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Endohedral fullerenes with a dipolar molecule enclosed in the fullerene cage have great potential in
molecular electronics, such as diodes, switches, or molecular memristors. Here, we study a series of
model systems based on MX@Ds(1)-C7o (M = a metal or hydrogen, X = a halogen or a chalcogen)
endohedral fullerenes to identify potential molecular memristors and to derive a general formula for
rapid identification of potential memristors among analogous MX@C, systems. To obtain sufficiently
accurate results for switching barriers and encapsulation energies, we perform a benchmark of ten DFT
functionals against ab initio SCS-MP2 and DLPNO-CCSD(T) methods at the complete basis set limit. The
whole series is then investigated using the PBEO functional which was found to be the most efficient vs.
the ab initio methods. Nine of the 34 MX@C;o molecules studied are predicted to have suitable
switching barriers to be considered as potential candidates for molecular switches and memristors.
We have identified several structure—property relationships for the switching barrier and response of the
systems to the electric field, in particular the dependence of the switching barrier on the available space
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1. Introduction

Owing to the continually increasing demand for computational
power, society seeks new ways and technologies to make
computing faster and more powerful. The growth of computa-
tional power is currently most successfully being pushed for-
ward through an increasingly efficient parallelization™” and
ongoing miniaturization, with the ultimate vision of devices
made of single-molecule components. A possible way of con-
tinuing the current performance scaling trend is switching
from the traditional von Neumann architecture (the data are
stored in the memory unit and processed in the processor) to a
new type of logic circuits*® and employment of the in-memory
computing®® using memristors, devices whose conductivity at
present is defined the current that has passed through them in
the past.”'® In recent years, the design of memristor-based
logic circuits has attracted the attention of many research
groups.®®''""” Memristors can be considered as a single circuit
element or as a combination of a resistor and a switch/rheo-
stat.'® They are promising devices, yet only a few examples of a
memristor are known in the realm of molecular elec-
tronics.'®>’ Classical computers suffer from energy dissipation
and latency due to the data transfer between the processing
and storage units, i.e., the von Neumann bottleneck. Because a
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memristor can serve at the same time as a memory unit and as
a processing unit, the energy dissipation is decreased, and the
latency implied by the data transfer between the memory and
processing units is reduced to a minimum.

In our pilot studies, we predicted that endohedral fullerenes
with general formula MX@C,, (where M is a metal or hydrogen,
X a nonmetal, and C, an elliptical fullerene, for example,
Ds(1)-C50) behave like molecular memristors.>**® According
to our predictions, a sufficiently large applied external field may
enable switching between the local minima (states) of MX in
C,o (‘writing regime’), which in turn leads to differential con-
ductivity of the molecule that can be recognized (‘reading
regime’) by a small voltage applied on the electrodes, vide infra.
We have labelled this system as a switching diode; however, the
conductance hysteresis of such a system reminds that of a
memristor.>>*® The predicted principle as such was recently
experimentally proven on two analogous systems: Gd@Cg,,
coined as a molecular electret,®® and Sc,C,@Cs(hept)-Cgs,
coined as a logic-in-memory device.”® In Gd@Cs,, the Gd**
ion inside the cage moves to utilize a voltage applied at the gate
electrode (V) which leads to distinct conductivity modes of the
molecule with respect to the voltage applied on the source and
drain electrodes (Vsp). This system operates at a temperature of
1.6 K. In Sc,C,@Cy(hept)-Cgs, switching between conductivity
states is realized via voltage-induced changes in the geometry of
the encapsulated Sc,C, moiety that is also related to a change of
the dipole moment in the system. Here, the switching is
operated only using one pair of electrodes, in a similar way to
our pilot proposal of MX@C;, devices.?® The Sc,C,@Cs(hept)-
Cgg device was shown to successfully perform Boolean logic
operations at room temperature, suggesting that endohedral
fullerenes are indeed feasible candidates for the design of new
molecular devices.>*?°

In this work, encouraged by the experimental confirma-
tion of the predicted principles, we perform a computational
pre-screening for new memristor-like molecules based on 34
MX@Ds(1)-C5o endohedral fullerene systems, where M is a
metal or hydrogen, and X is a halogen or a chalcogen. Notably,
analogous MX@C,, systems - though with larger fullerene cages
- have been spotted in mass-spectroscopic studies; namely one
or both of the LuCl@C,(99 917)-Cgo and LuCl@C,(99 914)-Cq,
isomers®” and also the series of sodium halide fullerenes
NaCl@C,, (2n = 120-244), NaBr@C,, (2n = 110-240), and
Nal@C,, (27 = 116-198).>® One of the referees of this work
suggested that the existence of endohedral NaCl@C,,, species is
unlikely because of the lack of charge transfer between the
metal atom and the cage which should contribute to the
stabilization of such endohedral species. In the ESI,{ we pre-
sent an in silico proof that the endohedral (NaCl@C,) system is
by ca. 40-60 kcal mol~' more stable than the endo-exohedral
(Na@C-(-Cl) species in various binding modes, see Table S1
and Fig. S1 (ESIT). Furthermore, various endohedral fullerenes
with the general formula of M,X@C, have also been prepared
to date.>**

Although the large-scale synthesis of the MX@C-, systems
studied here seems to be inaccessible at the moment,
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molecular surgery methods come across as a step in the right
direction.**"*® Very recently, Gao et al.*” successfully performed
insertion of LiF and [BeF]" into an open-cage Ce fullerene. This
was enabled thanks to the interaction of the ‘bait’ hydroxy
groups at the rim of the orifice with the metal atom.?” Because
the subsequent closing of the open-cage fullerene is sometimes
possible,***® the suggested MX@C-, species may be very prob-
ably eventually synthesized and employed in molecular circuits.

