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Macrocyclic crown ethers (CEs) have tunable cavity sizes and site-selective binding with metal ions, making the
CE-ion complex a promising candidate as a two-dimensional (2D) electrolyte. In this work, density functional
theory method is used to determine the energetically stable structures of 12-crown-4 ether (CE4) and 15-
crown-5 ether (CE5) complexed with four cations: Li+, Na+, Mg2+, Ca2+. In addition to the CE-ion binding en-
ergies, the diffusion barriers for ion transport through the CE cavities are calculated. Among the complexes inves-
tigated, CE5 presents the lowest energy barrier for ion diffusion. The barriers for Li+ travelling through a single
CE5 and moving between two CE5s are 0.29 eV and 0.16 eV, respectively. Field-controlledmodulation of the dif-
fusion barrier is also demonstrated. By applying a 0.15 V/Å electric field perpendicular to the plane of the CE, the
diffusion barrier of Li+ through one CE5 can be reduced from 0.29 to 0.20 eV to facilitate the ion transport.
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1. Introduction

Inorganic and organic electrolytes are widely investigated for appli-
cations in energy storage [1–5], memory [6–9] and as a reconfigurable
electrostatic dopant for transistors [10–12]. Although both solid and liq-
uid electrolytes have been investigated for these applications, solid state
electrolytes have several advantages over liquids, including lower flam-
mability, chemical stability, and suppression of dendritic growth [13–
16]. Thin films of inorganic solid electrolytes based on sulfides, Ge-
based chalcogenides and oxides can be deposited by sputtering, atomic
layer deposition or chemical vapor deposition [17], while polymer elec-
trolytes and ionic liquids can be deposited by simple spin-coating or
drop-casting [18]. For the applications mentioned above, ion mobility
governs device performance. For energy storage, a minimum ionic con-
ductivity of 10−3 S/cm is required to supply sufficient power density to
a portable electronic device. For flash memory, ions must diffuse on the
timescale of nanoseconds to provide switching speeds sufficiently high
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to compete with current memory technology. For electrostatic doping,
the ability to reconfigure the type of dopant (i.e., p- or n-type) on
nanosecond timescales may enable novel devices. Polymer electro-
lytes have notably lagged inorganic electrolytes in their conductivity
by several orders of magnitude. For example, polyethylene oxide
(PEO) based electrolytes are the most widely studied, and in the ab-
sence of a plasticizer or other filler material, conductivity is limited
to ~10−6 S/cm at room temperature [19]. In contrast, the ionic con-
ductivity of Ge-based solid electrolytes such as Li10GeP2S12, exceeds
10−2 S/cm at room temperature [1].

While solid electrolytes can be deposited as thin films (μm scale
thickness), a two-dimensional (2D) electrolyte (i.e., atomically or mo-
lecularly thin at nm scale) has not been reported in literatures. The de-
velopment of a solid and 2D electrolyte is motivated by the continuous
scaling of electronic devices to smaller dimensions. For example, tran-
sistors based on 2D semiconductors show great promise, but require
doping strategies other than substitutional doping which will alter the
band structure. The availability of a 2D electrolyte to electrostatically
dope a 2D transistor n- or p-type with sheet carrier densities on the
order of 1014 cm−2 would be valuable. Similarly, as 2D materials such
as graphene are used in next generation batteries, the availability of a
2D electrolyte may enable rapid scaling [20]. However, currently avail-
able solid electrolyte materials are not suitable candidates for
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Fig. 1. Schematic structures of CE4 and CE5 binding with metal ions: (a) and (b) are top
views of CE4 and CE5, respectively. (c), (d) are side views of CE4 and CE5, respectively.
The dependence of the binding energy on the vertical distance of Li+ from O plane,
dLi+\\O, is shown in (e) for CE4-Li+ system. The positive value implies that the metal ion
is located on the O side, while the negative value indicates the opposite side. For CE4-
Li+, the equilibrium distance is 0.68 Å.

177W.-H. Wang et al. / Solid State Ionics 301 (2017) 176–181
nanometer (nm) scale 2D electrolytes since their intrinsic surface
roughness itself is larger than nm scale due to diverse atomic arrange-
ments on electrolyte surface. From this perspective, it is evident that
suitable 2D electrolyte candidate materials are required to possess in-
trinsic planar atomic structures with sub-nanometer thickness.

