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ABSTRACT: (DMF)3NaClO4 is a soft-solid cocrystalline electrolyte with channels of Na+ ions, which can be reversibly con-
verted to a less conductive form (DMF)2NaClO4 by application of pressure or heat, leading to a melt- or press-castable 
electrolyte. Molecular dynamics simulations performed on the 3:1 stoichiometry suggest that Na+ ions conduct via a one-
dimensional channel, which is supported by van-Hove autocorrelation function analysis. The simulations show that the 
transference number for Na+ ions is 0.43 at room temperature and exceeds 0.5 at higher temperatures in the molten mixture. 
The calculated activation energy for diffusion of Na+ ions from MD simulations is 45 kJ-mol-1. The minimum energy path of 
Na+ ion migration in 3:1 crystal is assessed using periodic density functional theory calculations, which provides a barrier of 
33 kJ-mol-1 for Na+ ion conduction, in reasonable agreement with the experimental value of 25 kJ-mol-1. The motion of Na+ 
ions during conduction is vacancy-driven, as the presence of a vacancy site enables jump events for Na+ ions. The activation 
energy is the penalty for a sodium ion to leave the octahedrally coordinated DMF ligand field via a transition state where 
only three molecules of DMF form a 3-O-Na trigonal planar geometry, with no involvement of the ClO4

- in the coordination 
sphere of the transition state. In contrast, the calculated activation energy barrier for the 2:1 stoichiometry is higher (Ea,DFT 

= 43 kJ-mol-1, Ea,exp = 49 kJ-mol-1) due at least in part to the partial coordination of strongly binding perchlorate anions with 
Na+ ions in the transition state. 

Introduction 
Solid state electrolytes are key components for develop-

ment of thermally and mechanically stable metal-ion bat-
teries1,2. The use of sodium in rechargeable batteries will be 
cost effective due to its abundance, and enduring as a sub-
stitute for lithium-ion batteries (LIB) in applications that 
can tolerate lower energy density batteries3. A pervasive 
problem with both technologies is flammability of the liq-
uid organic electrolyte, which has led to explosion and 
fire4,5. In the exploration of potentially safer electrolytes for 
sodium ion batteries (SIBs), solid electrolytes (sodium su-
perionic conductors (NASICON)6,7, ceramics8, polymers 
and their composites), and non-flammable liquid electro-
lytes (e.g. non-flammable organic solvents9, ionic liquids10) 
have been explored. Soft solids such as polymers have poor 
ionic conductivity but are good electronic insulators. Hard 
solids like ceramics and NASICONs show excellent me-
chanical and thermal stability but are brittle and exhibit 
poor ionic conductivity in pressed pellets compared to liq-
uid electrolytes.6,11,12 Despite reports on certain ceramics 

which demonstrate excellent ionic conductivities in sin-
tered pellets11,13, high resistance in the contact layers 
formed between the grains leads to poor intergranular 
(grain boundary) and interfacial (electrode/electrolyte) 
conductivity14,15. Ion migration in such materials occurs via 
complex molecular mechanisms including interstitial ion 
displacements, defect jumps and superionic diffusion16–19. 
In several hard-solid SIB/LIB electrolytes, a relatively sta-
ble anionic sublattice favors migration of Na+/Li+ ions due 
to a lower activation energy (Ea) barrier and a high trans-
ference number2,20. However, the strong affinity of cations 
for the anionic sublattice leads to low ionic conductivity. 
Further, facile electron transfer with the anionic sublattice 
results in poor electronic insulation in the case of inorganic 
solid electrolytes, which is more suited for the design of 
cathode materials, though not ideal for electrolytes.  