The studied MX@C;, systems and their function are illu-
strated in Fig. 1. In an MX®@C,, fullerene memristor, the
dipolar MX molecule polarizes the electrons of the fullerene
shell (an example is shown in Fig. S2, ESIf) and makes the
whole system behave like a p-n junction, i.e., a diode, when a
low Vgp (to prevent switching) is applied between the source
and the drain electrodes.”>*® Geometrically, the MX lies on or
close to the longest axis of symmetry of the elliptical C,, cage,
see Fig. 1. This creates a bistable system with two local minima,
LM and LM/, connected via a (presumably one) transition state,
TS, see Fig. 1a. Note that this principle can be applied also to
other elliptical cages, such as C,5 or Coq.> In the D5y (1)-C5, cage
studied here, the LM and LM’ are equivalent in a free molecule
but once the MX@C,, is inserted in an electric circuit, LM and
LM’ become two different states with respect to the polarity of
the voltage applied to the device.

Under certain conditions, the MX can be flipped between
the LM and LM’, for example, when the applied Vs, surpasses a
threshold that changes the nature of one of the minima to a
transition state, Fig. 1b. Both the size of the switching barrier,
i.e., the barrier against the MX flip and the response to the
applied electric field (EF) depend on the type of the cage and
the enclosed MX. The switching can be facilitated by an
additional voltage applied through the gate electrode (Vg in
Fig. 1c) the role of which is to stabilize the TS via EF-dipole
interaction.’®*®> We have previously predicted that Vg of
0.8 V A™' acting upon an arbitrary Vgp leads to a further
minimization of the switching barrier by ca. 1.5-4.0 keal mol *
(depending on the particular system). Because this effect is
rather marginal, we use a two-electrode setup that mimics the
Sc,C,@Cs(hept)-Cgs experiment discussed above.** Switching
the MX between LM and LM’ changes the polarity of
the MX@C;, molecule, and consequently its transmission
properties.>®

Because the synthesis of endohedral fullerenes is typically a
tedious procedure*®™? involving a stochastic cage formation
and subsequent time-consuming purification, or a multistep
fullerene surgery synthesis,>*° one can use the advantages of
computational chemistry and pre-select proper systems by a
computational screening. A functional fullerene memristor
should feature two key properties:

(i) The system should have a suitable intrinsic switching
barrier (ISB) that is high enough to keep the state of the
memristor intact in the absence of the external voltage or when
low ‘measuring’ voltage is applied. The switching barrier
should drop fast enough with an applied voltage to make the
flipping of MX (‘writing of the state’) possible. If the barrier is
too high, the system may undergo ionization instead of
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Fig. 1 The principle of an MX@C;o molecular memristor (EEF stands for the external electric field). (a) MX@Cyo with two local minima (LM and LM’)
separated by a transition state (TS) with an energy barrier. (b) Upon application of external voltage, one of the local minima becomes unstable. This leads

to the rotation of MX between LM and LM’ (or LM’ to LM), and thus to the switching of the system'’s polarity and conductivity. (c) The four-electrode setup
in which the source—drain voltage (Vsp) is applied horizontally and the gate voltage (Vg) is perpendicular to the Vsp.

switching at high fields; if it is too low, the endohedral
molecule tumbles inside the cage due to thermal effects, thus
causing the loss of the recorded information. Switching is a
critical step that can be achieved only for specific systems.

(ii) The system should have a sufficient rectification ratio
(RR) to make the ‘reading of the state’ of the system possible.
RR can be simply defined as the ratio of current passing
through the device at a certain bias voltage and current passing
at the same but reverse bias voltage. For the proper function of
reading, the desired RR should be greater than 1, that is, the
LM and LM’ states must differ in conductivity when the system
is connected to the electrodes.

To achieve our goal, we studied 34 systems with MX encap-
sulated in the Dsu(1)-C, fullerene cage to identify potential
candidates for MX@Dsp(1)-C;o memristors. The studied sys-
tems were selected because of their well-defined electronic and
spin states. Method calibration on five preselected systems was
performed first to find a reliable DFT level for production
calculations. With a reasonable computational level chosen,
we evaluated intrinsic switching barriers and their response to
the oriented external EF. The studied systems feature a wide
range of intrinsic switching barriers ranging from a few up to

This journal is © the Owner Societies 2023

~95 kcal mol . We further examine which molecular proper-
ties (e.g., M-X bond length and M-X dipole moment) control
the switching barrier and its response to the EF. Based on our
analyses, we propose a general method to identify the right MX
molecules for an ellipsoid fullerene with an arbitrary cavity size.

