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ABSTRACT

Neutron diffraction with isotopic substitution has been used to characterise the bulk liquid
structure of the technologically relevant electrolyte solution, 1 M tetrapropylammonium bromide
(TPA Br) in acetonitrile (acn), and of pure deuterated acetonitrile. Empirical potential structure
refinement modelling procedures have been used to extract detailed structural information about
solvent-solvent, solvent-ion and ion-ion correlations. Analysis of the refined data shows the
expected local dipolar conformation of acn in the pure solvent. This short range dipolar ordering
is also present within the solutions of TPA Br in acn, and it affects how the solvent orders itself
around the ions. The solvation numbers of the TPA cations and the bromide anions are deduced
— 8 and 5 respectively — as are the orientations of the solvent molecules surround the ions.
Evidence for ion association is also presented, with nearly two thirds of the ions in the system

being in associated pairs or clusters.

KEYWORDS: Neutrons; neutron diffraction; neutron scattering; electrochemical double layer
capacitors; empirical potential structure refinement; EPSR; partial structure factors; partial pair

distribution functions



INTRODUCTION

Electrolyte solutions are important in many different fields - from biologically important
solutions, to technologically relevant ones. Their properties depend on both solvent and salt, as
well as on how these interact. Low concentration (< 0.01 M) ionic solution behaviour is
reasonably well understood in the bulk. It can be assumed that that there is little interaction
between the salt ions and there are a number of theories describing how to calculate solution
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properties (such as conductivity, activity coefficients and diffusion). However, as the

concentration of ions increases, the interactions between all the different species can no longer

. . . 13,4
be ignored and the solution behaviour becomes more complex. ™

Understanding high
concentration electrolyte solution behaviour is key to understanding the many systems that utilise
them.

One such technology that uses high concentration electrolyte solutions is electrochemical
double layer capacitors (EDLCs). These high power energy storage devices use the physical
mechanism of charge separation across the electrode/electrolyte interface to store energy.” As
such, to further the understanding of the charge storage mechanism in EDLCs, we must clarify
the behaviour of electrolyte solutions at the electrode interface, and the structures adopted by the
ions and solvent molecules. However, in order to obtain molecular level insight into the
electrode/electrolyte interface we must first understand the molecular level structure of the bulk
electrolyte solutions. This is the focus of the present work.

There are a number of techniques available to study solution behaviour. Electrochemical
techniques provide insight into the properties of electrolyte solutions,” however, if we are to

identify the molecular level behaviour that gives rise to solution electrochemical processes, we

need to utilise techniques that probe molecular level structure. Spectroscopic techniques, such as



Raman and Infrared, have previously been used to provide insight into how dissolved ions affect
the structure of water and its hydrogen bonding network.®” Changes in the O-H vibrational bands
due to interactions with ions can also be used to extract information on ion solvation - such as
coordination number and first solvation shell distance.*”'® Studies of this type have also been
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performed on non-aqueous electrolytes. Infrared, Raman and Nuclear Magnetic

Resonance spectroscopies can also be used to study the conformations of more complex

. . 16,17,18,19,2
molecules in electrolyte solutions,'®!”!*!1%-2

with the different techniques probing different
timescales.

However, while these methods are able to provide helpful insights into the molecular level
structure of parts of the solution, they generally cannot provide a fully comprehensive picture. In
order to obtain a full molecular scale structural description, diffraction methods are typically
used. While Bragg diffraction only provides information on long range order,”’ making it
unsuitable for studying liquid structures, total-scattering methods also consider diffuse scattering.
This provides information on non-periodic, disordered structures, making it an ideal tool for
studying liquids.”**

In the case of electrolyte solutions, neutron total-scattering is particularly suitable due to its
ability to give accurate information about light elements, which is generally lacking in X-ray
techniques.”* Neutron diffraction is also isotope specific, allowing different contributions to the
structural correlations to be separated out by measuring samples with different isotopic
substitutions.**

Neutron scattering, in combination with empirical potential structure refinement modelling

techniques, has previously been used to study the structures of a number of aqueous electrolyte

solutions.”?%?"* These studies give insight into each of the three main types of structural



correlation within electrolyte solutions: water-water, water-ion and ion-ion. In particular, Botti
and co-workers*® were able to distinguish between fully dissociated HCI and those H" and CI
ions that form ion pairs. Neutron scattering is not limited to simple aqueous electrolyte systems.
Simple electrolytes based on other solvents have also been studied”, as have more complicated
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systems involving ionic liquids, both in the case of the pure systems and solutions where

. . 4
the ionic liquid has been used as a solvent™~

. In the present work, we use neutron total
scattering to study different isotopic compositions of tetrapropylammonium bromide (TPA Br) in
acetonitrile (acn), an electrolyte closely related to those used in commercial devices (e.g.
tetracthylammonium tetrafluoroborate in acetonitrile). This solution was chosen not only as a
close analogue to commercial electrolytes, but also for its structural properties. While acn is a
widely used electrolyte solvent, it has the added benefit of a relatively simple structure. The
bromide anion is monatomic, reducing the complexity of its related structural correlations and
making distances associated with it relatively easy to assign. The TPA salt was chosen as
although the cation is more complex than the other components of the solution, it gave the best
balance between solution concentration and structural simplicity.

Previous studies on acn have shown that the partial charges in the molecule (a negative
nitrogen end and a positive methyl end giving a dipole moment 3.93 D) lead to local dipolar

. . . . 40.41
ordering in the form of anti-parallel pairs of molecules.?®>"%%4

This dipolar ordering may
lead to small clusters of anti-parallel pairs, but does not cause any extended long-range order
within the liquid.***' Investigations into TPA in solution have indicated that the alkyl chains

. Coe . . . 18.42
adopt a trans configuration to minimise steric repulsion.'®

The effect of tetraalkylammonium
cations on water molecules hydrating it in solution has also been studied. Enhanced hydrogen

bonding of the water immediately surrounding TPA cation, and the similarly sized



tetrabutylammonium cation has been reported.*** Pairing of the cation with its anion has also
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been seen, as has slight penetration of the anion into the cation structure.
cation-anion association, contact between the alkyl chains of tetraalkylammonium cations in high
concentrations has also been noted.”?° Studies on bromide anions have mostly considered its
solvation. Generally the solvation by the methyl group of acn molecules is within around 4
A% There is more variation in the reported solvation number of bromide by acn, which
ranges from 4 to 10.*0*

In this paper we analyse the structures of pure acn and TPA Br in acn solution using neutron
scattering combined with empirical potential structure refinement (EPSR) analysis. EPSR
analysis was used to allow an in depth investigation into the structure of the liquids studied
(more detail on EPSR and the information it allows access to is given in the Empirical Potential
Structure Refinement section below). Partial pair distributions calculated using EPSR are used to
investigate the dipolar ordering and coordination number of the pure acn. They are also used to

examine the changes in acn between the pure solvent and the TPA Br in acn solution; as well as

the solvation of the ions in solution and the ion-ion interactions.