To provide higher electronic insulation and low-affinity 
between the cations and anionic sublattice, soft-solid co-
crystals—also referred to as solvate electrolytes—for 
Li+/Na+ ion migration have been developed by the Zdilla 
group. Inorganic salts like LiCl, NaClO4 form co-crystalline 
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structures with organic solvents like N,N-dimethylforma-
mide (DMF), adiponitrile (ADN), and are stable at ambient 
temperature21,22. Two recent examples of such cocrystals 
are DMF·LiCl21 and (DMF)3NaClO4

22. These cocrystals ex-
hibit moderate-to-high ionic conductivity at room temper-
ature from 10-5 S-cm-1 to 10-3 S-cm-1 and Ea barrier to ion 
hopping (85 kJ-mol-1 and 25 kJ-mol-1, respectively, from im-
pedance spectroscopy). The advancement in the develop-
ment of electrolytes is accelerated with computational 
methods like Molecular Dynamics (MD) simulations and 
density functional theory (DFT) calculations which can 
characterize mechanism of ion conduction19. Classical MD 
simulations are an effective method to observe ion conduc-
tion and jump events23,24, whereas DFT-MD simulations25 
have been used to calculate more accurate barriers and 
structural changes during ionic diffusion. Plane-wave DFT 
calculations can extract minimum energy paths (MEP), 
electronic properties like electrochemical stability (from 
band structure), and defect formation enthalpies26. A com-
bined approach of MD and DFT is frequently employed to 
extract the long-timescale diffusion and short timescale 
jump events7,19. Islam and coworkers used MD and ab-initio 
MD simulations to model the diffusive behavior in Na+ ion 
electrolytes7. The authors extensively examined the path of 
Na+ ion conduction and ascertained the migration of ions 
along the 1D channels to be three-dimensional in nature. 
Further, DFT has also been employed to calculate the min-
imum energy path (MEP) for ion conduction in liquid, 
solid, amorphous, crystalline, organic and inorganic elec-
trolytes18,24.  

The (DMF)3NaClO4 cocrystal exhibits interesting ther-
momechanical behavior where it shows a first of its kind 
example to expel solvent from the Na+ coordination sphere 
under pressure or heating. In our recent work,27 we re-
ported the experimental observation of stoichiometric 
changes (from (DMF)3NaClO4 to (DMF)2NaClO4) in these 
cocrystals. We further examined the mechanism of this 
stimuli response from classical MD simulations with ef-
fects of pressure and temperature. We also described that 
these crystals and others like them exhibit a nanoliquid 
surface layer resulting from the decreased lattice energy at 
the surface, which we have detected experimentally (SEM), 
and which we have described using MD simulations on 
several materials28,29. This surface nanoliquid layer at the 
grain boundaries naturally binds grains to one another and 
facilitates ion conduction across electrolyte particles, cir-
cumventing the grain-boundary problem common to other 
solid electrolyte systems. Apart from these peculiar struc-
tural properties, these cocrystals exhibit a conductivity of 
3 x 10-4 S-cm-1 with Ea barrier of 25 kJ-mol-1 for Na+ ion con-
duction calculated from temperature-dependent imped-
ance spectroscopy measurements22. While this conductiv-
ity is excellent for a solid electrolyte, details of the ion con-
duction are left unresolved, since ions could conduct 
through several pathways: 1) through the bulk of the crys-
tal, 2) across the grain boundary from bulk-to-bulk, or 3) 

along the nanoliquid surface as a percolating network. Un-
fortunately, the sodium ion transference number (tNa+) was 
neither calculable from chronoamperometry due to reac-
tivity of (DMF)3NaClO4 with Na0 metal, nor from pulse-
field gradient NMR due to fast relaxation of quadrupolar 
11Na nuclei.22 Nevertheless, the presence of one-dimen-
sional Na+ ion channels in these structures (both stoichi-
ometries), and the mechanism of Na+ ion mobility are of 
interest in assembling foundational knowledge of ion con-
duction mechanisms in such materials, and are therefore 
ripe for theoretical investigation, and can inform the de-
sign of improved materials. With that aim, here we inves-
tigate the ionic mobilities, simulated transference num-
bers, jump statistics during hopping events, and the mech-
anism of ionic jumps for the Na+ ions in DMF-NaClO4 co-
crystalline electrolytes, and compare these values to new 
and previously published experimental data. 

Experimental and Computational Details 
(DMF)3NaClO4 was prepared as previously described.27 

Electrochemical Impedance Spectroscopy (EIS) was used 
to measure ionic conductivities for (DMF)2NaClO4 sample 
from the Nyquist plots (Figure S1). The Nyquist plots were 
extrapolated to obtain this data at different temperature 
using an equivalent circuit shown in Figure S1. 

