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Metal organic framework (MOF) materials have attracted significant attention due to their wide potential
applications, but it is still a challenge to design MOFs with advanced properties by exploring novel metal
nodes. In this study, a kind of superatom organic framework (SOF) material is proposed based on the
superatom network (SAN) model. Tetrahedron Aly superatom unit is used as nodes in the MOF structure,
and linear —-C=C- ligands are chosen as linkers. Localized chemical bonding analysis and nucleus-
independent chemical shift (NICS) scan confirm that the Al, core keeps the superatom electronic shell
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in the SOF structure. Further calculations demonstrate that this AlC,4 crystal has high dynamic and
thermal stabilities, with an indirect semiconductor band gap of 2.57 eV. Analysis of its optical properties
indicates its potential applications as an optoelectronic device. This novel kind of SOF material has both
porous framework as traditional MOFs and superatomic character in its nodes, indicating its unique
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Introduction

During the past few decades, metal-organic frameworks (MOFs)
have become one of the hottest topics in materials chemistry." >
Due their unique chemical structures combining of organic
and inorganic characters with high porosity and various inter-
face phenomena, MOFs exhibit wild potential applications in
gas storage, separations, catalysis, biomedicine and chemical
sensing.'*”"” The first MOF was obtained by Yaghi et al. in 1995,
which is a two dimensional coordination compound formed
by pyridine ligands and cobalt atoms."* Following this study, a
series of similar MOF materials was designed and investigated.'®
Traditional MOFs are composed of metal ions or clusters as nodes
and organic ligands as linkers. The diversity of MOFs could be
enriched by various metal nodes ranging from single atoms to
diverse clusters, and increasing organic linkers with different
lengths, geometric shapes and functional groups.'®** Moreover,
the size and function of the pore space could be precisely adjusted
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potential properties. Our work would provide a new way for designing functional MOF materials.

at the molecular level using various building blocks and synthetic
procedures.”’ However, it is still a challenge in exploring novel
metal nodes for the design of MOFs with advanced properties.
Metal clusters with certain number of valence electrons
have a similar electronic character and reaction properties
as simple atoms, which are regarded as superatom (SA).>>"**
The electronic structures of spherical SA could be described
by the Jellium model, in which valence electrons are deloca-
lized over the whole clusters and filled SA valence orbital
of [18*|1P°|1D"|28*|1F"*|2P°| ... and there are still other
electron-counting rules for SA.*>* SAs with diverse electronic
shell could mimic the chemistry of atoms in the periodic
table, thus a new three-dimensional periodic table would be
obtained with SAs constituting the third dimension.*> In 1992,
Jena et al. first proposed the idea that SAs can be used as
building blocks for material assembling, and SA-assembled
materials would exhibit unique properties as individual identities
of SA are retained.*® Since then, numbers of SA-assembled
materials are reported experimentally and theoretically, and rules
of SA-assembling are also explored by researchers.>®*” In 2013,
the superatom network (SAN) model was proposed by Cheng et al.
to explore the electronic nature of large-scale ligand-protected
metal clusters.”” It has successfully explained electronic shell of a
series of ligand-protected golden clusters, such as [Au;g(SR)14],
[Auy0(SR)16], and [Au,4(SR),0)- In this model, SAs are connected
with each other through ligands with covalence bonds to form
a network, and the SA core still retains the SA electronic shell.
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Superatoms
(nodes)

Organic ligands
(linkers)

Superatom organic framework
(SOF)

Fig. 1 Schematic of the general formation of SOFs through the assembly
of superatom (nodes) and organic ligand (linkers) building units into a 3D
structure.

This model reveals the electronic rules of certain ligand-
protected metal clusters and gives references for the design of
cluster-assembling materials.*®

As SAs have multi-coordination capabilities as transition
metals, they might be used instead of metal nodes in MOFs.
In this study, a new type of MOF material with SA nodes are
designed based on the SAN model (shown in Fig. 1) via density
functional theory (DFT) calculations, which is defined as the SA
organic framework (SOF). The tetrahedral Al, units, which have
been successfully used in a series of cluster-assembling
materials,>*™! are chosen as building blocks of SA nodes, and
the linear -C=C- ligands are used as organic linkers. Interest-
ingly, this SOF material has high porosity as traditional MOFs,
and the SA node keeps the superatomic electronic shell inside
its structure depending on our investigation. Elastic constants,
ab initio molecular dynamics (AIMD) and optical properties are
also discussed to explore its potential applications.