NEUTRON SCATTERING THEORY

As details of both neutron scattering theory and the technique of isotopic substitution have
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been described before,”™" only a brief outline of the theory will be provided here.

In a neutron scattering experiment, the total scattered intensity of a sample is measured as a
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function of the momentum transfer vector (Q = , Where 26 is the scattering angle and A

is the wavelength of the incident neutron). This measured intensity is then corrected for



experimental factors (such as background scattering, absorption and inelastic scattering) to give

the total structure factor:

F(Q) = ) cacpbaby[Sas(@ — 1]
ap

where ¢ are the atomic concentrations, b are the coherent neutron scattering lengths, and

Sap(Q) are the partial structure factors for all the atoms present in the sample.**°

The partial structure factors, So(Q), and the total structure factor, F(Q), are related to the

partial and total pair distribution functions, gep(r) and G(r) respectively, by the Fourier
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transformations: =
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These pair distribution functions (PDFs) are real space correlation functions that provide a
weighted histogram of the atom-atom distances within a material. The total PDF provides
information on all of the atom pairs within a material. The partial PDFs (pPDFs) give only the
distances between two types of atom within a material, @ and f (for example in a solution of
lithium bromide in water, one pPDF would describe the distances between the lithium cations
and the oxygen atoms on the water). The peaks in total PDF are weighted by the scattering
lengths of the atoms involved.

Another real space correlation function that can be calculated from diffraction data is the total
pair correlation function, f(r). While very similar to the total PDF, it is normalised in a different
manner, giving a somewhat different appearance to the two functions. G(r) tends to 0 at r = 0

with a slope of —4mp, and oscillates around 0 at high-r. f(r) also oscillates around 0 at high-r,



however, at low-r it goes to the negative of the neutron weighting of the sample (—{cb)?,
where ¢ and b are the atomic fraction and coherent scattering of the different components of the
system).”!

The total pair correlation function, f(r), is related to the total PDF by the following equation:

G(r) = 4nprf(r)

where p is the density of the sample and r is the inter-atomic spacing between atom pairs.
Both G(r) and f(r) can be used when considering the real space correlations found within a
sample.

As described above, neutron scattering lengths are both isotope specific and vary in a non-
systematic way across the periodic table. These properties stem from the fact that neutrons
interact with matter via the nuclei of the sample atoms, rather than via electrons as is the case for
X-rays. The technique of neutron scattering with isotopic substitution takes advantage of the
isotope specificity of neutron scattering to gain extra structural information.

If multiple samples are chemically the same, except for isotope exchange of one type of atom,
then their structures can be assumed to be essentially identical. However, as the total structure
factor is dependent on the scattering power of the atoms involved, the samples will provide
different neutron scattering patterns. The difference between the scattering of the isotopically
substituted samples can then be used to extract a partial structure factors, and hence pPDFs. A
full mathematical description of how these partial structure factors are calculated can be found in
the paper by Bowron et al™.

How isotopic substitution affects scattering patterns can be illustrated by considering a solute

(A), which can be isotopically substituted, dissolved in a solvent. Using two samples, where each

is fully composed of one isotope of A (A; or A,), a first order difference can be performed.



Subtracting one scattering pattern from the other will cause all the components related to the
solvent to cancel. This will leave the scattering components between A and the solvent, and
between the molecules of A. To extract purely the scattering between the molecules of the solute,
a second order difference experiment is required. This involves three samples: one sample for
isotope Aj, one sample for isotope A, and one containing a mixture of A; and A,. This is
illustrated in Figure 1 and Figure 2. The full mathematical description of first and second order

difference experiments is also found in Bowron et ar’’.
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Figure 1: Schematic of the interactions in solution samples and those seen after first order
difference analysis. Blue ellipses represent solvent molecules (S), circles represent the solute, A
(red for isotope A, yellow for isotope A,, and grey for difference data), and dashed lines
represent the interactions seen in each sample. 1) A; solution sample, interactions: S--S, A;--S,
Aj--Aj; i1) A, solution sample, interactions: S--S, A,--S, Ay--Ay; iii) First order difference (A -

A»), interactions: [A|--S - Ay--S], [A1--A; - Ay--Aj]
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Figure 2: Schematic of the interactions in solution samples and those seen after second order
difference analysis. Symbols have the same meaning as in Figure 1. i) A; solution sample,
interactions: S--S, A;--S, A;--Aj; ii) A, solution sample, interactions: S--S, Aj--S, Ay--Ay; iii)
AjA; solution sample, interactions: S--S, A--S (0.5*A;--S + 0.5*%A,--S), A--A (0.25*A--A+

0.25*As--A; + 0.5%A--A3); iv) Second order difference (A} + A, - 2*¥AA»), interactions: Aj--A;

EMPIRICAL POTENTIAL STRUCTURE REFINEMENT

Interpretation of the PDFs generated from experimental neutron scattering data can be done in
a number of ways. In some cases the peaks within these real space functions can be directly
related to a simple structural model. For liquids, this can only be done conveniently for the peaks
corresponding to the short, intramolecular distances. At higher-r, where the distances correspond
to those between molecules, the peaks broaden due to the number of atom-atom separations
contributing similar values. This makes direct analysis more challenging.