To serve as a 2D electrolyte, a molecule-ion pair must meet several
requirements: 1) themolecule must solvate metal cations, 2) themole-
cule-ion pairmust layflat on a 2D surfacewith a thickness of onemolec-
ular layer, 3) themetal cationmust diffuse in the direction orthogonal to
the plane of the molecule, and 4) the molecule must provide a suffi-
ciently small barrier for cation diffusion so that the requirement for
fast ion mobility can be met (e.g., nanosecond diffusion for the memo-
ry). In this work, we use density functional theory (DFT) method to ex-
plore the possibility of using macrocyclic crown ethers (CE) in
combination with Li+, Na+, Mg2+ and Ca2+cations for the develop-
ment of a 2D electrolyte. CEs are chosen for their tunable cavity size
and site-selective binding with metal ions [21–24]. The extent to
which the CE can lay flat on a surface depends on the cavity size,
which is determined by the number of oxygen atoms n in the general
chemical formula of (\\CH2CH2O\\)n. DFT calculations performed by
De and co-workers reported structures and stability of seven CEs of
varying size from 3-crown-1 ether (CE1) to 21-crown-7 ethers (CE7)
[24]. They also reported the minimum energy configurations between
Li+/Na+ and seven CEs from CE1 to CE7. Their results showed that
CE4-ion and CE5-ion have planar configurations [24]. Most of the previ-
ous theoretical reports on this topic have focused on CE-ion stability and
structure, including calculations of binding energies and minimum en-
ergy configurations of the CE-ion complex. In addition to the static bind-
ing configurations, a critical issue for the use of a CE-based 2D
electrolyte in the applications outlined above is the diffusion of the
ions through the cavity of the CEs. The objective of this study is to iden-
tify the most promising CE-ion complex for application as a 2D electro-
lyte. This is accomplished through a systematic study of the energetics
of complexes formed between CE4 or CE5 and Li+, Na+,Mg2+, Ca2+cat-
ions. Owing to the high energetic stability and low ionic diffusion barri-
er, the results show that CE5-Li+ complex is one promising candidate as
a 2D electrolyte.

2. Theoretical methods

All the calculations are carried out using the projector augmented
wave (PAW) technique [25] as implemented in the Vienna ab initio Sim-
ulation Package (VASP) [26,27]. The generalized gradient approxima-
tion (GGA) with the Perdew-Burke-Ernzerhof (PBE) scheme [28] and
the local density approximation (LDA) [29] are adopted for the ex-
change-correlation function. The electron wave function is expanded
in the plane wave basis set with a kinetic energy cutoff of 400 eV, and
the electronic optimization stops when the total energies of neighbor-
ing optimization loops differ b10−4 eV. The Brillouin zone integrations
have been performed using only one Γ-point, similar to the cluster
structure calculations [30]. During the geometry optimizations, the
atomic positions are fully relaxedwith a conjugate gradient (CG) meth-
od and the remnant force on each atom is converged to b0.01 eV/Å. The
nudged elastic band (NEB) method [31] is adopted to calculate the en-
ergy barrier of themetal ion diffusion through the cavity of the CE mol-
ecule and between CE molecules. The remnant force on each atom is
chosen to be b0.05 eV/Å in NEB calculation.

As mentioned in the introduction, cyclic CEs are comprised of
(\\CH2CH2O\\)n where the cavity size depends on the number of re-
peated units, n. Even for the same number of repeated units, several
CE isomers are present. For isolated CEs, previous studies showed that
they are energetically more stable with ether oxygen atoms on both
sides of the ring compared to those with oxygen atoms on only one
side, due to the intramolecular CH-O repulsion [24]. However, when a
metal cation is introduced, the configuration with all the ether oxygen
atoms located on one side of the CE becomes more stable because of
the strong electrostatic attraction between the cation and the ether ox-
ygen atoms. Owing to the stability imparted by the presence of the cat-
ion, only configurationswith all O atoms on the same side of the ring are
considered in this study. As one promising 2D electrolyte, the practical
morphology of crown ether molecules should be correlated with inter-
action strength between CE and the substrate. If this interaction is not
strong, i.e. weak interaction between CE and graphene, the CEs arrange-
ment may not be closely packed and periodic. At current stage, it is es-
sential to estimate the diffusion ability of ions through the CE cavity
and between two CEs. In our calculations, all CE-ion complexes are
placed in a large cubic boxwith the side of 18 Å tominimize artificial in-
teractions between periodic images and enable the application of an ex-
ternal electric field with potential drop in the vacuum region [32,33].
The charge states of CE-ion complexes are set up through specifying
the total electron number of the system. The compensating background
charge in VASP would affect the vacuum potential and the reference
point of the total energies. In order to minimize this effect on the calcu-
lations of total energies, the box (18 Å × 18 Å × 18 Å) is enough large
and the same box size is used for all CE-ion complexes.

