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Peculiarly Fast Li-ion Conduction Mechanism in a Succinonitrile-
Based Molecular Crystal Electrolyte: A Molecular Dynamics Study
Ryoma Sasaki,*a,b Makoto Moriya,c,d Yuki Watanabe,a Kazunori Nishio,a Taro Hitosugi,a and Yoshitaka 
Tateyama*a,b

Li{N(SO2F)2}(NCCH2CH2CN)2 (Li(FSA)(SN)2) molecular crystal has been experimentally reported as a promising solid electrolyte 
for all-solid-state Li-ion battery applications because of its high Li-ion conductivity of ca. 10–4 S cm-1 at room temperature 
and exceptionally low activation energy (Ea) of 28 kJ mol-1 [K. Tanaka et al., Nano Lett., 2020, 20, 8200-8204]. However, the 
fast  conduction mechanism remains unexplained because all the Li-ions are held in the crystal framework, and the distances 
between the constituent Li-ions are too long for hopping. Herein, molecular dynamics (MD) simulations were performed to 
clarify the mechanism of the extraordinarily fast Li-ion conduction in the succinonitrile (SN)-based molecular crystal. 
Atomistic MD revealed that Li-ion vacancies can exist stably in Li(FSA)(SN)2 crystal and give rise to the one-dimensional Li-
ion hopping pathway contrary to the conventional scenario in which the fast conduction is attributed to the three-
dimensional pathway. The calculated Ea of 34 kJ mol-1 is in good agreement with the experimental value, which substantially 
supports the one-dimensional conduction. The low Ea is intimately connected with the motion of the SN molecules. Two SN 
molecules at the vacancy site change their conformation, following which one of the SN molecules creates an 
electronegative region, while the other one carries the adjacent Li-ion to the electronegative region by the swing motion. 
The insights on the behavior of organic moieties and Li-ion conduction obtained from this study will promote the 
development of highly conductive molecular crystals. 

1 Introduction
All-solid-state Li-ion batteries have attracted considerable 
attention as next-generation power sources because of their 
high energy density and safety.1–4 In these battery systems, the 
highly flammable conventional liquid electrolytes are replaced 
with safe solid-state electrolytes (SSEs). However, there are 
three key issues with SSEs that still need to be resolved 
including (1) poor conductivity, (2) high electrode/SSE 
interfacial resistance and poor adhesion to electrodes, and (3) 
low mechanical stability and deformability. Organic SSEs are 
intrinsically superior over inorganic SSEs in terms of the last two 
issues because they are mechanically soft and can better 
accommodate the electrode volume change during battery 
operation. Consequently, they have good contact with the 

electrode.5–7 However, the low conductivity of organic SSEs is 
problematic for practical applications.
    A reasonable approach for improving the conductivity of 
organic SSEs is to form an ordered phase with favorable ionic 
conduction pathways. Using this approach, inorganic ceramic 
ionic conductors such as Li10GeP2S12 with high conductivity 
similar to those of liquid electrolytes,8 have been developed. In 
this context, flexible organic molecular crystals (MCs) are 
expected to exhibit both good conductivity as well as good 
mechanical properties.9 However, fabricating favorable 
conduction pathways is very difficult as evident from the low 
conductivity (on the order of 10-6 S cm-1 at room temperature) 
of most of the reported organic MCs, owing to the high 
activation energies(Ea) of these materials (40–100 kJ mol-
1).10,11,20–28,12–19 Although LiCl{(CH3)2NCHO} MC has good Li-ion 
conductivity (σLi) of 0.4 × 10-4 S cm-1 at 25℃, the high Ea of 81 kJ 
mol-1 limits its use at low temperatures.26 Therefore, 
constructing the conduction pathway with low Ea is required for 
achieving the high σLi over a wide temperature range. 
     Recently, some of the authors have reported a new MC 
electrolyte, Li{N(SO2F)2}(NCCH2CH2CN)2 (Li(FSA)(SN)2), with high 
σLi of 1 × 10-4 S cm-1 at room temperature (transference number 
of Li-ion tLi = 0.95) and outstandingly low Ea of 28 kJ mol-1.29 The 
low Ea of Li(FSA)(SN)2 is comparable to those of most of the 
representative inorganic ceramic electrolytes such as the 
sulfide electrolyte, Li10GeP2S12 (LGPS; 24 kJ mol-1)8 and garnet-
type electrolyte, Li7La3Zr2O12 (LLZO; 29–32 kJ mol-1).30,31 In the 
case of these inorganic ceramic electrolytes, the low Ea is 
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originated from (1) the partially filled interstitial Li-ion sites and 
(2) the short Li–Li distance. By contrast, in Li(FSA)(SN)2 (Fig.1(a)), 
all the Li-ion sites are fully occupied and not interstitial because 
all the Li-ions are held in place by four succinonitrile (SN) groups 
as part of the Li–SN framework. Moreover, the minimum Li–Li 
distance in Li(FSA)(SN)2 is 5.03Å, which is significantly longer 
than those in LGPS (2.4 Å) and LLZO (2.5 Å). To sum up, 
Li(FSA)(SN)2 has neither partially occupied interstitial site nor 
short Li–Li distance. For these reasons, the unusually low Ea 
value in Li(FSA)(SN)2 cannot be explained merely from the 
conventional viewpoint of the crystal structure. Therefore, 
understanding the peculiar conduction mechanism of 
Li(FSA)(SN)2 is not only of practical importance, but is also of 
fundamental value.