The unit cell parameters for (DMF)3NaClO4 were ob-
tained from the single-crystal data provided by Chinnam 
et al.22.  The initial benchmarks and structural validations 
from MD simulations were achieved using Gromacs 5.0.730 
code with the protocols and a modified force-field dis-
cussed in our earlier work.27 The full set of force-field pa-
rameters for (DMF)3NaClO4 are provided in the Supporting 
Information. A supercell with 6x6x12 unit cells (36288 at-
oms) of the (DMF)3NaClO4 cocrystals was used to simulate 
ion dynamics under NVT ensemble conditions with a time 
constant of 0.1 ps for 50 ns at various temperatures between 
T = 233 K and 400 K. All the simulations were carried out 
with a cut-off of 12 Å for the neighbor search and for the 
calculation of non-bonded interactions. A timestep of 1 fs 
was used for the integration of forces, while trajectory to 
analyze the dynamics of the system was recorded at every 
5 ps.  The first 10 ns of these trajectories were discarded and 
then the diffusion coefficients were calculated from Ein-
stein’s equation. Further, we have used these trajectories at 
various temperature and time-interval windows to analyze 
the jump events observed during classical simulations by 
calculating the self-part of van-Hove autocorrelation func-
tion31 for Na+ ions.  

To understand the mechanism of Na+ conduction at a 
more accurate level, and for the validation of jump-events 
obtained from classical MD trajectories, plane-wave DFT 
calculations were performed using the QUANTUM 
ESPRESSO v6.232,33 code. The PBE functional34 was used 
with the Kresse-Joubert projector-augmented wave35 
(KJPAW) basis with a cut-off of 60 Rydberg (Ry) for the 
wavefunction. The convergence threshold for wavefunc-
tion was set to 10-7 Ry and for geometry relaxation to 10-3 
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Ry/Bohr. A supercell of 1x1x2 (168 atoms) with a Γ-only k-
mesh was used to determine MEP for (DMF)3NaClO4. A 
supercell of 2x1x1 (240 atoms) with a Γ-only k-mesh was 
used to determine MEP for (DMF)2NaClO4.  The nudged 
elastic band (NEB) and climbing-image NEB (CI-NEB)36 
calculations were performed to calculate Ea for Na+ con-
duction with 9 or more intermediate images. In order to 
extrapolate the MEP using NEB, reactant and product im-
ages were created by the removal of one Na+ ion in the 
supercell. The obtained structures were relaxed before the 
NEB calculations and then several initial guesses of transi-
tion state (TS) structures were used as an intermediate im-
age. Further, more intermediate images (up to 3) between 
reactant-TS and TS-product images were added and opti-
mized under NEB to finely extrapolate the MEP.  

Results and Discussion 

We first examined the migration of both cations and an-
ions in the NVT ensemble conditions. The MSD vs. time 
plots for Na+ (Figure 1a and 1b) and ClO4

- (Figure 1c and 
1d) ions are calculated from a series of constant tempera-
ture simulations on the periodic supercell to obtain diffu-
sion coefficients (Di) using Einstein’s equation. The MSD 
vs. time plots show that at low temperatures (T ≤ 283 K) 
the early diffusion of Na+ ions is super-diffusive, due to the 
initial cage vibrations. However, with sufficiently long 
timescales (40 ns), a linearity in diffusion was observed 
even at low temperatures (T = 233 K to 273 K). Hence, from 
the linear regime of MSD vs. time plots, values of Di for Na+ 
and ClO4

- were calculated for T = 233 K to T = 400 K (Fig-
ure 2a). The calculated values of diffusion coefficients and 
transference number are provided in Table S1 of the Sup-
porting Information. 