3. Results and discussion

3.1. Optimized structural parameters and binding energies

The optimized structures of the CE4-Li+ and CE5-Li+ complexes are
shown in Fig. 1. It is found that the (\\CH2CH2O\\)n rings are puckered
and themetal ions prefer to bindwith the O side of CEs, consistent with
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the initial model analysis. For the same CE molecule, the relaxed struc-
tural parameters are closely correlated with the radii of ions, as shown
in Table 1,where bothGGAand LDA results for CE4 and CE5 are summa-
rized. For CE4-ion complexes in Table 1(a), the cavity sizes of CE4
(rO\\O), the bond lengths of ion to O (rM\\O), and the vertical binding dis-
tances from the bound ion to O atoms plane (dM\\O) are listed. These
structural parameters differ little (≤0.03 Å) between CE4-Li+ and CE4-
Mg2+ complexes because of the similar ionic radii of Li+ and Mg2+.
However, for CE5 systems in Table 1(b), the bond length is elongated
to 2.69 Å, and the cavity size is expanded to 2.80 Å in CE5-Na+ complex
because Na+ is larger than Li+. While, CE5-Mg2+ results in decreased
cavity size and bond length down to 2.48 Å and 2.11 Å, respectively,
due to a much smaller radius of Mg2+ than Na+. Furthermore, com-
pared with Mg2+, Ca2+ (with a larger radius) forms a larger cavity
size of 2.66 Å and a longer bond length of 2.36 Å between Ca2+ and O.
On the other hand, even for the same ion Li+, the bond length of Li+

to O, rLi\\O, increases from 2.03 Å to 2.27 Åwith the increase of the cavity
size from CE4 to CE5. Nevertheless, the vertical binding distance, dLi\\O,
decreases from 0.68 Å for CE4-Li+ to 0.29 Å for CE5-Li+. In CE4-Li+,
CE4-Mg2+, CE5-Na+ and CE5-Ca2+, dM\\O values are all around 0.70 Å.
However, CE5-Mg2+ is an exception. Mg2+ is trapped in the O atoms
plane (dM\\O = 0.0 Å), and the C atoms are located at both sides of O
atoms plane. This almost symmetric structure, different from the other
above CE-ion systems, is speculated to be formed by a combined effect
of the smallMg2+ radius, the large pore size of CE5 and the strong inter-
action betweenMg2+ andO atoms. Due to the binding interaction over-
estimation with LDA exchange correlation function, the structural
parameters using LDA are slightly reduced relative to those using
GGA. Nonetheless, our LDA results on structural parameters are consis-
tent with previous results based on B3LYP hybrid density functional
theory [21,24].

In order to investigate the stability of the CE-ion complexes, the
binding energy is calculated using the equation,

Eb ¼ ECE−ion−ECE−Eion ð1Þ

where ECE-ion, ECE and Eion represent the total energies of CE-ion com-
plex, CE, andmetal ion, respectively. For calculation of the binding ener-
gy (Eb) of a charged defect in one solid, Eb is dependent on Fermi level
(EF) if the neutral defect is taken as the reference. While in our studied
Table 1
The optimized structural parameters of CE-ion complex: the bond length of metal ion (M) and
vertical binding distance fromM to theOplane (dM\\O), the binding energy (Eb), and the energyb
electric field on Ea is also shown. For comparison, theoretical values of Ea for nanosecond switc

(a)

System rM\\O (Å) rO\\O (Å) dM\\O (Å) E

Li+(GGA) 2.03 2.70 0.68 −
Li+(LDA) 1.99 2.65 0.68 −
Mg2+(GGA) 2.02 2.68 0.71 −
Mg2+(LDA) 1.99 2.63 0.71 −