    In this study, we investigated the Li-ion conduction 
mechanism in bulk Li(FSA)(SN)2 MC using molecular dynamics 
(MD) simulations. As the conductivity has been linked with the 
defects in the previous literatures,16,22,32–39 we first investigated 
the effect of removing a Li-ion from the Li–SN crystalline 
framework on the ordered structure of the material. Next, we 
calculated the mean-square displacements (MSDs) of ions in 
both the perfect and defective crystals to identify the most 
plausible conduction pathway. Furthermore, by analyzing a 
snapshot of Li-ion conduction, we inferred that the atomistic 
conduction mechanism involves trans-gauche isomerization 
and swing motion of the SN moiety. Based on this mechanism, 
the correlation between the trans-gauche flexibility and Li-ion 
conduction was demonstrated by MD as a virtual experiment 

using the devised force field parameters with the different 
torsional potential shape of the SN group. Finally, we have 
suggested a new guideline for enhancing the conductivity of SN-
based crystals.

2 Computational methods
All the MD and quantum chemical calculations were performed 
using GROMACS 2016.640 and Gaussian 16 Revision C.01,41 
respectively. We used the second generation of the general 
AMBER force field (GAFF2)42 for the MD calculations . To obtain 
the atomic partial charges, geometry optimization was carried 
out at the ωB97X-D/6-311+G(d) level, and the restrained 
electrostatic potential (RESP) charges43 were obtained at the 
HF/6-311+G(d) level. A charge scaling factor of 0.8 was used to 
correct the overestimation in the electrostatic point charges of 
the ionic species.44 A cutoff radius of 1.2 nm was used for the 
Lennard-Jones and screened real-space Coulombic interactions. 
The particle–particle particle-mesh (pppm) method45 was 
employed to compute the long-range Coulombic interactions. 
The LINCS algorithm46 was used to keep all the bond lengths 
fixed at their equilibrium values, and a time step of 2 fs was 
employed. 
    The initial structure was constructed in a 3 × 3 × 6 supercell 
(Fig. 2(a); 108 Li, 108 FSA, and 216 SN moieties in 3.628 × 3.603 
× 3.016 nm3) based on the X-ray crystalline structure 
experimentally determined at 230 K.29 The system was 
equilibrated for 600 ns using an isothermal–isobaric (NpT) 
ensemble using a Nosé–Hoover thermostat and Parrinello–

Fig. 1 (a) Crystal structure of Li{N(SO2F)2}(NCCH2CH2CN)2 (Li(FSA)(SN)2) 
reported by K. Tanaka et al.29 (b) Stacked structure of Li-ions 
tetrahedrally coordinated with four SNs along the c-axis (FSA 
molecules are omitted for clarity). The Li-ion channel is formed along 
the c-axis