 
Figure 1. MSD vs. time plot for Na+ cations on (a) logarithmic scale for all temperatures and (b) linear scale for low temperatures, 
and for ClO4- anions on (c) logarithmic scale for all temperatures and (d) linear scale for low temperatures.  
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Figure 2. (a) Transference number for Na+ ions in 
(DMF)3NaClO4 for various temperature values between T = 
233 K and 400 K. Diffusion coefficients (10-10 cm2/sec) for Na+ 
(yellow) and ClO4- (blue) calculated from simulations using 
Einstein's equation are provided in the respective bars, (b) log 
(DNa+) vs. 1/T plot from simulations for (DMF)3NaClO4, the 
data points were fitted to a straight line (the lowest tempera-
ture point was neglected). 

In our earlier work,27 we calculated static structure factor 
(radial distribution function) and histograms of cation 
cluster size, which showed that at low temperature (<<Tm) 
sodium ions remain solvated by DMF and isolated from 
perchlorate anions, but at high temperature (> Tm, Tm,exp = 
55 oC 22 and Tm,MD = 52 oC 27), the cocrystals do not phase 
separate, but appear as small ion-pair clusters of NaClO4 
solvated in DMF. This suggests that the room-temperature 
cocrystals behave as a superionic solution of NaClO4 in 
DMF, and hence the calculation of Di is relevant even at 
these high temperatures (T = 325 K, 350 K and 400 K). The 
calculated Di values provide a tNa

+ = 0.43 at 298 K and 
demonstrate that the fraction of mobility of Na+ ions in the 
net ionic mobility increases with temperature up to 0.46 at 
T = 400 K. The values of DNa

+ are fitted to Arrhenius equa-
tion to calculate Ea for Na+ ion conduction (Figure 2b). 
The fitted data provide an Ea barrier of 45 kJ-mol-1 for Na+ 
ion conduction in the cocrystals, significantly higher than 
the Ea,exp = 25 kJ-mol-1.  

To analyze the nature of Na+ cation jump events, the self-
part of VHACF was calculated for time intervals of 100 ps, 
1ns and 10 ns (Figure 3). VHACF shows that at low temper-
atures, the primary mode of Na+ ion mobility is cage vibra-
tions and short-distance (< 0.5 nm) jumps, whereas a few 
spikes associated with long-distance jumps (> 1 nm) are 
also observed with a small probability. As the temperature 
increases above room temperature, the primary peak asso-
ciated with short-distance jumps decreases, indicating in-
terstitial migration of Na+ ions. The occurrence of longer 
jumps appear in wider time windows of 10 ns, due to a  

 
Figure 3.  Self-part of van Hove ACF for Na+ ions in (DMF)3NaClO4 at various constant temperatures and a fixed time interval 
from an overall trajectory of 40 ns: (a) t = 100 ps, (b) t = 1 ns, and (c) t = 10 ns (except for T = 350 K and 400 K, t = 2ns); (d), (e) and 
(f) are zoomed in views on y-axis and zoomed out views on x-axis for (a), (b) and (c), respectively. 
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probable combination of vehicular and hopping diffusion 
of Na+ ions in the crystal. The results suggest that migra-
tion through an interstitial site is likely in bulk ion conduc-
tion. 

The reason behind short-distance jumps is the array of 
Na+ ions with an interionic distance of 0.323 nm, as sug-
gested from the unit cell structure obtained from single-
crystal XRD. To understand these short-distance jumps, 
and to more rigorously estimate the energetics of this two-
step process, plane-wave DFT calculations were performed 
to obtain the MEP for a Na+ ion jump to the adjacent va-
cancy site. A 1x1x2 supercell of (DMF)3NaClO4 was created 
and relaxed without any restrictions of symmetry on the 
structure. Further, a pair of defected supercells was created 
with one Na+ ion defect at an adjacent site in two super-
cells. The two supercell images differ only in the location 
of vacancy sites, are thus considered ‘reactant’ and ‘prod-
uct’ geometries, indistinguishably, to optimize the MEP us-
ing NEB calculations. The extrapolated path of a Na+ ion to 
migrate to a vacancy site in the c-crystallographic direction 
(at a distance of 0.323 nm) shows Ea = 0.34 eV (= 33 kJ-mol-