In the following, we discuss the computational methods in
Section 2, and the computational benchmark in Section 3.1.
In Section 3.2 we study the calculated intrinsic (zero-field)
switching barriers as well as their response to the applied EF
in the two-electrode setup, and the key factor(s) defining the
systems’ properties and behaviour. Conclusions are drawn and
candidates for molecular MX@C-, memristors are proposed in
Section 4.

2. Methods

For the method calibration, the local minima and transition
states (LM, LM’, and TS in Fig. 1) of a pre-selected test set of five
MX®@C;, molecules (MX = KF, CsF, LiCl, CuCl, and ZnS) were
taken. The test set was selected to include both the main group
and transition metals and also to sample the energy spectrum

Phys. Chem. Chem. Phys., 2023, 25, 14245-14256 | 14247
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of B97D3****/def2-SVP***’ pre-calculated intrinsic switching
barriers (1-80 kcal mol"). Throughout the calibration, the
geometries were optimized at various DFT and ab initio levels.
The following density functional theory (DFT) functionals were
used: BLYP*®*° and PBE®"** generalized gradient approxi-
mation (GGA) functionals; the TPSS>® meta-GGA functional; the
TPSSh>*** and M06>° meta-hybrid functionals; the B97D3,***
B3LYP,****% PBE0,””**° and BHLYP*****° hybrid func-
tionals; and the ®B97X®" range-separated functional. The D3
empirical dispersion correction®® was employed throughout the
DFT optimizations. The def2-SVP,*®*” def2-TZVP,*® and def2-
QzVP* basis sets were employed for carbon and the lighter
metal/anion atoms. The relativistic MWB effective core poten-
tials were used for the following atoms: Rb,** Cs,** Sr,** Ba,®®
Ag,%® Au,°® Cd,%® and Hg.®¢

The LM and TS of the test set systems were further optimized at
the ab initio SCS-MP2 (spin-component-scaled) level®”*® using the
largest affordable def2-TZVP*® basis set. The SCS-MP2 has been
previously shown to perform well for the energetics of noble-gas
endohedral fullerene systems.®*”" The stationary points on the
potential energy surface of the optimized molecules were verified
as minima and transition states by analysis of the harmonic vibra-
tional frequencies. Imaginary frequencies smaller than 10 cm ™"
were considered as originating from numerical inaccuracies.

The DFT optimizations were performed using the Gaussian
16, revision C software,”” the SCS-MP2 optimizations were done
using the Turbomole 7.5.1 software.”>’* The ORCA, version
4.2.0 program package”® was used for the SCS-MP2/def2-SVP,
SCS-MP2/def2-TZVP, DLPNO-CCSD’%/def2-TZVP, and DLPNO-
CCSD(T)”’/def2-TZVP single-point calculations. For calcula-
tions of the switching characteristics under the influence of
the electric field (EF), a uniform oriented EF was applied along
the main D5 axis of symmetry using the Field keyword in
Gaussian 16.”

Single-point computations were performed to assess the
basis set superposition error (BSSE) using converged geome-
tries of the MX@C;, systems. The BSSE-corrected encapsula-
tion energies (EEpssg) were calculated using the Boys and
Bernardi’® counterpoise correction method according to the
following equation:

MX@C MX@C MX@C
EEpsse = EMX(%;/C;:; - (EMXC/ ?+ Ec70 @ 70)7 (1)

where E is the electronic energy of the system in subscript and
the superscript denotes the basis set and geometry used for the
calculation.

The SCS-MP2 encapsulation energies at the complete basis
set (CBS) limit were computed employing Helgaker’s extrapola-
tion formula,”®

EMP2/CBS _ pHF/def2-QZVP
43 EMP2 corr./def2-QZVP __ 33EMP2 corr./def2-TZVP
43 _ 33 )
(2)
where the EMP¥°5S is the final SCS-MP2/CBS extrapolated
energy of the MX@C;, system or MX or C,, subsystems,

+
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EHF/Aef2QZVP §g the Hartree-Fock energy using the def2-QZVP
basis set, and EMFP? corm/def2XZVP 4 the SCS-MP2 correlation
energy computed using the denoted basis set.

3. Results and discussion

3.1. DFT vs. ab initio benchmark. Structures and energetics

The considered systems are too large for doing productive work
using accurate ab initio methods, in particular the geometry
optimizations under electric field. Density functional theory
(DFT) is a reasonably accurate and affordable option here but
should be properly calibrated for the purpose. Because experi-
mental data are hardly available, we employed single-point SCS-
MP2 and DLPNO-CCSD(T) ab initio calculations to calibrate the
DFT approaches, in particular for the LM and TS geometries
(only SCS-MP2), switching barriers, and encapsulation energies
(eqn (3) below) of MX in C,. Both SCS-MP2 and DLPNO-
CCSD(T) should be reasonably accurate for calculations of
energetics in fullerenes and weakly-bonded systems.”®”"808
DLPNO-CCSD(T) can be considered as a benchmark for the
closed-shell systems like those studied here. To maximize the
efficiency, we first sought for an accurate yet affordable ab initio
level with respect to the basis set and level of correlation, which
was in turn used as a reference point for the evaluation of DFT
methods. The benchmark was done on a set of five preselected
systems (MX@C,o; MX = KF, CsF, LiCl, CuCl, and ZnS) using
ten different DFT functionals and the D3 dispersion correction.
The basis set convergence was investigated for both the DFT
and the ab initio approaches.

