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Abstract 

The structure and transport properties of the pure salt [N4]BF4 and this salt 

located in the contact with the (110) surface of -Al2O3 were studied using a 

MD computer simulation in order to reveal the effect of the salt/oxide inter-

face on the structure and properties of the salt. The radial distribution func-

tions of the ions and their mean square displacements were analyzed as a 

function of the temperature during the cooling of the salt. It was found that 

in all the cases anions are more mobile than cations. The molten phase of 

[N4]BF4 tends to crystallize at temperature 420 K which is close to the ex-

perimental melting point. The salt located in the [N4]BF4/(110)Al2O3 inter-

face exhibits high values of anion self-diffusion coefficients which are 

higher by 1.2–2 orders of magnitude than in pure salt. This effect is likely to 

be caused by the formation of a layered atomic structure located within a 

characteristic thickness of 5 nm. Despite the structuring, the structure of 

the salt is amorphous, no crystallization-related effect is observed. The re-

sults of MD simulations agree with the experimental effect of the conduc-

tivity enhancement observed previously in [N4]BF4-Al2O3 nanocomposites. 
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Key findings 
● The structure and transport properties of the pure salt [N4]BF4 and this salt located in the contact with (110) surface 

of -Al2O3 were studied using a MD computer simulation. 

● The molten phase of [N4]BF4 tends to crystallize at temperature 420 K which is close to the experimental melting 

point. The salt near the interface does not tend to crystallize and remains to be amorphous. 

● The anion self-diffusion coefficients in the salt located in the [N4]BF4/(110)Al2O3 interface are higher by 1.2–2 orders 

of magnitude than that in the pure salt, which is in agreement with the experimental observations. 

© 2023, the Authors. This article is published in open access under the terms and conditions of  
 the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

1. Introduction 

High-temperature plastic phases of organic salts combine 

properties of both crystals and ionic liquids. On the one hand, 

they have crystalline structure characterized by a long-range 

ordering, but on the other hand, these compounds exhibit a 

strong reorientation disorder and a high local mobility of mo-

lecular fragments [1, 2] typical for ionic liquids. The local 

motions may facilitate ionic transport. A relatively high ionic 

conductivity of 10–6–10–3 S/cm has been reported for plastic 

phases of [3–14], but the mechanism of the ionic transport in 

such phases remains unknown.  

Tetra-alkylammonium salts [R4N]X (R = individual alkyl 

groups CH3, C2H5, C3H7, C4H9, etc., or their combinations,  

X = halide anions; BF4
–, ClO4

–, TFSI-anions, etc.) are typical 

ionic liquids in a molten state [15]. On cooling, tetrabu-

tylammonium salts (C4H9)4NX (X = Cl–, Br–, I–, BF4
–, ClO4

–) 

crystallize with the formation of reorientationally disor-

dered high-temperature plastic phases, which transform 

into ordered low-temperature modifications under further 

cooling [12, 13, 14]. The melting entropy of these salts is 

lower or comparable that of the solid-state transition indi-

cating a high disordering in the plastic phases [16, 17]. 

Tetrabutylammonium tetrafluoroborates [R4N]BF4 are 

promising materials for low-temperature solid-state elec-

trochemical devices due to the high electrochemical stabil-

ity of both quaternary ammonium cations (R4N)+ and BF4- 
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anions. In particular, tetrabutylammonium tetrafluorobo-

rate [(C4H9)4N]BF4 (hereafter, [N4]BF4) exhibit a conduc-

tivity of around 10–6 S/cm in the high-temperature plastic 

phase at 150 °C [13]. According to 19F NMR data, the domi-

nant charge carriers in this phase are BF4
– anions [13]. The 

salt [N4]BF4 has several polymorphic modifications, differ-

ing in the degree of conformational disorder in hydrocarbon 

chains and reorientation disordering of anions [17]. How-

ever, despite of a strong disordering in both cation and an-

ion sub-lattices, the total ionic conductivity of the salt is ra-

ther low even in the plastic phase.  