As such, for liquids it is common to utilise some form of modelling against the data generated
during the experiment. One such method is Empirical Potential Structure Refinement (EPSR).*>
EPSR utilises a Monte Carlo style approach to minimise the difference between experimental

diffraction data and diffraction patterns generated from the simulation of the structure.”*>>>*
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Initial structures for an EPSR simulation are generated by placing the appropriate number of
molecules into a box to give the required density. The potential of the simulation box is

calculated using the following equation:

12 6
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where Ujprq is described using a series of harmonic potentials, &, and 0,4 are the Lennard-

Jones parameters for the potential well depth and effective atom size, 7;; is the inter-atomic

spacing, q, are the atomic charges and g, is the vacuum permittivity. Ugp is the empirical
potential, which is calculated from the difference between the experimental scattering pattern
and the scattering pattern generated by the simulated structure.”>*

In conventional Monte Carlo simulation, atomic and molecular moves are accepted or rejected
on the basis of the change in configurational energy which results from the move. If the
configurational energy falls the move is always accepted, whereas if the energy increases, the
move is only accepted on the basis of a Boltzmann probability distribution. Hence large
increases in energy will be accepted only rarely. In EPSR exactly the same principle applies. The
difference with conventional MC is simply that the potential energy function has an additional,
perturbative term derived purely from the fit of the simulation to the scattering data. This
empirical potential energy term serves to drive the simulated structure as close as possible to the
scattering data, without violating the constraints imposed on atomic overlap, van der Waals
forces, and hydrogen-bonding which are present in all computer simulations of fluids. ****

A large range of information is available from the final EPSR simulated structures - from

pPDFs to specific inter-atomic distances and distributions of intramolecular atom separations.
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This allows for more detailed analysis of complicated or disordered structures than would be

available just by examining the experimental data directly.

EXPERIMENTAL METHODS

Neutron diffraction data were collected on seven different isotopic compositions of 1 M TPA
Br in acn (Table 1). These compositions were chosen to allow second order difference
calculations to be performed for both the cation and the solvent hydrogen atoms. Data were also
recorded for the pure solvent, deuterated-acn, in order to help with the assignment of structural
correlations in the electrolyte solution. The number of contrasts measured for the pure acn was
ultimately limited by the amount of allocated beamtime. The weightings of a selection of the
pPDFs for each sample is given in Table 2 (for the full list of weightings see supplementary
information Tables S14 and S19)

Table 1: Solution isotopic compositions

TPA Br acn

h® h

d° h

h d

d d
1:1 h/d® d

d 1:1 h/d*
1:1 h/d 1:1 h/d

a - h, hydrogenated; b - d, deuterated; c - 1:1 mixtures measured by mass; d - 1:1 mixture

measured by volume
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Table 2: weightings of the pPDFs in the different samples, calculated from c,cgb,bg where ¢;

and b; are the atomic fraction and coherent scattering length of species i.

Sample C]"Cl Cl--Nl Nl--Nl Nlc"Cl Nlc"Nl Bl’l--Cl Bl’l--Nl

d-acn 1.2247  1.2247 3.6907 -- -- -- -
hinh 0.6577 0.6577 -1.1114  0.0483 0.0681  0.0351 0.0495
hind 0.6577  0.6577 0.0000  0.0483  0.0681  0.0351 0.0495
dinh 0.6577 0.6577 -1.1114  0.0483  0.0681  0.0351 0.0495
dind 0.6577  0.6577 0.0000  0.0483 0.0681  0.0351 0.0495
I:1ind 0.6577  0.6577 0.0000  0.0483  0.0681  0.0351 0.0495
din 1:1 0.6585 0.6585 -0.5554  0.0483 0.0682  0.0351 0.0495
I:1in 1:1 | 0.6585 0.6585 -0.5554  0.0483 0.0682  0.0351 0.0495

Sample Nic—-Nic Ni~-Br; Br;--Br,

d-acn - - --
hinh 0.0035 0.0101 -0.0397
hind 0.0035 0.0101 -0.0397
dinh 0.0035 0.0101 0.0000
dind 0.0035 0.0101 0.0000

I:1ind 0.0035 0.0101 -0.0198
din 1:1 0.0035 0.0101 0.0000
I:11in 1:1 0.0035 0.0101 -0.0199

The hydrogenated and deuterated acetonitrile were obtained from Sigma Aldrich (ACS
reagent, >99.5%) and VWR International (purity 99.9%, isotopic enrichment >99.8%)

respectively; while the hydrogenated and deuterated tetrapropylammonium bromide salts were
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obtained from Alfa Aesar (purity >98%) and CDN Isotopes (purity >99%, isotopic enrichment
>98%) respectively. All materials were used as received.

Scattering experiments were carried out at the Near and Intermediate Range Order
Diffractometer beamline®™ (NIMROD) of Target Station Two at the ISIS neutron spallation
source at the Rutherford Appleton Laboratory. NIMROD has an available neutron wavelength
range from 0.05 to 14 A. It uses ZnS scintillator detectors, which are placed forward of the
sample position and collect data up to scattering angles ~45°. This arrangement serves to
minimise neutron inelasticity effects from materials which contain hydrogen. Samples were
contained in TiZr alloy cells with internal dimensions of 35 mm by 35 mm by 1 mm. PTFE o-
rings were used to provide an air-tight seal to the cells and prevent solvent evaporation during
the experiments, since data were collected under vacuum.

Data were collected up to 50 A™ with a count time of 210 minutes and a beam size of 30 mm
by 30 mm. A 35 mm by 35 mm by 3 mm vanadium plate and the straight-through beam (no
sample between the incident beam and the detector) were each measured for 60 minutes for
normalisation corrections. Empty TiZr alloy sample cells were also measured for 60 minutes for
background corrections.

Data were merged from all detectors, and standard corrections for detector ‘dead-time’,
multiple scattering, attenuation and single-atom scattering were applied to the raw data using
Gudrun software®. Gudrun was also used to carry out corrections for inelasticity effects. These
corrections were carried out in the manner detailed by Soper”’.

Once corrected, data were normalised and Fourier transformed in the Q range of 0.01 to 50 A™

to generate pair correlation functions, f(r), and pair distribution functions, G(r), using this
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program. The density of the d-acn was taken to be 0.844 g cm™>® while the densities of the
solutions were calculated based on the mass of each sample and the volume of the TiZr cells.
EPSR simulations were set up using a cubic box containing 1008 molecules. For the acn
simulation this gave a box side length 44.38 A, while for the solution simulation this gave a box
side length of 46.96 A. It also leads to a distribution of molecules in the solution simulation box
of 912 acn molecules, 48 TPA cations and 48 Br anions. The parameters used to describe the
molecules in the simulations are detailed in the supplementary information (Section S1). Before
setting up the simulation boxes, energy minimisation was run on the template molecules using
MOPAC™ with the AM1 Hamiltonian. The minimised templates were combined to give the
simulation boxes, which were then run with EPSR to minimise the box energy. Details of the

simulations can be found in the supplementary information (Section S2).