Computational methods and details

In this article, calculations of the Al,(C=CH), cluster were
carried out using the Gaussian 09 package® at PBE/def2tzvp****
levels of theory. Calculations of solid-state Al,C, were carried
out using the Vienna Ab initio Simulations Package (VASP)*> ™%
with projector augmented wave (PAW) pseudopotentials
and the PBE density functional.®® In addition, the HSE06
hybrid functional® has been used to reach more accurate
electronic band structures. The plane-wave cutoff energy of
500 eV of the associated pseudopotentials was used. The
Brillouin zone was sampled by the Monkhorst-Pack method*
with an automatic generated grid of 6 x 6 x 6. During the
optimization process, spin polarization was turned on, the
Hellmann-Feynman force convergence criterion was less than
0.001 eV A™', and the self-consistent field procedures were
performed with an energy of 10~ eV for the total energy. The
calculations of the phonon spectra were done using the PHO-
NOPY program.>*

The climbing-image nudged elastic band (CI-NEB) method®®
was employed to investigate the kinetics of the O, adsorption
process and relative activation energy of chemisorption. A unit
cell containing 32 Al atoms and 32 C atoms was selected in our
calculation, and seven intermediate images were used to pre-
dict the reaction path. The image of each CI-NEB simulation
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relaxed until the perpendicular forces were less than 0.02 ev-A™™.
Moreover, the DFT-D3 method>® was used to consider the long-
range van der Waals (vdW) force in the interaction of O, with the
Al,C, crystal. AIMD simulations were performed to examine the
thermal stability of the Al,C, assembled-structure, where the NVT
(constant number, volume, and temperature) canonical ensemble
was used. The AIMD simulation lasts for 5 ps with a time step of
1.0 fs at 700 K, and the temperatures were controlled using the
Nosé-Hoover method.>” In both CI-NEB and AIMD calculations,
spin polarization was turned on.

Chemical bonding analyses were performed using the adap-
tive natural density partition (AdNDP)*® for clusters and Solid
State AANDP (SSAANDP)*° method for solid materials, which
were developed by Boldyrev et al. for discussing multicenter
delocalized bonds.*®®°%° within SSAANDP, the plane-wave
density was projected®® into the def2tzvp basis set. All the crystal
structure was visualized using the VESTA software package.®”

Results and discussion

Geometric and electronic characters of the Al,(C= CH), cluster

First, the Al,(C=CH), cluster is built and optimized as the
basic units for our SOF material. The optimized structure is
shown in Fig. 2a, which is composed of a tetrahedral Al, unit
and four -C=CH ligands. This cluster maintains the T4
symmetry with a fairly large HOMO-LUMO energy gap (Euyr)
of 2.62 eV, indicating high electronic stability. The vibration
frequency is checked to verify that it is a true local minimum on
the potential energy surface. The bond length of Al-Al is 2.59 A,
quite approaching the experimental data (2.55 A in Al,H¢*~
dianion®®). In addition, Al-C, C=C, C-H bond lengths are
1.92 A, 1.22 A, and 1.07 A, respectively. In order to reveal its
electronic character, the ANDP chemical bonding analysis is
carried out, and the results are shown in Fig. 2b. There are
one 4c-2e (four-center two-electron) ¢ bonds with occupancy
numbers (ON) = 1.99 |e| and three 4c-2e n bonds with ON =
1.94 |e| in the Al, core, which could be described as super S and
Py, . orbitals from orbital symmetries. Thus, the Al, core can be
considered as a closed shell 8e SA depending on their electronic
shell. More details for the ANDP chemical bonding analysis
are shown in Fig. S1 (ESIY).