3.1.1. Ab initio benchmark. We compared the performance
of SCS-MP2, DLPNO-CCSD, and DLPNO-CCSD(T) methods on
the size of the intrinsic switching barrier (ISB, ie., the differ-
ence between the energies of TS and LM) that is the most
critical issue to design a fullerene-based memristor, and on
encapsulation energy (EE) as a parameter which is expected to
be rather sensitive to the chosen level of theory. Encapsulation
energy is defined as

EE = E(MX@Cr) — (E(MX) + B(C-o)), 3)

where E is the electronic energy of the denoted system. EE
serves as an indicator of thermodynamic stability of the system:
negative values indicate that the MX@C;, system is favourable
compared to free MX/C,,; positive values point to the synthe-
tical unfeasibility of the endohedral species.

The structures of the minima and transition states used for
the ab initio single-point calculations were initially obtained
at the B97D3/def2-SVP level.”' The basis set convergence of
the SCS-MP2 method for ISBs and EEs was tested using the
def2-SVP, def2-TZVP, and def2-QZVP basis sets. Detailed dis-
cussion on the basis set convergence in the ab initio mode is
given in the ESLt Based on results in Tables S2 and S3 (ESIt),
we consider the def2-TZVP basis set as sufficiently converged
for calculations of ISBs. For EEs, we note that the BSSE
correction is compulsory in the ab initio mode. For highly
accurate EEs, we recommend using the CBS extrapolation

This journal is © the Owner Societies 2023
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Table 1 The intrinsic switching barrier (in kcal mol™) of the test set
MX@C5q systems calculated at various ab initio levels using the def2-TZVP
basis set

MX — KF CsF LiCl CuCl ZnS
SCS-MP2 10.9 42.2 —-1.2 1.5 2.8
DLPNO-CCSD 11.6 45.7 —-2.1 6.1 4.2
DLPNO-CCSD(T) 12.1 43.6 —-1.8 3.9 4.0

formula, as even the def2-QZVP results are not fully converged
(Table S3).

To investigate the convergence of the ISB and EE with the
level of correlation, the single-point SCS-MP2, DLPNO-CCSD,
and DLPNO-CCSD(T) energies using the largest affordable def2-
TZVP basis set were calculated (Table 1). We can see a smooth
convergence along the series, SCS-MP2 already covers most of
the electron correlation, the SCS-MP2 data underestimate the
DLPNO-CCSD(T) results by ~2 kcal mol ™ (Table 1), except for
LiCl@C,, where the SCS-MP2 result slightly overestimates the
DLPNO-CCSD(T) value.

The BSSE-corrected ab initio encapsulation energies are
reported in Table 2. The SCS-MP2 results under-/over-estimate
the DLPNO-CCSD(T) data, up to ~5 kcal mol™". Evidently, the
differences are not systematic here, however, the accuracy of
SCS-MP2 is acceptable.

In summary, the ab initio calculated ISBs converge fast
regarding the basis set requirements, while one should use extra-
polation methods and counterpoise correction to get accurate
numbers for EEs. Regarding the electronic correlation effects, the
ISBs are already well converged using SCS-MP2 versus the DLPNO-
CCSD(T) reference, while for accurate EEs, one may need to go for
DLPNO-CCSD(T) where possible. For the computational screening
work below, we can infer from Table S3 (ESIt) that BSSE-corrected
EEs obtained using the def2-TZVP basis set are converged within
up to 7 kcal mol " from the CBS extrapolated results, which is
sufficient for our purposes. For further calibration of DFT func-
tionals, we chose the SCS-MP2/def2-TZVP level as the reference
method as it is the best affordable level that allows for effi-
cient geometry optimizations while providing reasonably accurate
results.

Note that the geometries used for the ab initio benchmark
above were obtained with the B97D3 functional. Below we show
that B97D3 does not provide the best geometries. To prove that
this does not affect the results of the ab initio benchmark
above, we re-evaluated the ab initio ISBs with geometries
optimized with the best performing PBEO functional. The
results obtained with PBEO structures in Table S4 (ESIt) show

Table 2 The encapsulation energies (in kcal mol™) of the testing set
MX@C;o systems calculated using different ab initio methods with the
def2-TZVP basis set including the basis set superposition error (BSSE)
correction for the monomer energies

MX — KF CsF LiCl Cucl ZnS

SCS-MP2 -23.5  —-26.8  —28.0  —303  —39.3
DLPNO-CCSD -26.1 262 258  —26.6  —29.1
DLPNO-CCSD(T)  —27.6  —29.4  —28.8  —293  —34.5

This journal is © the Owner Societies 2023
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trends consistent with results obtained with B97D3 structures
in Table 1.