RESULTS AND DISCUSSION

DEUTERATED ACETONITRILE

H,
NI_CE_CPUJHH
1
Hy
C 300A i

Figure 3: The structure of d-acn with labels used in EPSR analysis. The scale indicates the
distance between the centre of the nitrogen atom and the centre of a hydrogen atom projected in

line with the main bond axis.
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Figure 3 shows a schematic of an acetonitrile molecule, with the labels used in the subsequent
analysis.

Figure 4 shows the experimental structure factor, F(Q), for d-acn and the function generated
by the EPSR simulation. There is good agreement between the experimental data and the EPSR
fit down to approximately 1 A'. The difference between the two functions at these low Q values

is due to the finite size of the simulation box (this is illustrated in the supplementary information,

Section S3, Figure S3).

Fih fintensity units

0 10 20 30
Q!

Figure 4: Experimentally determined (points) and EPSR simulated (solid line) F(Q) for d-acn.

Figure 5a, b and ¢ show the d-acn pair correlation functions, f(r), calculated from the
experimental Q data and the simulation, for the distances ranges 0-20 A, 0-5 A and 3-18 A
respectively. Peaks below 3.2 A have been assigned to intramolecular distances (see Table 3).
The peak positions are consistent with values in the literature (determined using electron, neutron

and X-ray diffraction),’*®"6203643¢ giving confidence in the quality of the experimental data and

the approach used to interpret it.
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Figure 5: f(r) calculated from the experimental Q data (points) and the EPSR simulation (solid

line) for d-acn for a) 0-20 A; b) 0-5 A; ¢) 3-18 A.
Table 3: Assignment of low-r peaks for d-acn f(r) and comparison with literature data

peak position® /A assignment literature values /A

1.11 N,-C, (triple bond) ~ N;-Cy: 1.16°, 1.16°, 1.16%, 1.15°, 1.17, 1.14¢
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C-H, (single bond)  C;-H;: 1.10¢, 1.08/

1.46 C-C, 1.49°,1.47°,1.46°, 1.47°, 1.46/, 1.48¢
1.77 H-H,

2.11 C,-H, 2.09¢,2.09/, 2.12¢

2.60 N;-C,

3.18 N;-H;

a - peak positions taken directly from f(r) plots by considering positions of peak maxima;
b-from ref 6O; c-from ref 61; d-from ref 62; e-from ref 63; f-from ref 64; g-from ref 36

There is a clear broad peak between 3.5 A and 5.5 A in the high-r region (Figure 5¢) from the
intermolecular first nearest neighbour distances. A second, shallow peak is seen between 8.2 A to
10.5 A, from intermolecular second nearest neighbour distances; and a further very shallow peak
is observed around 13.5 A, which has been assigned to third nearest neighbour distances. The
inherently disordered nature of liquid systems means that beyond this distance the structure is
almost truly random, hence no further significant density fluctuations are seen. The high
frequency noise in the f(r) calculated from the experimental Q data comes from truncation
errors during the Fourier transformation.

As with F(Q), the pair correlation function calculated from the EPSR simulation provides a
good fit to that calculated from the experimental data. The bond lengths, angles and atomic
partial charges for the model were chosen based on the work by Nikitin and Lyubartsev.®
Although there are slight discrepancies between the fit and the data for the position and area of
the intramolecular peak around 1.76 A and the area of the intramolecular peak around 1.46 A, the
agreement is generally good.

By considering the intermolecular pPDFs calculated using EPSR from the experimental data

and the simulation we are able to investigate the positional and orientational ordering of the acn
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molecules. The intermolecular C;--C;, C;--N; and N;--N; pPDFs are shown in Figure 6. The

other pPDFs can be found in the supplementary information (Section S3, Figure S4).
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Figure 6: Intermolecular pPDFs calculated from the d-acn experimental data (points) and
simulation (lines), for C;--C; (blue diamonds and solid line), C;--N; (red crosses and long-

dashed line) and N;--N; (green triangles and short-dashed line) atom pairs.

Acn is a dipolar molecule: the nitrogen end has a partial negative charge and the methyl end
has a partial positive charge. In our simulations a dipole moment of 3.95 D is assumed based on
our chosen partial charges. Therefore we would expect molecules to approach each other more
closely with their oppositely charged ends, to maximise the dipolar interactions. This is reflected
in the pPDFs in Figure 6 where the shortest and most clearly defined first peak is for C;--N; at
3.4 A (C,--C, and N|--N first peaks occur at 3.8 A and 4.1 A respectively).

The coordination number of a molecule or an atom is determined by the number of other
molecules or atoms that surround it. The coordination number of a given atom type within acn
can be calculated by integrating the pPDFs between the appropriate values of r. Where there is a
pronounced minimum in the pPDFs this is a reasonably well-defined quantity. However, in some
cases there may be some uncertainty over which values are appropriate. Table 4 shows the C,

and N, coordination over four distance ranges. These distance ranges have been chosen based on
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positions of the minima after the peaks in the pPDFs. The C;--N; coordination in the distances
ranges 3.0 - 4.0 A and 3.0 - 4.5 A (2.7 and 3.9 respectively) is significantly higher than either the
C;--C; or Nj--N; coordination. As with the pPDFs showing that C;--N; has the closest approach
distance, this is related to maximising the favourable interactions between the dipoles of the acn
molecules. Aligning the molecules such that their oppositely charged ends are closer than their
like charged ends will maximise the favourable electrostatic interactions and so give the most
energetically favourable configuration for the bulk fluid.