(b)

System rM\\O (Å) rO\\O (Å) dM\\O (Å) Eb (eV)

Li+(GGA) 2.27 2.65 0.29 −3.72
Li+(LDA) 2.22 2.59 0.28 −3.89
Na+(GGA) 2.69 2.80 0.72 −3.02
Na+(LDA) 2.42 2.74 0.67 −3.13
Mg2+(GGA) 2.11 2.48 0.0 −6.31
Mg2+(LDA) 2.07 2.44 0.02 −6.97
Ca2+(GGA) 2.36 2.66 0.68 −6.63
Ca2+(LDA) 2.30 2.59 0.65 −7.47
CE-ion systems, the Eb is not dependent on the EF since the ion state is
the reference in Eq. (1). Among the studied systems listed in Table 1,
all the binding energies are negative, indicating that the CE-ion com-
plexes are energetically stable. From the binding energy (Eb) curve on
CE4-Li+ shown in Fig. 1(e), Eb is around −3.80 eV at the equilibrium
distance dLi

+
\\O = 0.68 Å when using GGA. For comparison, LDA yields

a slightly larger binding energy of about −4.00 eV, which is in agree-
ment with the data in literatures [21,24]. It is also shown that the bind-
ing of Li+ onO atomside of CE4 (dLi+\\O N 0) is the only stable site. As the
Li+ ionmoves to the other side of CE4 (dLi+\\O b 0), Eb changes by a large
positive value. This asymmetric binding energy profile in Fig. 1(e) is ac-
tually determined by the inherent asymmetry of CE4 molecule with O
atoms residing on one side, and the strong binding interaction between
metal ion andO atoms. The bond length and the interaction strength be-
tweenmetal ion and CE are the two key factors in determining the bind-
ing energy. For example, longer Li+\\Obond in CE5-Li+ leads to a lower
binding energy (−3.72 eV) than that (−3.80 eV) of CE4-Li+. The diva-
lent ions (Mg2+, Ca2+) have stronger interactions with O atoms than
those of monovalent ions (Li+, Na+), inducing higher binding energies.
Our binding energies of CE4-Li+ (−3.80 eV) and CE5-Na+ (−3.02 eV)
are in good agreement with the previous studies [7]. The reports on
the binding energies of CE-divalent ion complexes are still lacking in
the literature, and our calculated data can provide the references for a
further study.

3.2. Energy barriers of metal ions diffusion through the cavity of crown
ethers

For the CE-ion complex to be used as a 2D electrolyte, fast ion diffu-
sion through the CE is required. For example, the “switching time” for a
nano-ionic memory should be on nanosecond timescales. The relation-
ship between the switching rate and the energy barrier (Ea) can be
expressed by the Arrhenius formula [34],

1
τ
∼ve−Ea=KBT ð2Þ

where τ is the switching time, v is the attempt frequency, and KBT =
25.9meV at the room temperature. Considering CE4-Li+ as an example,
v can be estimated by the harmonic oscillator approximation. In the vi-
cinity of the equilibrium point x0 = dLi

+
\\O = 0.68 Å in the binding
oxygen atoms (rM\\O), the distance between two nearest oxygen atoms in CE (rO\\O), the
arrier (Ea) for ion diffusing through the cavity of (a) CE4 and (b) CE5. The effect of a vertical
hing speed are estimated using the Arrhenius formula in Eq. (2).

b (eV) Theoretical Ea (eV) Calculated Ea (eV)

~ns switching E = 0.0 E = 0.5 (V/Å)

3.80 b0.237 1.39 1.10
4.00 b0.237 1.43 1.14
5.29 b0.230 1.47 1.34
5.83 b0.230 1.61 1.57

Theoretical Ea (eV) Calculated Ea (eV)

~ns switching E = 0.0 E = 0.5 (V/Å) E = 0.15 (V/Å)

b0.227 0.32 0.0 0.23
b0.230 0.29 0.0 0.20
b0.215 1.05 0.64 –
b0.215 0.89 0.63 –
b0.222 0.31 0.56 –
b0.222 0.31 0.57 –
b0.217 0.72 0.63 –
b0.217 0.70 0.59 –
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energy curve of Fig. 1(e), the binding energy can be approximated to a
harmonic form,