1) (Figure 4) closer to the experimental value of 25 kJ-mol-

1. The calculated Ea barrier was also validated against the 
energy cut-off from 40 Ry to 80 Ry (Table S2 of the Sup-
porting Information) and the calculated Ea was found to be 
0.34 ± 0.01 eV. This lower activation barrier suggests that 
bulk migration most likely contributes to the overall con-
ductivity (in addition to a percolating network) due to the 
preponderance of bulk matter in pressed electrolyte pel-
lets. Unlike the simulation, an interstitial site is not in-
volved in the ion hopping pathway determined from NEB 
methods; the migration of a Na+ ion occurs via formation 
of a trigonal planar transition state (Supporting Movie 1), 
and represents a distinction from the higher-barrier inter-
mediate pathway observed in the MD mechanism. The ex-
trapolated MEP suggests that the carbonyl group on DMF 
molecules assists in delivering the Na+ ion from the occu-
pancy site to a vacancy site with a small barrier and can be 
termed ‘solvent-assisted’ migration. In the transition state, 
the Na+ ion does not contact the ClO4

-. In another work a 
similar solvent-assisted migration of Li+ ion has also been 
observed where the cyano group on adiponitrile supports 
the migration of Li+ ions to an occupancy site at a distance 
of > 0.6 nm, without any interference from anions.28  

 

Figure 4. Minimum energy path of Na+ ion conduction in 
(DMF)3NaClO4 extrapolated from NEB calculations. Color 
scheme: Red- O (DMF) free, red atoms in tetrahedral green 
cages- O in ClO4- anions, yellow- Na+ ions. Distances shown 
as text are in the units of Å. 

Despite having a close agreement for the Ea,exp and Ea,DFT 

for (DMF)3NaClO4, a poor agreement of Ea from MD simu-
lations was still an unsolved question. We hypothesized 
that the MD simulations at and above room temperature 
do not exclusively manifest just the Na+ ion conduction in 
(DMF)3NaClO4 as the simulations also have shown that 
around room temperature the crystals form a dynamic 
equilibrium with the 2:1 stoichiometry as well.27 This has 
been previously reported by us from a cluster analysis with 
respect to a dynamic heating and constant temperature 
equilibrium simulations under NVT conditions. Also, 
roughly 1.8 ClO4

- anions were seen to occupy the Na+ solv-
ation sphere by replacing DMF molecules in the 2:1 stoichi-
ometry, as observed from RDF and coordination number 
analysis. Thus, both MSD and VHACF include a contribu-
tion from the 2:1 stoichiometric geometry as well, espe-
cially at T ≥ 298 K. Further, a higher Ea barrier than the ex-
perimental value could also be the reason for this behavior 
as formation of more (DMF)2NaClO4 crystal could lead to 
lower Na+ ion conduction due to Na+---ClO4

- interactions 
in this stoichiometry. To test this hypothesis, we recorded 
impedance spectroscopy based ionic conductivities for 
(DMF)2NaClO4 (Figure 5a) and obtained a room tempera-
ture ionic conductivity to be 7 x 10-5 S-cm-1 with a calculated 
Ea,exp barrier of 49 kJ-mol-1. To validate this and obtain the 
MEP, a 2x1x1 supercell of (DMF)2NaClO4 was used to per-
form DFT calculations to calculate Ea,DFT  using the NEB 
method. Unlike in the 3:1 stoichiometry, the 2:1 cocrystal 
exhibits two different sites for Na+ ions, leading to different 
energies for the removal of two different adjacent Na+ ions, 
one each time. Figure 5b shows these three sites of Na+ 
ions as Na1, Na2 and Na3. The removal of Na3

