAN in Ref.
36, the bulk of PAN and BAN is also nanostructured due to
the electrostatic, van der Waals, hydrogen bonding and solvo-
phobic interactions. As a result, charged groups (nitrate an-
ions and cation head groups) interact to form polar domains,
whereas alkyl groups tend to associate into apolar domains.
This nanosegregation of PILs has a deep impact on the sol-
vation of lithium salts, since their ions are forced to hetero-
geneously accommodate into the polar network of the IL, co-
ordinating mainly with the nitrate anions and giving rise to
crystalline-like structures. On their turn, lithium ions in the
polar nanodomains progressively erode the hydrogen bond
network of the PIL, decreasing the extent of hydrogen bond of
the mixtures and inducing orientational disorder in their polar
nanodomains. This effect is more pronounced for PILs whose
cations have longer alkyl chains due to the lower degree of
hydrogen bonding among their constituents.
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