EB xð Þ ¼ Eb x0ð Þ þ 1
2
k x−x0ð Þ2 ð3Þ

The spring constant k can be numerically determined from the bind-
ing energy curve. The attempt frequency υ ¼

ffiffiffiffiffiffiffiffiffi
k=m

p
=2π is calculated to

be v≈9.31×1012(s−1) using the derived k and ion mass, and adopted
into Eq. (2). Themaximumenergy barriers for all systems are calculated
with the corresponding masses of ions and the calculated attempt fre-
quencies,which are provided in Table 1. It is clearly seen that all the the-
oretical expectation values of Ea for nanosecond switching should be
b0.24 eV for the examined CE-ion complexes.

For a specific CE-ion complex, the energy barrier for ion diffusion
through the CE cavity can be calculated using the NEB method. For the
ease of comparison, CE4-Li+ is taken as the example. In Fig. 1(e), we
have shown that the Li+ ion has only one stable binding site, and it
does not seem to allow the ion diffusion through the CE cavity. Howev-
er, it is important to note that the CE4 configuration is asymmetric with
O atoms on one side, and there is also an equivalent configuration with
Fig. 2. Energy barrier curves of Li+ diffusing through the cavities: (a) CE4 and (b) CE5. The
energy profiles modified by a vertical electric field (pointing downward) are also
presented for the field strength of 0.5 V/Å and 0.15 V/Å in (a) and (b), respectively. Inset
shows the binding site of Li+ with respect to the O atoms plane, dLi+\\O, without and
with electric filed. In the whole diffusion process, Li+ is always located at the O side,
resulting in positive dLi+\\O. The initial state, the transition state, and the final state of Li+

diffusion through CE4 or CE5 are also shown. In this process of diffusion, the CE
molecule flips following the motion of Li+. In the transition state, all the O and C atoms
are located in the same plane. The two H atoms bonding with a C atom are symmetric
relative to the C and O plane.
Oatoms on the opposite side. This consideration shows that the CE4-Li+

complex also has two equivalent asymmetric configurations (left and
right models in Fig. 2(a)). Due to the strong binding between Li+ and
O atoms in CE4-Li+,when the Li+ moves from the O atoms side to the
other side, CE4 will change its own configuration and flip the O atom
sites as shown in Fig. 2(a). Thus, we can calculate the energy barrier
through flipping the complex of CE4-Li+. The typical configurations
for Li+ diffusing through the CE4 cavity are shown in Fig. 2(a). It is im-
portant to determine the transition state to obtain an accurate energy
barrier. As discussed above, as long as the CE molecule is asymmetric,
Li+ will bind to the side with O atoms rather than the side with hydro-
carbon (as shown in Fig. 1), and the Li+ diffusion through the cavity of
CE4 would not occur without changing the CE4 configuration simulta-
neously. Therefore, in the transition state shown in Fig. 2(a), the O, C
atoms and Li+ are in the same plane, and two H atoms bonding with
one C atom are symmetric relative to the C and O plane, which is clearly
shown in its side view. We have checked the charge states of the CE
molecule and Li in the CE4-Li+ complex based on Bader charge analysis.
Regardless of distance between CE4 and Li+, the CE4 is in the neutral
state and Li always remains one positive (+1) charge state, i.e. Li+.
The reason is that one positively charged state is set up to simulate a
CE-Li+ complex and Li is much easier to lose its one 2s electron than
the CE4 molecule. Thus, no charge transfer occurs between CE4 and
Li+. With Li+ gradually approaching the O atoms plane from the initial
state to the transition state, the bond length of Li to O (rM\\O) becomes
smaller and the cavity size of CE4 (rO\\O) simultaneously decreases. In
the transition state, rM\\O and rO\\O are 1.72 Å and 2.43 Å, respectively.
A similar decrease of the bond length is also reported in Ref. [21].