In order to increase the conductivity of the ionic salts, a 

heterogeneous doping technique can be used [18, 19], which 

leads to an increase of conductivity by several orders in 

magnitude. It is known that the introduction of nanocrys-

talline chemically inert additives to the salt matrix may re-

sult in a strong increase in the conductivity of the salts. 

There are two reasons for the conductivity enhancement in 

the obtained composite solid electrolytes: (i) the excess 

concentration of point defects, which form a double electri-

cal layer near the ionic salt/oxide interface [18] and (ii) the 

formation of the amorphous layer of the ionic salt near the 

interface [19]. In micro-composites, excess point defects in 

the surface double layer seems to be a primary reason for 

the conductivity increase, whereas the ionic conductivity is 

caused by the contribution of the amorphous interface-in-

duced phases in nanocomposites. To date, a number of ex-

perimental data have been reported for a conductivity en-

hancement in inorganic nanocomposites. In contrast, the 

conductivity of nanocomposites based on organic salts re-

mains practically unstudied. Recently, it has been experi-

mentally found that the introduction of nanocrystalline alu-

mina into the [N4]BF4 salt leads to a strong increase in the 

conductivity by several orders of magnitude. In parallel, the 

amorphization of the salt takes place at a high concentra-

tion of the alumina additive [20]. 

It would be very desirable to understand the mechanism 

of the effect of the heterogeneous doping on the structural 

and transport properties of the [N4]BF4 salt. Previous stud-

ies [17] have shown that due to the branched structure of 

the tetrabutylammonium cations rotational motions of the 

fragments of hydrocarbon chains and changes in their con-

formation occur even at relatively low temperatures (about 

200 K). Therefore, it is difficult to investigate the structure 

of the [N4]BF4 salt by diffraction methods. The experi-

mental study of the local structure of the salt near the ionic 

salt/oxide interface is even more complicated. In this situ-

ation, molecular dynamics (MD) computer simulation can 

provide an opportunity to obtain qualitative, and, possibly, 

quantitative information on the local structure of the salt in 

both individual form and in the composite. Previous MD 

simulations of salt-oxide interfaces have been carried out 

mainly for ionic liquids contacted with different oxide sur-

faces [21, 22]. As for composites with solid ionic salts, only 

LiI-Al2O3 [23], CsCl-Al2O3 [24] and Рb1–xCdxF2–SiO2 [25] in-

terfaces were simulated. No data on MD simulations of 

composite solid electrolytes with quaternary ammonium 

salts have been reported yet. Some efforts have been made 

to analytically solve the problem of crystallization of two-

component systems, but they do not answer the question of 

increasing the ionic conductivity of organic salts in the 

composite [39–41]. 

This work is devoted to the MD computer modelling of 

the transport properties of pure [N4]BF4 and this salt in 

contact with the (110) surface of α-Al2O3. 

2. Methodology 

The calculations were performed with the LAMMPS soft-

ware package [26] using the DREIDING force field [27]. The 

charges of the ions were refined by quantum chemical cal-

culations of the molecule using the QUANTUM ESPRESSO 

package [28, 29]. The charges of the ions were determined 

by the Bader method [30]. It should be noted that the 

DREIDING force field is a rather early approach and there 

are now more advanced force fields available, but it has the 

advantage of allowing a consistent set of parameters to be 

defined for the system containing C, F, B, N, and H atoms 

within the same force field that has been developed and val-

idated on a wide range of compounds.  

A structure of a pure ionic salt containing 215 anion-cat-

ion pairs was simulated with periodic boundary conditions. 

In the present study only Coulomb interactions between at-

oms of different molecules and the Lennard-Jones disper-

sion attraction ~ 
1

𝑟6
 were considered. The intermolecular re-

pulsion of atoms was also expressed in the Lennard–Jones 

form ~
1

𝑟12
. No specific hydrogen bonds and cation polariza-

tion effects were taken in consideration. The boron atom in 

the BF4
– anion ion is positively charged, its charge is equal to 

+2.4e and surrounded by four negatively charged fluorine 

ions (–0.84e). In the tetrabutylammonium cation, the nitro-

gen atom is negatively charged (–0.81e), while the charge of 

the carbon atoms fluctuates along the alkyl chains, the car-

bon atoms closest to the nitrogen have a charge of +0.17e, 

the hydrogen atoms have a small positive charge in the 

range of 0.02–0.1e.  