Fig. 2 (a) Initial structure of Li(FSA)(SN)2, which was implemented as 
a 3 × 3 × 6 supercell (Li108FSA108SN216). (b) Equilibrated structure at 
300 K and 1 bar.
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Rahman barostat at a pressure of 1 bar and temperature range 
of 270 −420 K, to check whether the crystalline structure was 
retained. As shown in Fig. 2(b), the crystalline structure was 
retained at 300 K, which was lower than the melting point. The 
production run was performed under a canonical (NVT) 
ensemble using a Nosé-Hoover thermostat at the NpT-
equilibrated density. To investigate the effect of an ionic 
vacancy, we removed one ionic species and redistributed its 
charge to the other ionic species to satisfy charge neutrality.47,48

3 Results and discussions

3.1 Crystal structure

The NpT calculations were performed using the Perfect-crystal 
(108 Li + 108 FSA + 216 SN) and Li-vacancy (107 Li + 108 FSA + 
216 SN) models at 230 K, which corresponds to the temperature 
at which the experimental X-ray diffraction (XRD) 
measurements were carried out.29 The MC densities obtained 
(Perfect-crystal model: 1488 kg m-3 and Li-vacancy model: 1486 
kg m-3) were 6% lower than the experimental value29 (1579 kg 
m-3). To validate the FF used, the melting point of the MC was 
estimated, by using the point at which the density as a function 
of temperature changes sharply in the NpT simulations. Fig. 3 
shows the relationship between temperature and densities as 
well as the experimental differential scanning calorimetry (DSC) 
curve.29 The melting point obtained from the Li-vacancy model 
(ca. 325 K) was lower than that obtained from the Perfect-
crystal model (ca. 370 K) because of the loss of Li-ions from the 
framework in the former case. However, even this reduced 
melting point was comparable to the experimental value (ca. 
335 K). Hence, the calculated macroscopic physical properties, 
i.e., density and melting temperature, were comparable with 
the experimental values. Furthermore, the results demonstrate 
that the Li–SN crystalline structure was retained even when a 
Li-ion was removed from the framework. 

    We investigated the structural changes in the Li–SN 
framework (Fig. 1) arising from the removal of one Li-ion in the 
Li-vacancy model. Fig. 4(a) shows the radial distribution 
functions and coordination numbers (CNs) of Li-ions to the 

nitrogen atoms of SN in the c-axis channel (Fig. 1(b)) with and 
without Li-ion vacancies. The CN of the first solvation shell in 
the channel containing vacancies was higher than that in the 
channel without a Li-ion vacancy. This increase in CN was a 
consequence of the excess SN caused by the removal of the Li-
ion. The excess SNs were coordinated to the Li-ion next to the 
vacancy, as the SNs fluctuated between the trans and gauche 
conformations (Fig. 4(b)). Thus, the Li–SN framework containing 
one Li-ion vacancy remained stable because of the excess SN 
coordination to the adjacent Li-ions. 

3.2 Effect of Li-ion vacancy on Li-ion diffusion

We calculated the MSDs of the constituents in both the Li-
vacancy and Perfect-crystal models at 300 K, and the results are 
shown in Fig. 5(a). In the Perfect-crystal model, all the slopes of 
the MSDs were almost plateau with time, exhibiting no ionic 
diffusion. However, in the Li-vacancy model (Fig. 5(b)), the slope 
of the MSDs of Li-ions along the c-axis increased dramatically, 
whereas that of the FSA ion remained almost plateau. The 
selective diffusion of Li-ions indicates a tLi of 1, which is 
consistent with the experimental tLi value of 0.95.29 We also 
compared the MSDs of Li-ions in the defective c-axis channel 
with those of the other Li-ions (Fig. 5(c)). The results show that 
the Li-ions in the defective c-axis channel diffused, while those 
in the c-axis channel without a vacancy did not diffuse. In 
addition, we investigated the effect of FSA vacancies and excess 
Li in the interstitial sites on the Li-ion diffusion (Section S1) and 

Fig. 3 NpT-equilibrated densities of the Li-vacancy and Perfect-crystal 
models, compared with the experimental DSC curves29 for 
Li(FSA)(SN)2. The initial structure of all the points is crystalline.