Fig. 2(a) shows the energy barrier (Ea) of Li+ diffusing through the
cavity of CE4. Ea of CE4-Li+ is 1.39 eV using GGA, which is too large to
meet the requirement of a fast switching speed of nanoseconds. In the
absence of an external electric field, the geometrical structures of initial
andfinal CE4-Li+ configurations aremirror symmetric relative to the in-
termediate transition configuration, and thus the calculated energy bar-
rier curve is also symmetric. To meet the fast switching speed, the
energy barrier needs to be lowered. A vertical external electric field of
E = 0.5 V/Å is applied to examine the field effect to modulate the geo-
metrical structures and the energy barrier. Under this condition, the en-
ergy barrier curve is asymmetric because the initial and final states are
not symmetric relative to the transition state, which can also be de-
duced from the vertical binding distance (dM\\O) of the inset in Fig.
2(a). The reason is that the electric field direction is from CE4 to Li+

for 0–3 configurations and from Li+ to CE4 for 5–8 configurations. In
the former configurations, a downward electrostatic force acts on Li+

in Fig. 2(a). To get to the new equilibriumposition, Li+ tends to displace
away from CE4 and the binding distance is elongated. Conversely, the
electrostatic force on Li+ is pointing to CE4 in the latter configurations.
To keep the stabilized state, the binding distance is shortened. After ap-
plying this electric field, Ea is reduced to 1.10 eV, which is still too large
to achieve the fast switching. Based on these findings, it is necessary to
look into other CE-ion complexes and identify which one possesses a
small Ea around 0.24 eV. For CE-Li+ complexes, Li+ is easier to pass
through the CEmolecules with larger cavity, and the CE5-Li+ is possibly
a better candidate than CE4-Li+. On the other hand, even larger CEmol-
ecules may not be a good candidate considering non-planar configura-
tions of such large molecules. From DFT calculations, CE5-Li+ shows Ea
value of as small as 0.32 eV (0.29 eV) using GGA (LDA). Furthermore,
Ea can be reduced to 0.23 eV (0.20 eV) using GGA (LDA) in the presence
of a small vertical electric field of 0.15 V/Å, as shown in Fig. 2(b).

The energy barriers fromGGA and LDA calculations for all systems of
CE4-ion and CE5-ion are listed in Table 1. In Table 1(a), due to the stron-
ger interaction between Mg2+ and O atoms, Ea of CE4-Mg2+ is as large
as 1.47 eV. The field reduction effect on Eawith an external electric field
of 0.5 V/Å is not sufficient. For CE5-ion complexes in Table 1(b), the Na+

and Ca2+ (with larger ion radii than Li+ and stronger binding interac-
tion with O atoms) have Ea up to 1.05 eV for CE5-Na+ and 0.72 eV for



Fig. 4. The energy barrier curve (left axis) of Li+ diffusion between two CE5molecules and
the vertical distance (right axis) of the Li+ binding site away from theO plane of the lower
CE5, dLi\\O. The schematic structures of Li+ diffusing between two CE5 molecules are
inserted. Initially, Li+ is close to the bottom CE5, then it moves into the middle location
in the transition state, and finally it arrives at the binding site close to the top CE5.
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CE5-Ca2+ using GGA. Under the electric field of 0.5 V/Å, the Eawould be
reduced to 0.6 eV, which still does not meet the fast switching require-
ment. The radius of Mg2+ is close to that of Li+, and Ea is as small as
0.31 eV for Mg2+ diffusing through CE5. However, it is worthwhile to
note that Ea is increased regardless of the upward or downward direc-
tion of electric field, indicating the absence of the field-assisted reduc-
tion effect. As discussed in Section 3.1, the relaxed initial state of CE5-
Mg2+ is nearly symmetric. An external electric field will push Mg2+

away from the plane of O atoms, resulting in an asymmetric structure.
Under the influence of the electric field, the diffusion of Mg2+ through
the cavity of CE5 becomes more difficult and Ea increases rather than
achieves field-induced barrier reduction.

Among all the CE-ion systems in Table 1, Ea of CE5-Li+ is relatively as
small as 0.29 eV and it can be further reduced to 0.20 eV under E =
0.15 V/Å. Therefore, CE5-Li+ is the most promising system to realize
the fast switching speed for application as a 2D electrolyte.