3.1.2. Basis set convergence at the DFT level. The basis set
convergence at the DFT level was tested using the hybrid B97D3
functional and the pure TPSS functional with the D3 dispersion
correction. The molecular structures of the test set MX@C-,
systems were optimized using def2-SVP, def2-TZVP, and def2-
QZVP basis sets, and ISBs as well as EEs were evaluated at
the same levels. Fig. 2a and b reveal a smooth convergence of
calculated ISBs towards the basis set limit. Generally, the
choice of basis set has only a minor effect on the ISB in
comparison with the choice of the DFT functional as seen
already from the comparison of B97D3 and TPSS in Fig. 2a
and b (numerical values in Table S5, ESIT). For other func-
tionals, see below. Regarding ISBs, already the def2-SVP basis
set is converged within 1-2 kcal mol ™ from the def2-QZVP
results and the def2-TZVP basis set is even less so. The DFT-
calculated EEs in Fig. 2c and d reveal much faster convergence
than the ab initio SCS-MP2 data (Fig. S3b, ESIf). The EE is
clearly converged with the def2-QZVP basis set; hence CBS
extrapolation is not necessary. The def2-TZVP and def2-SVP
basis sets give relatively systematic shifts of 2-4 and 10-
25 keal mol ™' towards the more negative values (Fig. 2¢ and
d, numerical values in Table S6, ESIT). Given this fact, the def2-
TZVP basis set is a reasonable choice for predictions of EEs. We
note that the counterpoise correction to EEs plays a less
important role at the DFT level (Fig. 2c and d, numerical results
in Table S7, ESIT) and can be neglected, if at least the def2-TZVP
basis set is employed for calculations of EEs.

Because structure optimizations are easier to perform using
DFT, in Table S8 (ESIt) we eventually compared EEs calculated
at the DFT-D3/def2-TZVP (using TPSS and B97D3) levels using
the geometries optimized employing both the def2-SVP and
def2-TZVP basis sets. The results do not differ significantly. The
root-mean-square deviations of atomic coordinates (RMSDs)
between structures optimized using the def2-SVP and def2-
TZVP basis sets are on average 0.024 A (Table S9, ESIY). Thus,
even the small def2-SVP basis set should be sufficient for the
DFT geometry optimizations. One may safely employ the usual
scheme of obtaining geometries with a smaller basis set and
computing the energetics with a larger basis set.

3.1.3. Optimized geometries, switching barriers, and encap-
sulation energies: the role of the DFT functional. The results in
Fig. 2a and b indicate that the size of the switching barrier is
dramatically affected by the DFT functional employed. To find
the best DFT functional, we calculated single-point energies of
the DFT-D3-minimized LM and TS structures at the reference
SCS-MP2/def2-TZVP level. These energies relative to the
SCS-MP2/def2-TZVP minimum energy are shown in Fig. 3
(numerical values in Table S10, ESIt). The results show that
the PBEO and M06 functionals consistently provide the energe-
tically lowest structures on the SCS-MP2 potential energy
hypersurface (PES). This is also true for structural parameters,
such as the M-X bond length, the longest C-C distance, and the
overall root-mean-square deviation of atomic coordinates
(RMSD, detailed in Tables S11-519, ESI¥).
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The ISBs and EEs calculated using the DFT-D3 energies
and single-point SCS-MP2 energies for the DFT-D3-optimized
structures are compared in Tables 520 and S21 (ESIt). The root-
mean-square errors between the DFT-D3 and SCS-MP2 values
(RMSE; calculated as described in the ESIt) are illustrated on
Fig. 4. Here, also, M06 and PBEO functionals provide values that
are the closest to the SCS-MP2/def2-TZVP results. The PBEO
functional provided generally the best price/performance ratio,
while the MO06 functional appears slightly more expensive
(~20% longer CPU time).

Overall results of the calibration indicate that the choice of
the DFT functional is the most important factor that affects the
calculated ISBs as well as EEs while both properties converge
smoothly with the basis set size when DFT is used. By compar-
ing various parameters of the studied systems calculated at the
DFT level and the reference ab initio SCS-MP2/def2-TZVP level,
we were able to identify the DFT level(s) that provide the most
precise results with respect to the reference. PBE0-D3 and M06-
D3 consistently turn out as the most reliable DFT functionals.
The basis set convergence is smooth for the ISBs, and the def2-
SVP basis set thus provides sufficient accuracy at a low compu-
tational cost, needed for computational screening. For EEs, at
least the def2-TZVP basis set should be used. Counterpoise
correction is marginal for DFT-calculated intrinsic switching
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barriers but important for encapsulation energies, and more so
at ab initio levels, where CBS methods should be applied.