Quantum chemical calculations show that under the ac-

tion of the anionic electric field, the electron density is re-

distributed over the cation. Such a polarization effect was 

also neglected in the present simulation. Nevertheless, as it 

will be seen further, despite a significant simplification of 

the computational model, the obtained results in terms of 

characteristic temperatures, are in good agreement with 

the experimental data.  

For simulations of the [N4]BF4/Al2O3 interface, the mod-

ification α-Al2O3 (corundum, the symmetry space group R-

3c, the lattice parameters a = b = 4.7602 Å c = 12.9933 Å) 

was used. The oxygen and aluminum ions were located in 

positions corresponding to the ideal corundum structure 

[31]. Both oxygen and aluminum positions are fixed and 

these ions act as rigid charged centers interacting due to 
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Coulomb and Lennard-Jones repulsive and attractive forces. 

Aluminum and oxygen ion charges were as assumed to be 

+1.8e and –1.2e, respectively. 

3. Results and Discussion 

3.1. Pure [N4]BF4 salt 

First, it was necessary to model the organic ionic salt. Its 

melting point is a thermodynamic parameter which can be 

easily determined experimentally. If the model shows a 

melting temperature close to the real one, then the inter-

action parameters used in the model are valid. For exam-

ple, if hydrogen bonds between fluorine and hydrogen at-

oms play a significant role in the intermolecular interac-

tion, then excluding them from the calculation would af-

fect the melting temperature, in this case leading to its de-

crease. The same reasoning applies to the polarization of 

the cation. 

It would be desirable to observe the melting tempera-

ture during heating the system. However, it is known that 

when a perfect crystal without defects is heated, the tem-

perature of transition to a disordered state (the tempera-

ture of thermal instability) can be up to 20% higher than 

the melting temperature observed in the experiment [32]. 

Therefore, another approach was used: to melt the model 

and investigate the properties of the system in the course 

of its cooling from the molten state. 

Figure 1 shows the mean square displacement of [N4]+ 

cations and BF4
– anions during a slow cooling of pure 

[N4]BF4 salt from the molten state 550 K to 150 K with a 

constant cooling rate. In parallel, volume, energy, and the 

cell shape were monitored. Typically, the cooling process 

took nearly 10 ns (107 time steps). The mean square dis-

placement of atoms was calculated as the square of the de-

viation of the atoms from their initial positions (at the 

starting temperature) averaged over all atoms of the se-

lected type. The mean square deviations of the boron atoms 

as the centers of the geometric position of the anion and the 

mean square deviations of all atoms included in the cation 

were monitored.  

No drastic change in the volume and energy behavior 

with the temperature was observed. Changes in the state of 

the model during cooling are observed in the mean square 

displacement of atoms. 

The mean square displacement of the atom at a fixed 

temperature is defined by the self-diffusion coefficient 

value, D ~ x2/dt, which may be estimated from the slope of 

the time dependence of the mean square displacement. As 

seen from Figure 1, at high temperatures the diffusion co-

efficients of both cations and anions are rather high, but 

anions are more mobile than cations.  With a decrease in 

temperature the dx2/dt slope diminishes, hence the mobil-

ity of atoms monotonically decreases. However, at 420 K 

one can observe a sharp change in the dx2/dt slope corre-

sponding to a significant decrease in the mobility of both 

anions and cations. Interestingly, this temperature is close 

to the experimental value of the melting temperature of 

432 K [17].  

Thus, the simulated mean square displacement curve re-

flects the freezing of a system at a temperature close to the 

crystallization point, but at the same time, the system has 

not crystallized, no long-range order has appeared, as can 

be seen from the pair distribution function (PDF) presented 

in Figure 2. In the PDF plots obtained at different moments 

of the cooling process (i.e. at different temperatures from 

500 K to 150 K) one can see a broad first peak and slightly 

split second peak, which is a fingerprint of the disordered 

glassy structure.  