Table 4: C; and N; coordination numbers calculated by EPSR from d-acn pPDFs

distance range for N(r) / A
partial

3.0-4.0° 3.0-45" 3.0-5.0° 3.0-6.3"

C-C; | 1.8£1.0 3.0+x1.1 47+12 11815
C--N; | 2710 39=x11 53+12 108=x1.5

Ni-N; | 1.5+1.0 33+13 53+x14 113+1.5

a - range to where C;--N; first peak crosses C;--C; first peak; b - range to first minima in C,--
C, pPDF; c - range to first minima in C;--N; pPDF; d - range to first minima in N;--N; pPDF

The average 3D spatial distribution of molecules around a central molecule is expected to
show three-fold symmetry, to match that of the molecule itself. The spatial and orientational
density functions of acn molecules surrounding a central acn molecule are shown in Figure 7a
and 7b-c respectively. The spatial density function represents a three-dimensional map of the
density of acn centre of mass positions relative to the central molecule, indicating the most likely
relative positions of the acn molecules. The function shows the expected three-fold symmetry,
indicating that steric considerations, as well as dipolar ordering, play a role in the local structure
of the acn molecules. The orientational density functions represent the density of the centre of

mass positions of acn molecules that obey certain orientational constraints. In this case, the
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function shown in purple represents the positions of acn molecules that are parallel to the central
molecule, while the yellow function represents the positions of acn molecules that are anti-
parallel to the central acn molecule. The surrounding parallel molecules are positioned at either
end of the central acn molecule. This will allow the most favourable interactions between the
opposite ends of the dipole moment. At the methyl end of the central acn the surrounding parallel
acn molecules are mostly found near the hydrogens, rather than in between. This will maximise
the electrostatic interactions between the partial charges on the acn molecules, as although the
methyl end has an overall positive charge, this comes from the charges on the hydrogen atoms as
the C; methyl carbon carries a negative partial charge (for the full partial charge values see
supplementary information Section S1.1 Table S2). The surrounding anti-parallel molecules are
found mostly around the middle of the central molecule. This will allow both ends of each
molecule to interact favourably, minimising any electrostatic repulsions between the partial
charges. There is also a small area of anti-parallel molecules at the methyl end of the central acn
molecule. This probably relates to two factors; the first is the density of parallel molecules in this
region. As well as being anti-parallel to the central molecules, the anti-parallel molecules in this
region are anti-parallel to the parallel molecules near the central acn hydrogens. This allows
favourable interactions between the molecules surrounding the central acn. The second reason is
that while the nitrogen end has a relatively large negative partial charge, the negative charge on
the C; methyl carbon means that the positive charge of the methyl end has a smaller magnitude.
This will decrease any unfavourable electrostatic interactions that occur between the two methyl

ends of the acn molecules.
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Figure 7: (a) Spatial density distribution function of acn molecules about a central acn molecule,
encompassing a surface representing 2.5 times the bulk density of molecules in the system; (b-c)
orientation density distribution function of acn molecules about a central acn molecules, where
the surface represents high probability positions of molecules being aligned parallel (purple) or

anti-parallel (yellow) within + 10 °.

1 M TPA Br IN ACN SOLUTIONS

A schematic of a TPA cation is shown in Figure 8, including the labels used in the subsequent
analysis. Each alkyl chain of the cation is labelled in the same manner (i.e. all four of the methyl
carbon atoms are labelled Cs.). All of the hydrogen atoms within the cation are given the same
label - Hj. - as the different hydrogen environments are not considered separately for the

analysis.

4. 73A

Figure 8: TPA cation showing nitrogen and carbon labels used in the subsequent analysis. For

clarity, only one alkyl chain is labelled and the H atom labels are not shown. The scale indicates

23



the radial distance from the centre of the nitrogen atom to the centre of one of the methyl

hydrogens.

The EPSR model for the 1 M TPA Br solution refined the simulation against all seven of the
solution data sets simultaneously. This allowed the greatest accuracy with respect to the data to
be achieved.

In Figure 9 the experimental F(Q) for three of the seven solutions are shown, along with the
simulated F(Q) generated using EPSR (a larger version of this figure may be found in the
supplementary information, section S4, Figure S5a). The structure factors for the other four
solution compositions are shown in the supplementary information (Section S4, Figure S5b). As
with the pure d-acn, there is good agreement between the experimental data and the EPSR
model. Below 1 A there is some divergence between the model and the experimental data; this
is attributed to the finite size of the simulation box or to small contributions from residual

inelasticity effects that have not been completely removed in the data analysis.
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Figure 9: Experimentally determined (points) and EPSR simulated (lines) F(Q) for h-TPA Br in
h-acn (bottom, blue diamonds and solid line); d-TPA Br in d-acn (middle, red crosses and long

dashed line); and 1:1 h/d-TPA Br in 1:1 h/d-acn (top, green triangles and short dashed line)
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Figure 10a, b and ¢ show the pair correlation functions, f (), calculated from the experimental
d-TPA Br in d-acn Q data and from the EPSR simulation over different distance ranges (0-20 A,
0-5 A and 3-18 A). This isotopic composition was chosen to illustrate the solution results as it is
most readily comparable to the pure d-acn data and it only contains atoms with positive
scattering lengths, making it visually the most simple. The pair correlation functions calculated
for the other six isotopic compositions are shown in the supplementary information (section S4,

Figure S6).
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Figure 10: f(r) calculated from experimental Q data (points) and EPSR simulation (lines) for d-

TPA Br in d-acn solution for a) 0-20 A; b 0-5 A; ¢) 3-18 A.

The TPA Br in acn solution f(r) is very similar to that of pure d-acn. While the peaks at low-r
have slightly different relative intensities between the solution and the pure solvent, the peak

positions are virtually identical. The broader peaks at higher-r also cover similar distances ranges
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in solution to the peaks in the pure solvent. There are two reasons for this similarity. Firstly, a
IM TPA Br in acn solution corresponds to a ratio of 19:1 acn to TPA Br, meaning that the pair
correlation function is dominated by inter-solvent interactions. Secondly, acn and the TPA cation
are expected to contain very similar intramolecular distances. Both molecules contain C-H single
bonds and C-C single bonds, whose values are nearly identical between the two molecules (see
supplementary information Tables S3 and S7 for initial template molecule bond lengths and
Tables S12, S15 and S16 for the final simulation bond length distributions). The remaining
bonds are also similar lengths to these; the N-C single bonds in the TPA cation having similar
values to the C-C single bonds and the N-C triple bond on the acn having a similar value to the
C-H single bonds. As such, the differences in f(r) at low-r will be subtle.