3.2. Screening of the full set of MX@C-, systems

3.2.1. Structure-property relationships concerning the
intrinsic switching barrier (ISB). We screened a series of 34
MX®@C;, (M = metal, hydrogen; X = halogen, chalcogen)
systems to determine which of them provide the best
switching properties (see Introduction). Based on the results
obtained in the calibration above, we chose the PBE0/def2-SVP
level with the D3 dispersion correction for calculations of the
local minimum (LM) and transition state (TS) structures,
intrinsic switching barriers (ISBs), and the response of ISBs to
the applied electric field (EF). The PBE0-D3/def2-TZVP level was
chosen for calculations of encapsulation energies (EE).

The results for ISBs of the studied series are given in Table 3.
It provides a shortlist of systems and illustrates how the barrier
increases with M/X down the periodic table, ie., with the
increasing size of the corresponding M/X. Apparently, the size
of the barrier reflects the size of the M(X), vide infra.

For some systems, no ISB could be found. For these, we
performed detailed scans of the MX rotation that revealed a
very shallow potential energy hypersurface (PES) for the move-
ment of the encapsulated molecule inside C;, and no intrinsic
barrier against the rotation of MX. This is true for small MX
molecules, such as HF, HCI, or LiF. Because a reasonable ISB is
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Table 3 Intrinsic switching barriers (in kcal mol™) of MX@C;o systems
calculated at the PBEO-D3/def2-SVP level

X X

M F cl M o S

H 712 712

Li —a 3.4 Be — —
Na 6.3 23.7 Mg — 9.6
K 18.2 56.2 Ca 5.7 33.0
Rb 27.2 74.0 Sr 13.2 49.7
Cs 38.8 94.1 Ba b 61.4
Cu — 5.1 7n b 6.8
Ag 8.6 26.9 cd 5.8 25.1
Au 5.8 24.7 Hg 10.7 32.7

9 ISB not found. ? Different local minima found, see below.

one of the conditions for a working memristor, we refrained
from further characterization of these systems. For the rest,
we predict ISB starting from ~3 kcal mol™* for LiCl up to
~95 keal mol " for CsCl at the PBEO-D3/def2-SVP level.

Interestingly, the MO@C-, (M = Ca, Sr, Ba, Zn, Hg) oxide
systems exhibit a more complex PES with a third local mini-
mum (LM") that corresponds to the geometry shown in Fig. S4
(ESIt). For CaO, SrO, and HgO, the LM” state lies 6.4, 1.6, and
9.4 kecal mol ™" above the LM, respectively. However, for BaO
and ZnO, the LM” is located 0.5 and 3.1 kcal mol~! below the
LM, respectively. The BaO and ZnO systems were disqualified
from further studies as the additional minimum complicates
the EF calculations. Population analysis of LM” in these
systems reveals a strong charge shift between the cage and
MX. This phenomenon will be investigated elsewhere.

Three main factors make up the switching barrier: the steric
repulsion between MX and C,, in the TS geometry, and the
distortion of the MX and C,, counterparts upon transition from
LM to TS. As shown in Fig. S5 (ESIt), the major contribution to
ISB is in almost all systems the repulsion interaction. The strain
of the C,, and MX grows in importance for large systems
(e.g., CsF, KCl, RbCl, CsCl, SrS, and BaS); however, it is almost
negligible for smaller MXs. Furthermore, the MX strain seems
to be more prominent in chlorides, whereas the strain of Cy,
protrudes more in sulphides.

It is interesting to know, for a possible future rational design
of molecular memristors with similar systems, whether and
how the size of ISB correlates with the molecular properties of
the enclosed MX or MX®@C,, itself. The various calculated
properties of MX and MX@C;, are reported in Table S22 (ESIT).
We found two clear correlations: the exponential dependence of
the ISB on the M-X bond length (Fig. 5a) and the linear
dependence of the ISB on the EE (Fig. 5b). There is a clear
trend in these plots: the longer the M-X bond or the higher the
EE, the higher the ISB. This could be expected based on a
simple geometrical reasoning: the larger the encapsulated MX
molecule, the more difficult it is to rotate it through the
flattened central part of the elliptical C,,. Some exceptions
can be found for this structure-property relationship; the most
distinct ones are KF@C;, and HgS@C-, systems which feature
almost identical M-X bond length but the ISB of the former
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compound is by 14.5 kcal mol™" lower than that of the latter.
Apparently, other properties of MX may fine-tune the observed
trend, but we did not find any further meaningful correlations
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in this particular case. The relationship between the bond
lengths and the ISBs can be rationalized by the fact that it is
not expected that MX systems, in particular, if X is a halogen,
interact with the interior of the fullerene cages.

One can also rationalize the ISBs in terms of the noncovalent
interaction of MX with the equatorial region of C,,: the larger
the clash between the MX and the interior of the cage, the
higher the ISB. To examine this hypothesis, we plotted the
difference between the van der Waals cavity size of the fullerene
and the van der Waals radii of MX species. In all cases where
the MX is in the TS geometry, there is a clash between the two
species. Interestingly, this simple parameter, which we coin the
van der Waals strain, vdWs in Fig. 5c, correlates perfectly with
the ISB values (R*> = 0.92). This finding is critical because it
helps to estimate the switching barrier of MX systems encap-
sulated within any ellipsoid fullerene of an arbitrary size.
The same trend can be observed also for the difference of the
cage width and the M-X bond length (Fig. S6, ESIt).