Fig. 4 (a) Radial distribution functions and coordination numbers for 
the Li-ions in the c-axis channel with and without a Li-ion vacancy, 
towards the nitrogen atoms in SN. (b) Snapshot showing the 
coordination of excess SNs (cyan-colored molecules) to the adjacent 
Li-ion.
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found that the Li-ions did not diffuse to the same extent in these 
cases (Fig. S1(b)). Thus, our calculations demonstrated that the 
conduction of Li(FSA)(SN)2 is anisotropic, and is promoted by 
the Li-ion vacancies in the defective c-axis channels. This is a 
revelation in contrast to the conventional aspect that higher 
ionic conductivity is usually related to the presence of three-
dimensional conduction pathways.
    We then calculated the Li-ion conductivity along the c-axis 
using the Li-vacancy model (Fig. 6), which is suggested to be the 
most plausible Li conduction scheme in the above analysis (Fig. 
5). The conductivity is calculated with the Nernst-Einstein 
relationship: σLi = nLiF2DLi/(VRT), where nLi is the number of the 
Li-ion carriers in the defective c-axis channel (5 atoms in this 
study), F is Faraday’s constant, DLi is the self-diffusion coefficient 
of the conductive Li-ion carriers, and V is the cell volume, R is 
the universal gas constant, and T is the temperature. The 
diffusion coefficient value was determined from the slope of the 
MSDs (Section S2). The Li-ion conductivity at room temperature 
was estimated to be approximately 1×10–5 S cm-1, which is 
reasonably consistent with the experimental value, given the 
uncertainty of the density of Li-ion vacancy. In addition, the 
activation energy for Li-ion conduction along the c-axis was 
estimated using the relationship between temperature and 
calculated conductivity (Fig. 6) and was found to be 34 kJ mol-1, 
which is in good agreement with the experimentally 
determined value of 28 kJ mol-1. These results strongly support 
that the primary mode of diffusion for the Li-ions involves 
hopping along the c-axis promoted by the Li-ion vacancies.
    Selected snapshots of Li-ion hopping stages in the Li-vacancy 
model as well as the perfect crystalline structure are presented 
in Fig. 7. Fig. 7(a) shows two ligand SN entities associated with 
the Li-ion at the vacancy site, indicated by the purple molecules 
(SN-1 and SN-2), isomerized from the original trans 
conformation (Fig. 7(upper)) to gauche one to coordinate to the 
adjacent Li ion. Next, the purple SNs isomerized from the 
gauche to trans conformation as shown in Fig. 7(b). Following 
the isomerization, the swing motion of purple SN-1 carried the 
Li-ion to the electronegative region created by the trans 
conformation of the SN-2 (Fig. 7(b) → (c)). Finally, the newly 
generated excess SN (orange molecules) isomerized from the 
trans to gauche conformation (Fig. 7(d)). Thus, the important 
motions for Li-ion hopping include the gauche→trans 

isomerization of the excess SN and the swing motion of SN. 
Interestingly, this mechanism shows that the Li-ions 
constructing the ordered framework also act as transport 
carriers.

3.3 Relationship between the flexibility of SNs in the trans-
gauche isomerism and Li-ion diffusion

As mentioned above, the flexibility of the trans-gauche 
isomerism of SN is a key factor for Li-ion hopping. In this 
subsection, we clarify the correlation between the rotational 
profile of the central C-C bond of SN and Li-ion diffusivity. 
Furthermore, we propose a new method for increasing the 
conductivity of SN-based ionic conductors. 

Fig. 5 Comparison of the mean squared displacements (MSDs) of all the ionic species between the (a) Perfect-crystal model and (b) Li-ion vacancy model. (c) MSDs of all 
the Li-ions in c-axis channels with and without one Li-ion vacancy in the Li-ion vacancy model.