The broader, intermolecular peaks at high-r (shown in Figure 10c) are less similar than the
low-r peaks (in Figure 10b). The first broad peak, centred around 4.6 A is related both to the first
solvation shells of the ions and the first intermolecular distances of the acn molecules, as these
are expected to be at similar distances. The second, shallower broad peak is observed between 8
A and 10.4 A. As with the pure acn, this is attributed to second intermolecular nearest-neighbour
distances (including second solvation shell distances for the ions). This peak begins at a slightly
shorter distance in solution than the corresponding peak in the pure acn f(r). This is presumably
related to the presence of the ions, as they will hold their solvation shells more closely than the
acn molecules will hold their coordination shells due to the electrostatic interactions with the
partial charges on the acn molecules. Unlike the d-acn, there is no third very shallow peak in the
solution f(r). The lack of any significant structure beyond 11 A is, as with the pure acn, due to
the disordered nature of liquid systems. Also, the high frequency truncation error ripples

observed in the acn f(r) are seen for the solution data.
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The agreement between the f(r) calculated from the EPSR simulation and that obtained from
the experimental data is similar to that seen for the d-acn. The main difference between the f(r)
calculated from the data and from the simulation is observed in the intermolecular first nearest
neighbour peak centred around 4.5 A. The simulated pair correlation function shows a
substructure (two sub-peaks at 4.3 A and 4.8 A are observed) that is not immediately apparent
within the pair correlation function calculated from the experimental data.

It is likely that this sub-structure is mostly due to an overly ordered configuration of the TPA
cation. However, as the main focus of the present work is on the intermolecular interactions, the
extra order is relatively insignificant when the pair correlation function is considered as a whole.

Analysis of the pPDFs calculated by EPSR from the experimental data and simulations allows
us to compare any acn ordering to that in the pure solvent, and to examine the solvation
structures of the ions and any ion-ion correlations. The full set of pPDFs is shown in the

supplementary information (Section S4, Figures S7 to S12).
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Figure 11: (a) Intermolecular pPDFs calculated from experimental data (points) and simulation
(lines) for C;--C, (blue diamonds and solid line), C;--N; (red crosses and long-dashed line) and
N;--N; (green triangles and short-dashed line) for the solution; (b) Comparison of the C;--C;, C;-
-N; and N;--N; pPDFs for the solution (points and lines as in (a)) and the pure solvent (C;--C;
purple squares with dash-dot-dot line, C;--N; pale blue circles with dash-dot line and N;--N;

orange x’s with dotted line)

It can be seen in Figure 11la that, as with the pure acn solvent, the C;--N; pPDF shows the
closest approach (peak at 3.5 A) of the three key acn intermolecular distances. The C;--N; first
peak also continues to be the sharpest of the three. This indicates that the dipolar ordering is still

present within the solution. However, this peak is at a slightly higher-r value than in the pure d-
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acn, as seen in Figure 11b. This figure also shows that the first peaks in the C;--C; and N;--N;
pPDFs have also moved - the C;--C; peak position increasing from 3.8 A in the pure solvent to
4.1 A in the solution and the N;--N; peak position decreasing from 4.1 A to 3.8 A. The near edge
of the first peak in the N;--N; pPDF is also slightly steeper than in the pure solvent. These
changes are attributed primarily to the altered ordering of the acn molecules in the first solvation
shells of the ions due to the electrostatic interactions between the ions and the acn partial
charges. These interactions are likely to orient the acn molecules with parallel dipoles, disrupting
the previous anti-parallel ordering near the ions. This is in contrast to the effect of
tetraalkylammonium ions in water, where they enhance the hydrogen bonding network.***

The coordination of the C; and N; atoms in solution calculated using EPSR for four distance
ranges are given in Table 5. The same distance ranges as the pure d-acn have been used to allow
the best comparison. It can be seen that for each distance range, there is a slight decrease in the
coordination number relative to the pure solvent. This may indicate that the acn molecules in the
solvation shells of the ions are slightly less densely packed than in the bulk. The errors in the
coordination numbers are slightly larger in the solution compared to the pure d-acn. This is
probably due to the reduced number of acn molecules in the solution simulation used to give the

same total number of units.

Table 5: C; and N, coordination numbers calculated from solution pPDFs

distance range for N(r) / A
partial

3.0-4.0 3.0-4.5 3.0-5.0 3.0-6.3

C—-C; | 1.0£09 25%12 4214 9419
C--N; | 2.11.1 3112 42+14 83+1.8

Ni-N; | 13210 24+12 38%14 88+1.9
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Insights into the solvation of the TPA and Br ions can be derived from the pPDFs for the ion-

acn intermolecular interactions, shown in Figure 12.
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Figure 12: Intermolecular pPDFs calculated from experimental data (points) and simulation
(lines) for C;--Nj. (blue diamonds, solid line), N;--Nj. (red crosses, long-dashed line), C;--Br;

(green triangles, short-dashed line) and N;--Br; (purple squares, dash-dot-dot line)

The first peak in the N --N;. pPDF is both sharper and at a shorter distance than the first peak
in the C;--N ;. pPDF (4.5 A and around 6.2 A respectively), due to the favourable interaction with
the slightly negative nitrogen end of the acn. The separation between the centres of these peaks is
a little under 2 A. This indicates that the acn molecules do not come out directly radially from the
TPA cations, but at an angle. By comparing the ion-acn distances with the intramolecular acn
distances, and angle of 63 ° has been calculated (for details of the calculation see the
supplementary information section S4). The radius of the TPA cation is estimated to be a little
over 5 A (from the bond lengths used to create the TPA model and the van der Waals radius of
hydrogen). As the first peak in the N;--N;. pPDF is below this value it may indicate that there is

some solvent penetration between the alkyl chains towards the centre of the cation. Such
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penetration would presumably not go particularly far into the volume of the cation as the
methylene groups are likely to be quite closely packed.