Notably, for two molecules, RbCI@C,, and CsCl@C,
we have obtained positive encapsulation energies, 4.4 and
26.0 keal mol ™" respectively. In the case of these two systems,
the length of the M-X bond is significantly shortened upon
encapsulation (see Table S22, ESIf), specifically by 17.2 and
24.7 pm respectively. As mentioned above, EE is an indicator of
the stability of an endohedral fullerene. The forced distortion
of the MX geometry contributes to the destabilization of the
whole system. Furthermore, the correlations in Fig. 5 indicate
that the M-X bond length is connected to the size of the EE.
This can be rationalized again by the geometrical nature of the
MX@C,o: the larger the encapsulated molecule the larger
the EE.

3.2.2. The response of the switching barrier to the EF: the
switching function. The utilization of the MX®@C;, systems
depends on the lifetime of their internal states, i.e., on the
energy barrier against the MX flip. Because the switching
barrier does not reduce linearly with the applied EF,*® a too
high barrier makes the molecules unswitchable. A low-energy
barrier, in turn, does not prevent the molecule from sponta-
neously switching via thermal motion. For realistic data storage
on the time scale of years, the switch should have an energy
barrier equal to or higher than 50kT, that is ca. 35 kcal mol *
at the working temperature of the present-day computers.®
One-half of this value still leads to days-long stability. For
in-memory processing or short-time data storage, lower bar-
riers are also acceptable as the volatile memory systems can be
used in the periodic refresh mode.*

For studying the response of ISB to oriented EF, we selected
systems with negative encapsulation energies and with ISBs
from ca. 3 to 50 kecal mol . The EF was applied along the Cs axis
of the C;, cage to simulate the effect of Vg, (Fig. 1). Fields between
0.21 and 1.03 V A™" were employed to study the behaviour of the
systems; these non-round values originate from calculations that
used atomic units (0.21 VA™" ~ 0.004 a.u.).

The results are collected in Fig. 6. The switching voltage,
i.e., the voltage at which the rotation of the dipole from LM to
LM’ is barrierless, is different for each of the systems. Nine of

14252 | Phys. Chem. Chem. Phys., 2023, 25, 14245-14256

View Article Online

PCCP
%0 H 0.00VA"
W 021VA'

401 | 041VA" B
B 062VA"
M 082VA"

301 M 1.03VA' LI -

Barrier (kcal mol™)

=
o
T

L
oth i. || II ||. i. ||. I| ||| I" |‘n |

N S N A N
000000@?§0@$§$@v§®&2\§904‘3%&;‘?9005@ P S
MX
Fig. 6 The dependence of the switching barrier on the electric field
applied in the direction of Vsp for the MX@C;o molecules; calculated at
the PBEO-D3/def2-SVP level.

the studied MX@C;, systems (MX = LiCl, CuCl, CaO, AuF, CdO,
NaF, ZnS, AgF, and MgS) approach the switching voltage
<1.03 V A™*, which should be experimentally achievable in a
two-electrode setup. The ISBs of these molecular switches are,
however, lower than 10 kcal mol ™" (Table 3). These systems are
thus suitable for in-memory processing or short-time memory
data storage, vide infra. Especially, systems with barriers of
~ 5 kcal mol ™" or smaller are suitable only for operating at low
temperatures. It is worth noting that even the systems with a
small non-zero switching barrier are practically applicable for
in-memory processing. However, the advantage of having a
system with zero switching barrier (at a certain voltage) is that
the frequency of the process will reach the realm of 10" to
10" per second which is the rate of a single molecular vibra-
tion, i.e., terahertz and more.** Furthermore, at room tempera-
ture, the switching barrier seems to go down by ca. 1 keal mol ™
for all considered EFs via thermal effects (Table S23, ESIY).

For the systems, which did not reach a sufficiently low
switching barrier (ie., at least ~1 kcal mol ') upon the
application of the largest field, we extrapolated the exponential
barrier-field dependence (Fig. S7, ESIT) to estimate the switch-
ing voltage. Table 4 reveals that for most of these systems, the
estimated switching voltage (ESV) is much higher than what is
experimentally achievable. Previously, the switching function
was studied also in a four-electrode setup.>>*’ In this arrange-
ment, the secondary field (gate voltage, V) applied perpendi-
cularly to Vgp, (Fig. 1c) helps to stabilize the TS relatively to LM
via EF-dipole interaction,”>*" but the barrier is only marginally
lowered by Vg (~1-4 keal mol ). For this reason, we refrained
from demanding calculations using a four-electrode setup.
We just note in passing, that some of the systems in Table 4
may reach a realistic ESV if a sufficient secondary field is
applied.