Fig. 6 Plot of calculated Li-ion conductivity along the c-axis (σLi, in S 
cm-1) vs 1000 T-1 (K-1) from the Li-vacancy model and experimental 
conductivity.29
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    To investigate the correlation between the torsional potential 
of SN and Li-ion diffusion, we prepared two FFs: (1) Rigid 
dihedral FF and (2) All-trans FF. Further details of the two FFs 
are provided in the Section S3. Fig. 8(a) shows the rotational 
potentials as a function of the dihedral angle of the NC-C-C-CN 
of SN. Rigid dihedral FF exhibited a larger activation energy for 
the isomerization from gauche to trans conformation (Ea(g→t)) 
compared to GAFF2. In the All-trans FF, the dihedral angle of the 
NC-C-C-CN is kept trans, while the swing motion is allowed. 
Based on the results obtained using these two modified FFs, the 
relationship between trans-gauche flexibility and Li-ion 
diffusion was clarified.
    Based on the Li-ion diffusion mechanism deduced above (Fig. 
7), the large Ea(g→t) (Rigid-dihedral FF) is expected to prevent 
SN isomerization from the gauche to trans conformation, which 
leads to a decrease in the self-diffusion coefficient. Fig. 8(b) 
shows that the MSD of the rigid dihedral FF is lower than that of 
GAFF2, which supports the conduction mechanism that is 
presented here. 
    With the All-trans FF, the first SN isomerization process (Fig. 
7(a)→(b)) is not necessary because the SNs present around the 
Li-ion vacancy exhibit a trans conformation. Therefore, the 
activation energy required for isomerization is eliminated, and 
Li-ion hopping is expected to be more facile. To validate this 
hypothesis, we calculated the MSD using the All-trans FF (Fig. 
8(b)). The self-diffusion coefficient in the case of All-trans FF 
(6.8×10–8 cm2 s-1) was 3.6 times higher than that of GAFF2 
(1.9×10–8 cm2 s-1). This new insight obtained by focusing on the 

rotational motion of the organic molecules around Li-ion 
vacancies is useful for designing highly conductive organic solid 
electrolytes. 
    Finally, we propose a methodology for enhancing Li-ion 
conductivity. As shown in Fig. 8(b), Skipping the isomerization 
process from the gauche to the trans conformation (Fig. 
7(a)→(b)) enhanced the Li-ion diffusion. On the basis of these 
results, we suggest that replacing SN with fumaronitrile NC–
CH=CH–CN (Fig. S5) is likely to be effective in further improving 
the Li-ion conductivity because fumaronitrile always has a trans 
conformation due to the presence of the central double bond, 
which can skip the g→t isomerization process (Fig. 7(a)→(b)), 
but still allow the swing motion. While some experimental 
studies have shown that adding various nitriles with the C–C 
single bond to the SN-based ionic conductor is effective for 
increasing ionic conduction,49,50 fumaronitrile with the C=C 
double bond can be utilized as a novel dopant in the form of 
Li(FSA)2(SN)2-x(fumaronitrile)x.

Fig. 7 Snapshots of the perfect crystalline structure (upper) and Li-ion hopping cycles in the Li-ion vacancy model (lower). FSA ions are omitted for simplicity. Perfect 
crystal→(a): trans→gauche isomerization (t→g) of the excess SNs (SN-1 and SN-2) at the Li-ion vacancy. (a)→(b): g→t conformation changes of SN-1 and SN-2. (b)→(c): 
SN-1 carries the Li-ion into the electronegative region involving SN-2. (c)→(d): t→g isomerization of the new excess SNs (SN-3 and SN-4).
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4 Conclusion
We theoretically investigated the mechanism of the peculiarly 
fast Li-ion conduction in the Li(FSA)(SN)2 MCs by MD 
simulations. We found that the presence of a Li-ion vacancy 
gives rise to a one-dimensional fast Li-ion conduction pathway. 
It should be emphasized that even though Li-ions are essential 
components of the Li–SN framework, the removal of Li-ions had 
little effect on the stability of the crystalline structure since the 
SNs adjust by coordinating to the adjacent Li-ions when there is 
a vacancy present in the framework.
    In the conduction pathway, Li-ion hopping occurs via two 
processes: (1) flexible gauche → trans isomerization of two SNs 
at the Li-ion vacancy and (2) swing motion of one SN holding Li-
ions towards the vacancy. This mechanism shows that the Li-
ions constructing the crystalline framework can also act as 
transport carriers, which was thoroughly validated by the 
devised FFs with the different trans-gauche flexibility of SN. 
Finally, we have proposed a new guideline for enhancing the 
conductivity of the MC by doping with fumaronitrile 
(Li(FSA)2(SN)2-x(fumaronitrile)x), in which the process of gauche 
→ trans isomerization will be eliminated. The present 
conduction mechanism, which focuses on the conformational 
behavior of organic moieties around the Li-ion vacancy, enables 
the design of highly conductive MCs.
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