Apparently, the process of establishing a long-range or-

der is very slow at the crystallization (melting) tempera-

ture and the cooling rate that we can obtain in a computer 

experiment is too high. As a result, the system transforms 

to the quenched metastable glassy state. It is not surprising 

for the case of organic salt, which belongs to the class of 

plastic phases with a low value of entropy and enthalpy of 

melting and prone to amorphization for this reason.  

3.2. The [N4]BF4/Al2O3 interface 

The [N4]BF4/Al2O3 interface was simulated as follows: A 

plate of α-Al2O3 bounded by (110) planes, contacted with a 

layer of the [N4]BF4 salt, containing 250 molecules (anion-

cation pairs) placed on the alumina surface. 

 
Figure 1 Mean square displacement of boron atoms as centers of 
anions (blue) and for cation (brown) for pure [N4] salt in compar-

ison with temperature (green) during cooling run. 

 
Figure 2 Pair distribution function for boron for different temper-
atures during cooling process for pure [N4]. 
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The bottom part of the salt layer contacted to the oxide sur-

face, whereas the upper part formed a free surface (i.e., 

contacted to vacuum). If the z axis is perpendicular to the 

surface, then periodic boundary conditions were applied 

along the x and y axes.  

As in the case of pure [N4]BF4 salt, the model was heated 

up to 450 K and slowly cooled to 220 K with the same cool-

ing rate. The time dependences of the mean square devia-

tion of boron atoms and cations are shown in Figure 3. 

In contrast to the pure [N4]BF4 salt, the composite cool-

ing from 450  to 220 K reveals no sharp changes in the mo-

bility of atoms at 420 K (Figure 3). Mobility remains high 

and gradually decreases on cooling to 300 K. The distinc-

tion of the temperature dependence of atom mobilities in 

pure salt and the composite is apparently caused by a dif-

ference in the diffusion mechanism. This suggests the 

[N4]BF4 salt in the contact with the alumina surface exists 

in an amorphous state which is different from the amor-

phous state of the pure salt. 

Figure 4 shows the diffusion coefficients of boron atoms 

in the composite, as well as boron atoms in an infinite sample 

of pure salt [N4]BF4. The diffusion data for pure salt agree 

well with the bulk values of the self-diffusion coefficients, 10–

12–10–10 m2/s, obtained for various ionic liquids [33].  

 
Figure 3 Mean square displacement of boron atoms as centers of 
anions (brown) and for cation (blue) in comparison with temper-
ature during cooling run for composite [N4]BF4-Al2O3. 

 
Figure 4 Temperature dependences of boron self-diffusion coeffi-

cients in pure N4BF4 salt (green triangles) and [N4]BF4-Al2O3 com-
posite (blue squares) estimated from MD simulations made on a 
cooling run. 

In contrast, the diffusion coefficient of boron in the com-

posite is by 1–2 orders of magnitude higher than the corre-

sponding values for pure salt. At 420 K an abrupt decrease in 

the diffusion coefficient is observed for pure salt, while the 

D values for the composite monotonically decrease over the 

entire temperature range from 450 to 220 K.  

The main factor affecting the structure and properties of 

the salt in the composite is the contact interaction between 

the oxide and salt. Due to Coulomb forces, this interaction is 

strong enough and leads to the formation of a surface layer 

in which the anions and cations of the salt are actually fixed 

on the surface of the oxide. They are practically stationary, 

and are arranged in such a way that the butyl chains of the 

cation lie on the surface in some flat conformation. The rea-

son for such a strong difference in the atoms mobility in pure 

salt and in the composite seems to be the change in the local 

structure of the salt in the vicinity of the interface. Figure 5 

shows the distribution of the boron atoms along the z-axis 

directed in perpendicular to the interface. In contrast to the 

pure [N4]BF4 salt (Figure 2), several smooth single anionic 

layers can be distinguished in the salt structure near the 

[N4]BF4 – alumina interface. Most likely that such a layered 

structure contains large two-dimensional cavities (“vacan-

cies”) which act as an additional channel for fast ion 

transport along the interface. The characteristic thickness of 

the structured interface layer is nearly 5 nm that agrees with 

the effective thickness of the amorphous layer around the 

alumina particles estimated earlier for [N4]BF4-Al2O3 nano-

composites using thermal analysis data [14]. 