Are there any correlations between the ESV and properties of
MX or MX@C;0? One may expect that an M-X with a larger
dipole moment responds better to the applied EF. We analyzed
possible relationships among the ISB, ESV, and molecular
properties of the studied systems. We found out that the
main factor affecting the switching function is, indeed, the

This journal is © the Owner Societies 2023
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Table 4 Intrinsic switching barriers (ISBs) at zero voltage and estimated switching voltages (ESVs)
MX — HgO SrO KF NaCl AuCl Cds AgCl RbF HgS CaS CsF SrS
ISB (kcaﬁl molfl) 10.7 13.2 18.2 23.7 24.7 25.1 26.9 27.2 32.7 33.0 38.8 49.7
ESV (V Afl) 3.11 1.48 4.43 6.42 12.46 6.90 9.72 7.51 15.07 6.17 13.49 9.65
' ' YH‘gIS ' ' and cost for structure optimizations and calculations of the
= 151 ° - 3.5 switching barriers. For encapsulation energies at the DFT level,
i AuCI CSF at least the def2-TZVP basis set should be used on top of the
= g .
o ° 4 g PBE0-D3/def2-SVP geometries.
% AgCl srs - g Employing the calibrated PBE0-D3/def2-SVP level, in total
> 1or ° e | | I~ nine MX@Cs, out of the 34 studied systems have been identi-
% cds R(’)bF o5 @ fied as potential candidates for molecular memristors or
s NaCl o© CgS i ’06 switches, the MX being LiCl, CuCl, CaO, AuF, CdO, NaF, ZnS,
] .
T 5L KF 11 | 2 AgF, and MgS. We have further shown that ISBs of the MX@Cy,
2 -2 < .
S Hgo © 23 systems correlate with the M-X bond length because the
E .Sro switching is controlled by the difference between the size of
© 15 the enclosed species and the width of the fullerene (here called
0 1‘0 2'0 3‘0 4' P 5' : the van der Waals strain, vdWs).

Barrier (kcal mol™)

Fig. 7 The correlation between the switching barrier, the estimated
switching voltage, and the dipole moment of the MX@C;q systems.

magnitude of the dipole moment of the whole molecule
MX@Cy. Fig. 7 shows that for similar barriers (e.g., in the case
of CaS and HgS) the systems with higher ESV (thus a weaker
response of the MX@C;, to the EF) have also smaller dipole
moments (e.g., the dipole moment of HgS@C-, is smaller than
that of CaS@C,, by ~1.7 Debye). The same, but somehow
weaker trend can be seen in Fig. S8 (ESIT), where colour map
denotes the dipole moment of the free MX molecule. This fact
can be used as another rule of thumb: the higher the dipole
moment of an MX or MX@C,, the steeper the decrease of the
switching barrier with applied EF.

4. Conclusions

In this work, we performed an in silico search for potential
molecular memristors based on endohedral fullerenes of the
general formula MX@Dsp(1)-C,o, where M is a metal or hydro-
gen, and X is a halogen or a chalcogen, via the characterization
of MX encapsulation energies (EE), intrinsic switching barriers
(ISB) for the flip of MX in the C,, cage, and the response of the
switching barriers to an oriented external electric field (EF).
To find an appropriate DFT protocol for production calcula-
tions with reasonable accuracy vs. cost ratio, we first performed
extensive DFT against ab initio benchmark using SCS-MP2 and
DLPNO-CCSD(T) as the reference methods, including conver-
gence to the complete basis set limit. The benchmark revealed
a critical dependence of both ISBs and EEs on the DFT func-
tional, and also a significant dependence of EEs on the basis set
in the ab initio mode, while the basis set requirements were
found to be less demanding in the DFT mode. The PBE0-D3/
def2-SVP level provides a good compromise between accuracy

This journal is © the Owner Societies 2023

Based on these observations, a general guideline can be
formulated for the screening of analogous candidates for mole-
cular memristors. Tuning of the ISB can be realized by tuning the
bond length of the enclosed diatomic molecule: the shorter
the bond length the lower the barrier. This could be further
generalized to other than diatomic molecules as there is a clear
connection between the barrier and how sterically demanding the
enclosed species are. This is also connected to the working
temperature of the systems as the kinetic of the switching
depends both on the height of the barrier and on the temperature.
One could thus utilize less sterically demanding endohedral
species while working in lower temperatures and vice versa. The
van der Waals strain between the MX and the interior of the cage
defined in this work can be used as a parameter for identifying the
ideal MX for a particular cage. The vdWs value ranged between
—220 and —195 pm is the ideal strain to ensure a large enough
and yet operable switching barrier.

The response to the external EF, i.e., the rate at which the
switching barrier drops with an increasing EF, strongly correlates
with the dipole moment of both the MX@C,, and the diatomic
molecule alone: the larger the dipole moment the stronger
the response to the EF. This enables tuning in a broader sense;
if one strives to achieve a greater separation between the electric
currents that allow switching and those that move through the
system without switching, systems with lower dipole moments are
suitable. Systems with larger dipole moments can be expected to
exhibit larger sensitivity to the applied EF.

The studied systems may ultimately serve as molecular
memristors and, once manufactured, find applications in short-
term memory data storage, memristor-aided or memristor-based
logic circuits, and for in-memory computing purposes.
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