The peaks in the C;--Br; and the N;--Br; pPDFs are sharper than those in the partials involving
the cation, particularly the first peak in the C;--Br; pPDF. Although the first peak in the C;--Br;
pPDF has a much larger height than the other peaks seen in Figure 12, the area under the first
peak in each of the pPDFs shown is comparable. This indicates that the C;--Br; first separation
distance is particularly well defined. The peak maximum occurs at approximately 3.2 A, close to
the sum of the unsolvated radius of a bromide anion (1.96 A*) and the C-H bond length used for
acn in the simulation (1.087 A). This indicates that the first solvation shell is held very tightly
around the bromide anions. The first peak in the N;--Br; pPDF is around 4.6 A, giving a
separation between the first peaks in the C;--Br; and N;--Br; pPDFs of around 1.4 A. An angle
of 75 ° from the radial has been calculated for the acn molecules surrounding the bromide anions
(see supplementary information section S4 for the calculation). Of the four acn-ion pPDFs
shown, the C;--Br; shows the largest second peak, which is around 7.4 A. The separation
between this peak and the first peak in the N;--Br; pPDF is around 2.8 A. The sum of the
nitrogen van der Waals radius, the hydrogen van der Waals radius and the hydrogen-carbon bond
is around 3.7 A. This indicates that the second shell of acn molecules surrounding the bromide
anion is held close to the first shell by the dipolar interactions between the acn molecules.

It should be noted that the pPDFs calculated from the simulated structures show more noise in
the ion-acn and ion-ion pPDFs than the acn-acn pPDFs. This is due to the smaller number of ions
in the simulation, giving a smaller sample set to base the calculations on.

Table 6 shows the coordination of each of the ions centres, N, and Brj, by the C; and N;

atoms of acn in a number of distance ranges. The electrostatic interactions between the ions and
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the dipole moment of the acn mean that the TPA cation will interact more favourably with the N;
end of the acn and the bromide anion will interact more favourably with the C; end. As well as
being reflected in the peak positions of the pPDFs, this is also seen in the coordination of the
ions by the acn, where the TPA cation shows a higher coordination number by N; than by C; at
the shorter distances (2.8 and 1.0 respectively), while the bromide anion shows a higher
coordination by C; than by N; (4.2 and 0.5 respectively). As the distance range goes out to
higher-r the coordination numbers by the different acn atoms become more similar. This is
because the larger distance ranges include the whole of the oriented molecules and possibly the
beginnings of the second layer of acn molecules while the shorter ranges only include the acn
ends that are closer to the ions.

The coordination for the bromide is also larger at smaller distances than that of the TPA.
Again, this is expected due to the different sizes of the ions, with the TPA having a larger
excluded radius than the Br anion. The coordination numbers for the cation show that if there is

penetration of the solvent between the alkyl chains, it is only a very minor.

Table 6: N, and Br; coordination by C; and N; calculated from pPDFs.

partial distance of N(r) / A

3.0-5.0°  3.0-5.8" 3.0-8.0° 2.0-4.0°  2.0-6.0° 2.0-8.7"

Nie-C 1.0+08 3814 17012 -- -- --
Nie-N; 2812 55+x14 168+%25 -- -- --
Br,-C, -- -- -- 42+14 6821 24.1+42

Br-N; -- -- -- 0507 7920 235%35

a - range to slight shoulder in N;.--N; pPDF first peak; b - range to first minima in Nj.--N;
pPDF; c - range to first minima in N;.--C; pPDF; d - range to where Br;--C; pPDF first peak
crosses Brj--N; pPDF first peak; e - range to first minima in Br;--N; pPDF; f - range to where
Br--C; pPDF second peak crosses Br;--N; pPDF
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In order to obtain a simple picture of the solvation of the ions by acn, their coordination by the
centre of the acn molecules can be considered (the C, atom is taken as an approximation as the
centre of acn). Taking the first solvation shell of the ions to be within the first peak in the C,-ion
pPDFs (shown in Figure 13), gives solvation shell outer distances of 5.1 A for the anion and 6.5
A for the cation. This gives a solvation number of 5 for the anion, which is within the typical
range of bromide solvation numbers found in the literature.®”***® The solvation number for the
cation based on the radius of 6.5 A is 8. Comparison with the literature on tetraalkylammonium
cation solvation showed that there is little consensus on what should and should not be

considered to be part of the solvation shell, or what sort of numbers might be expected.®**"*-*
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Figure 13: pPDFs calculated by EPSR from the experimental data (points) and the simulation

(lines) for C,-Nj. (blue diamonds and solid line) and C,-Br; (red crosses and dashed line)

The ion-ion pPDFs are shown in Figure 14 There is a very sharp, intense peak in the N;.--Br;
pPDF around 3.9 A. Not only does the sharpness of the peak indicate structured ion association,
the distance is within the estimated outer radius of the TPA, indicating a degree of penetration of
the anion between the alkyl chains of the cation. The intensity of this peak also indicates that

there is potentially a high proportion of ion association. This N;.--Br; peak is the only sharp peak
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seen for the ion-ion interactions, as the N;.--Nj. and Br;--Br; pPDFs show only broad peaks,
with very little intensity fluctuation. As such, comparing peak positions between the three ion-
ion pPDFs is rather difficult. In this case, a simpler comparison can be made by considering the
position of the onset of the peaks. For the N.--Br; pPDF this occurs around 3.3 A, while for the
Nic-Nj. and Br;--Br; pPDFs the values are 6.0 Aand4.4 A respectively. As expected from the
relative cation and anion size, the N;.--Nj. peak has the largest onset distance. However, at 6.0
A, the value is smaller than the sum of two cation radii. This suggests that as well as direct ion
pairing, there is also a degree of higher order ion association. In contrast the Br;--Br; pPDF first
peak onset distance is larger than the sum of two anion radii, suggesting there is no equivalent
direct anion-anion contact to the cation-anion and cation-cation contacts. This is not unsurprising

due to the smaller size of the bromide anion.
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Figure 14: pPDFs calculated from the experimental data (points) and the simulation (lines) for
Nj--Nj¢ (blue diamonds, solid line) N;.--Br; (red crosses, long-dashed line) and Br;--Br; (green

triangles, short-dashed line)

The ion pairing can be quantified by considering the arrangement of the atoms in the

simulation box over a series of frames (all frames taken after the system had come to
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equilibrium). Figure 15 (which shows the simulated ion arrangement for one frame) shows
qualitatively that there is a high degree of ion association. By considering which ions have a Br;-
-H,. separation of 3 A or less we may state what proportion of the ions are isolated, in pairs or in
higher order clusters (Table 7). It turns out that nearly two thirds of the ions are associated with
each other in some manner, with a little under 25 % of the ions in direct 1:1 cation:anion pairs,
while a little over 40 % of the ions are in higher order clusters (e.g. 2:1 cation:anion groups). The
full breakdown of the ion association is given in the supplementary information (Section S4,
Tables S20 and S21).