The formation of layered structures is typical for the 

contacts between ionic liquids and oxides, metals, carbon 

nanotubes, etc. [21, 22, 38]. It has been reported [38] that 

an interfacial layer structure is formed near ionic liq-

uids/Al2O3 interfaces with different ionic liquids, indicating 

the formation of a double-layer consisting of cations being 

in contact with the anions repelled from the Al2O3 surface 

and formed a second anion layer on the interfacial cation 

layer. Such a structure is completely different from those of 

dilute aqueous electrolytes near charged substrates, owing 

to strong correlations between oppositely charged ions. In 

most of the publications [21, 22, 38], the authors focused 

mainly on the structure and its influence on adhesion prop-

erties of the ionic liquids. 

 
Figure 5 The time averaged density of boron atoms along z axis at 

290 K. The oxide surface is indicated by a dash line. 
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The effect of the structuring on ionic conductivity was 

not studied in detail. In this work such effect was clearly 

demonstrated for the case of ionic plastic phase/oxide in-

terface.    

4. Limitations 

The main difficulty of a fundamental nature is the adequacy 

of the choice of the model of interatomic interaction. On the 

one hand, for organic molecules, the method of force fields 

is well tested and is generally accepted. On the other hand, 

the approach chosen in this work ignores a number of fea-

tures of these systems that may be important, in particular 

the polarization of the cation and anion as a whole, hydro-

gen bonds. In principle, to take into account the effect of 

changing charges depending on the environment, various 

empirical methods for the determination of effective 

charges during the calculation, QEQ, EAM, etc. [34–37] can 

be applied. Actually, it is planned to use these approaches 

in further studies.  

The second difficulty concerns the size of the system. It 

is possible that in order to manifest a number of effects re-

lated to ion mobility, it is necessary to have a large compu-

tational domain. Only in this case the volume fluctuations 

necessary for the ion movements can occur. Such fluctua-

tions are possible in the glassy state due to the excess free 

volume frozen into an amorphous structure, but when con-

sidering crystalline salts with a denser packing of mole-

cules a low probability of fluctuations becomes critical 

when modeling diffusion displacements. 

Finally, an important limitation is the physical observa-

tion time. Now it is limited by an interval of 10 ns, it is pos-

sible to increase this time by 2–3 times, but to move further 

one can carry out a computational experiment for several 

days. In any case, for a model of our size, a time of 100 ns 

seems to be a hard limit. Is it critical for the processes we 

are studying? This question requires careful study.  

5. Conclusions 

In the present work, the structure and transport properties 

of the pure salt [N4]BF4 and this salt located in the contact 

with α-Al2O3 were studied using a MD computer simulation 

in order to reveal the effect of the salt/oxide interface on 

the properties of the salt.  

The radial distribution functions of the ions and their 

mean square displacements were analyzed as a function of 

the temperature during the cooling the salt. It was found 

that in the molten salt anions are more mobile than cations. 

The modelled molten phase of [N4]BF4 tends to crystallize 

at temperature 420 K which is close to the experimental 

melting point of the salt (432 K). Due to a limited time in-

terval of the calculations, we did not achieve a complete 

crystallization of the salt, but a strong decrease of the dif-

fusion coefficients suggests that the phase transition takes 

place.  

The [N4]BF4/(110)Al2O3 interface was simulated and the 

properties of the salt were analyzed. It was found that in the 

contact with the oxide surface the salt exhibits high values of 

anions self-diffusion coefficients by higher 1.2–2 orders of 

magnitude than those in pure salt, anions being dominant 

charge carriers. This effect is likely caused by a structuring 

of the salt near the interface, i.e. the formation of a layered 

atomic structure located within a characteristic thickness of 

5 nm. Despite the structuring, the salt remains to be amor-

phous with no tendency to crystallize over the temperature 

range from 550 to 300 K. The effect of the conductivity in-

crease agrees with the experimental conductivity behavior of 

[N4]BF4-Al2O3 nanocomposites observed earlier [20]. 
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