3.3. Energy barriers of Li+ diffusion between two crown-5 ethers

In a practical device design, a 2D electrolyte with several molecular
layers (rather than single CE-ion layer) may be required to reduce leak-
age current. Thus, it is also important to consider ion binding and diffu-
sion between two CE molecules within a stacked configuration. A side
view of two CE5 molecules interacting with one Li+ ion is illustrated
schematically in the inset of Fig. 3. The distance between two CE5 mol-
ecules is labeled by the separation distance of O planes, dO\\O. To deter-
mine the optimal CE5-CE5 distance, the total energy is calculated as a
function of dO\\O. As dO\\O increases, the total energy decreases initially
and then increases; however, the binding site of Li+ with respect to
the plane of the bottom O atoms, dLi+\\O, monotonically decreases to-
ward the value of an isolated CE5-Li+ system. The structure of the
most stable configuration is shown in the inset of Fig. 3 with dO\\O =
3.2 Å and dLi

+
\\O = 0.64 Å. The vertical binding distance from Li+ to

the bottom CE5 (dLi+\\O) is significantly larger than that of 0.28 Å in
an isolated CE5-Li+ system. This increase of the binding distance indi-
cates a stronger binding interaction between Li+ with the bottom CE5
and a weaker interaction with top CE5 rather than an equivalent bind-
ing between Li+ and two CE5molecules. However, apart from the bind-
ing of Li+ with the bottom CE5, the binding of Li+ with the top CE5 is
also significant. With the decrease of dO\\O from equilibrium distance
of 3.2 Å, the Li+ moves away from the bottom CE5 and approaches to
the middle of two CE5 molecules. Such interaction of the Li+ ion with
both CE5 molecules would facilitate the inter-molecular ion transport.
Fig. 3. Total energy (Et, left axis) and the vertical binding site (dLi+\\O, right axis) as
functions of the distance between two CE5 molecules (dO\\O) in one Li+ and two CE5
molecules system. In the most energetically favorable state, the inter-molecular
separation (dO\\O) is 3.2 Å and the distance from Li+ to the O plane of the bottom CE5
(dLi+\\O) is 0.642 Å.
Nevertheless, with the separation distance dO\\O increasing, the influ-
ence of the top CE5 on the interaction of the bottom CE5-Li+ becomes
weaker, which results in a gradually decreased binding site dLi

+
\\O and

a much stronger binding interaction of the bottom CE5-Li+. For non-
ideal stacking of CE5 molecules, the ion transport would become corre-
spondingly more difficult due to larger inter-molecular stacking dis-
tance. Further, when more Li+ ions are involved in the system, the
energy barrier would be larger owing to the Coulomb repulsion be-
tween Li+ ions.

The diffusion barrier (Ea) of Li+ between two CE5 molecules is also
calculated using the NEB method. The important configurations during
the diffusion process are also shown in Fig. 4. The detailed binding dis-
tance and the energy barriers are shown by the curves in Fig. 4. Initially,
Li+ is close to the bottom CE5 in the initial state with dLi

+
\\O = 0.64 Å.

During the inter-molecular transport, it moves to the middle location
with dLi

+
\\O = 1.6 Å, and it further moves to bind closely to the top

CE5 with dLi
+
\\O = 2.56 Å in the final state. The energy barrier for Li+

diffusion from the bottomCE5 to the top CE5 is 0.16 eV, which is smaller
than the barrier for intra-molecular transport through CE5 cavity,
0.29 eV. These small energy barriers for ion transport through CE5 and
between CE5 molecules might indicate a fast ion transport through
multi-layer CE stacks and consequently a high speed switching.

4. Conclusion

In this study, we have examined the binding energies of metal ions
(Li+, Na+, Mg2+, Ca2+) with CE molecules and the energy barriers to
ion diffusion through the cavities of CEs and between two CEmolecules,
which are shown to depend on the radii of ions, the cavity sizes of CE
molecules, and the interaction strengths between ions and O atoms.
Among all the studied systems of metal ions interacting with CEs, the
energy barrier for Li+ diffusion through single CE5 and between two
CE5molecules are found to be around 0.29 eV and 0.16 eV, respectively.
A small vertical electric field (E = 0.15 V/Å) is shown to facilitate Li+

travelling through the cavity of CE5 with a lowered barrier of 0.20 eV,
whichmeets the requirement of a fast switching speed of nanoseconds.
Therefore, the CE5-Li+ complex is proposed to be one candidate 2D
electrolyte in application for nanosecond ionic switching devices.
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