Table 7: Percentage of ions that are isolated, in pairs or in higher order clusters

Isolated ions 1:1ion pairs  Higher order clusters

TPA 33.73 24.43 41.83

Br 31.18 24.43 44.38

Such association is not unexpected at this salt concentration, as the electrostatic attraction
between the ions cannot be fully screened by the solvent. The Bjerrum length for acn is 1.49
nm’', and as such for the ions to be fully screened from one another they would need to be
around 15 A apart. The ion-ion pPDFs in Figure 14 show ion-ion separations of both oppositely
charged and like charged ions below this distance, so a number of the ions are likely to be
interacting electrostatically with one another. In addition to this, the coordination of the ions by
the acn showed that there are approximately 17 acn molecules surrounding the TPA cation
within the distance range 3.0-8.0 A from the N atom. As there are only 19 acn molecules for
each ion pair in solution, this indicates that a large proportion of the acn molecules are within the

first and second solvation shells of the cation. This means there are too few acn molecules to
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keep all of the ions fully separated by solvent, giving further reasons to expect ion pairing to

occur.

Figure 15: Images of the solution simulation box (solvent molecules not shown for clarity).
Panels show a) the full box; b) a subsection (20 A by A 20 by 20 A) centred around a cation.

The ion-ion coordination numbers calculated by EPSR using the pPDFs for two distance
ranges are shown in Table 8. The Nj.--Br; coordination becomes non-zero within the estimated
radius of the TPA cation. This indicates that, like the acn, the bromide anion may penetrate into
the small gaps near the edges of the TPA cation, or at least approach the TPA outer radius. At
both of the considered distance ranges the N,.-Br; coordination is significantly larger than the
Nj--Nj. or Br;--Br; coordination.

Table 8: ion-ion coordination calculated from pPDFs

distance range for N(r) /A
partial
3.0-6.0° 3.0-10.0°
Nie—-Nie 0.0£0.0 1.6+1.0
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N,--Br; 0.6+0.7 22+13
Br;--Br, 0.1+£0.3 1.5+1.1

a - range to where downslope of first peak in Bri--Br; pPDF crosses the N;.--Br; pPDF; b -
range to first minima in N;.--N;. pPDF and second minima in N.--Br; pPDF

As with the pure d-acn, in addition to considering the pPDFs the structure of the solution may
be considered by examining the 3D spatial distribution of molecules surrounding a central
molecule. In Figure 16 the distribution of all of the species around a central acn molecule is
considered. The overall shape of the distribution is similar to that seen in the pure d-acn, which is
unsurprising as it is affected by the shape of the central molecule. However, we can see a distinct
segregation of the three different components of the solution. The cations are generally found at
the nitrogen end of the acn. This fits well with the pPDF data, which showed a shorter first peak
distance in the N;--N;. pPDF to the C;--N;. pPDF. The bromide anions are seen to appear mostly
near the hydrogens of the acn molecule. This makes sense as it allows minimisation of the
electrostatic energy based on the anion charge and the partial charges on the acn (H; partial
charge 0.19 e). The surrounding acn molecules are mostly found around the middle section of the
central acn. There are also regions of acn density at either end of the central acn. It is worth
noting the different distances away from the central molecule at which the different species
occur. The Br anions show spatial density closest to the central acn, the TPA cations appear at
the largest distance from the central acn and the surrounding acn molecules are at an
intermediate distance between that of the two ions. This is due to the different sizes of the
species in solution. The Br anions are the smallest of the three species, allowing the closest
approach of the centre of mass. The TPA cation, being the bulkiest species, has its centre of mass
position relative to the central molecule at the largest distance. Acn molecules, intermediate in

terms of size also appears at the intermediate distance.
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Figure 16: Spatial density distribution function of all three solution species about a central acn
molecule. The acn (shown in blue), TPA (shown in red) and Br (shown in green) functions
encompass surfaces representing 2.5, 2.0 and 15.0 times the bulk density of molecules in the

system.

Figure 17 shows the distribution of all the species around a central cation. We can clearly see
that there are no strong structural correlations between the cations, while in contrast both the acn
molecules and the bromide anions show well defined spatial patterns. If the central TPA cation is
considered to be approximately tetrahedral in shape, then the surrounding bromide anions show a
preference to sit in the middle of the four faces of the tetrahedron. In the N;.--Br; pPDF the first
peak indicated that there is a degree of ion penetration between the alkyl arms of the cation. This
corresponds nicely to the spatial density as the most accessible place to penetrate into the cation
structure will be the centre of the tetrahedron's faces. The surrounding acn molecules make

bridges between the areas of high anion spatial density.
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Figure 17: Spatial density distribution function of all three solution species about a central TPA
molecule (hydrogen atoms not shown for clarity). The acn density is shown in blue, the TPA

cation density is shown in red and the Br anion density is shown in green.

CONCLUSIONS

We have measured and analysed the bulk liquid structure of the technologically relevant
electrolyte solution — 1 M tetrapropylammonium bromide in acetonitrile. We have shown that the
experimental data can be modelled to a high degree of accuracy using the EPSR method, and that
detailed correlations can be extracted from the simulation data. The ability to extract partial pair
distribution functions allows the structural correlations of different components of the system to
be separated and coordination numbers to be extracted.

We have demonstrated that there is local dipolar ordering present within liquid acn, and that
the partial charges leading to this dipolar ordering also affect how the acn interacts with the ions
in solution. The dipolar interactions between acn molecules are weaker than the interaction of the

acn with the ions, leading to a restructuring of the acn molecules with respect to each other. The
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positively charged methyl end of the acn was shown to approach more closely to the bromide
anion, and the negatively charged nitrogen end to approach more closely to the
tetrapropylammonium cation.

At the concentration studied we found that there is a reasonable degree of ion association (only
around a third of the ions are found in isolation), and that some of the ion pairs approach together
in nearly direct contact. In addition, we have extracted solvation numbers for both the TPA
cation (8) and the bromide anion (5). The demonstration of ion pairing in the bulk solutions is
important for their role as EDLC electrolytes, where the ions form double layers with the
charged electrolyte surface. The formation of such double layers could lead to the break-up of
the ion pairs, and rearrangement of the electrolyte with respect to its bulk structure. In future

work the change in the electrolyte structure under confinement will be considered.
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