 and Na1 leads 
to similar energy configurations as the initial and final 
states shown in the Figure 5c. Removal of a Na2 ion from 
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the crystal is slightly higher (0.18 eV) in energy compared 
with the other two, shown at the 0.5 reaction coordinate. 
The MEP path was extrapolated using three initial images, 
which included the paths between Na1 and Na2, and be-
tween Na2 and Na3. The MEP was further fine-tuned with 
inclusion of more images and a tighter optimization crite-
rion where the images were considered stable only when 
the fluctuation was < 0.01 eV-Bohr-1. The extrapolated path 
of Na+ ion to migrate to a vacancy site (at a distance of 0.343 
nm) shows Ea = 0.43 eV (= 41 kJ-mol-1) (Figure 5c) close to 
the experimental value of 49 kJ-mol-1 in this stoichiometry, 
and closer to the value computed from the intermediate 
pathway seen in MD simulations. The MEP for Na+ ion 
conduction in (DMF)2NaClO4 is also provided as Support-
ing Movie 2. These observations and those for the 3:1 ge-
ometry explain the discrepancies in the Ea barrier calcu-
lated from experiments and MD simulations: that anion-
assisted sodium conduction is a high-barrier pathway, 
passing through a trapped ion-pair intermediate, which 
can, in principle, occur in both the 3:1 and the 2:1 solvates. 
The preferred bulk conduction pathway is directly along 
the crystallographic c axis, via a three-coordinate DMF-
solvated intermediate. 

 
Figure 5. (a) Experimental ionic conductivity with respect to 
temperature for (DMF)2NaClO4 cocrystals, the straight line 
neglects the lowest temperature point while fitting; (b) A 2x1x1 
supercell for (DMF)2NaClO4 crystals showing Na1, Na2 and Na3 

sites on the xy-plane. (c) Minimum energy path for Na+ ion 
conduction in (DMF)2NaClO4 extrapolated from NEB calcula-
tions. Color scheme: Yellow solid spheres – Na+ (actual posi-
tion), White transparent spheres – Na+ (all positions during 
trajectory), Red – O, Green – Cl, Cyan– C, , Blue – N. 

Conclusions 
In order to explain the high conductivity of 

(DMF)3NaClO4 and its low Ea barrier (25 kJ-mol-1) using MD 
simulations, diffusion coefficients for cations in hard-sol-
ids would typically be calculated by performing high-tem-
perature simulations, where cations attain linearity in dif-
fusion and the anionic sublattice remains thermally stable 
(immobile). However, in soft-solid cocrystalline electro-
lytes, the higher stability of the cationic sublattice leaves a 
marginal window of temperature to observe linear diffu-
sion. The Ea barrier for conduction of Na+ from the Arrhe-
nius plot (45 kJ-mol-1) of diffusion coefficients, which was 
obtained from classical MD simulations with sufficiently 
long time scales, was on the same order of magnitude, but 
higher than the experimental value (25 kJ-mol-1). The 
VHACF analysis of jump events shows occurrence of both 
short and long jump events depending upon the time-win-
dow from picoseconds to nanoseconds, respectively. The 
short jumps occur between the adjacent sites while the 
long jump events occur with a low probability in a vehicu-
lar manner as seen from the VHACF. The dissimilarity in 
Ea,exp and Ea,MD values for (DMF)3NaClO4 stoichiometry is 
explained by the possible involvement of an ion-paired in-
termediate analogous to the structure of the 2:1 stoichio-
metric clusters, for which Ea,exp is 49 kJ-mol-1 (in agreement 
with Ea,DFT = 41 kJ-mol-1). The DFT calculations suggest a 
solvent assisted MEP for Na+ cations (with no involvement 
of ClO4

-) with a barrier of 33 kJ-mol-1 for (DMF)3NaClO4 
crystals that is closer to the experimental value. In case of 
(DMF)2NaClO4, replacement of ClO4

- anions with DMF 
solvent molecules, as seen in our earlier work, results in a 
higher barrier for Na+ conduction compared to its 3:1 stoi-
chiometry. Despite the use of a non-polarizable force-field 
for the MD simulations, the obtained diffusion coefficients 
and the Ea barriers for MEP are in good agreement with the 
experiments. The reason behind this good agreement is the 
inclusion of sufficient different geometries of Na+---ClO4

- 
and Na+---DMF to calibrate the partial charges on Na+ and 
O(ClO4

-) atoms.27 Since the partial charge on the Na+ does 
not change significantly during movement from one-site to 
another, even a non-polarizable force-field is able to cap-
ture the ion dynamics with sufficient accuracy. The proba-
ble mechanism of the high conductivity of the material is 
thus elucidated implicating a favorable solvent-cation co-
ordination for better ion conduction directly between cat-
ion sites. 
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