Nucleus-independent chemical shift (NICS) value is capable
of evaluating aromaticity, which indicates the electronic shell-
closure of the delocalized bonding system.®® Therefore, NICS-
scan’® calculation was employ to further verify the existence of
the superatomic character of Al, core in this Al,(C=CH),
cluster. NICS values are scanned along the central axis of the
Al, core and benzene within the range of —4.0 to 4.0 A, with the
positions of NICS (0) located at their geometric centers, and two
curves are plotted in Fig. 2c. The minimum NICS values in Al, is
—25.36 ppm, much smaller than that of classical aromatic
benzene (—9.97 ppm).”' This strong aromaticity indicates
electron delocalization with shell-closure in the Al, core, which
confirms the existence of the superatomic character in the
Al, core.
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Fig. 2 (a) Optimized geometric structure of the Al4(C=CH), cluster at the PBE/def2tzvp level of theory. Al, blue; C, grey; and H, white. (b) AdNDP-

localized natural bonding orbitals of the Al4(C = CH),4 cluster. (c) NICS-scan curves along the central axis of the Al4(C = CH)4 and benzene in the range of

—4.0 to 4.0 A. The structure labelled indicates direction of the scan.

Geometric structure, stability, and properties of Al,C, SOF

Followingly, Al,C, crystal is assembled from the Al,(C=CH),
cluster based on the rules of the SAN model. Burdett and Lee””
first noted that a carbon atom in the diamond lattice could be
replaced by a carbon tetrahedron C, without loss of symmetry
and periodicity of the crystal, and proposed a new allotropic
supertetrahedral. A number of new structures have been
designed through similar substitution forms, which include
superterahedral boron,”* supertetrahedral aluminum,*® super-
tetrahedral gallium.”* The Al,C, unit in the Al,(C=CH),
cluster has the regular tetrahedron structure and a similar
bonding pattern as a carbon atom in diamond, which can be
extended to diamond-like bulk solid using a diamond lattice
as the template. The C-C bond length in diamond is 1.54 A,
while the Al,C,~Al,C, distance is about ~8.18 A. Therefore,
the lattice constant of the diamond unit cell is expanded from
3.57 A to 18.96 A. Next, each C atom is replaced by one Al,C,
tetrahedral unit to generate the initial Al,C, crystal structure
(as shown in Fig. S7, ESIt). After full geometry optimization, the
Al,C, system can maintain the symmetry (face-centered cubic
lattice with space group 227 FD3M), and the lattice constant is
changed to 19.04 A. The atomic coordinate of initial and
optimized Al,C, crystal (in cif format) are given in attached
files.

As shown in Fig. 3a, the unit cell contains 32 Al and 32 C
atoms with lattice parameters of @ = b = ¢ = 19.04 A. The Al,
cores are connected by bridged -C=C- ligands to form
superatom networks. There are three type bonds, C=C,

24296 | Phys. Chem. Chem. Phys., 2021, 23, 24294-24300

Al-Al, AI-C with the bond length of 1.24, 2.60, 1.92 A,
respectively, close to those in the Al,(C=CH), cluster. In the
Al, core with 12 valence electrons, 4 electrons are involved in
the covalence bond with four peripheral -C=C- ligands,
and the rest 8 electrons are retained in the Al, core. The
SSAANDP analysis was carried out to gain a deep insight into
the electronic shell in the Al,C, unit. As shown in Fig. 3b, there
are also S, P, , superatom orbitals in the Al, core, confirming
its closed-shell superatomic character. Therefore, this structure
could be viewed as the SAN with the 4c-8e SA core. Moreover,
there are Al-C ¢ bonds with ON = 1.96 |e| and C-C ¢ bonds
with ON =1.99 |e|, as well as two C-C © bond with ON = 1.94 |e|.
More details of the SSAANDP chemical bonding analysis are
shown in Fig. S2 (ESI¥).

Phonon calculations are performed along the high-
symmetry lines in the first Brillouin zone to confirm the
dynamic stability of this Al,C, crystal, and the calculated
phonon dispersion is given in Fig. 3c. As carbon is a relatively
light atom, C=C vibration frequency is relatively high (appear-
ing at 2059 cm™ '), which is not shown in Fig. 3¢ (shown in Fig.
S3, ESIf). All frequencies are real and no imaginary phonon
frequencies existing in the whole Brillouin zone, indicating that
the structure is kinetically stable.

To discuss the thermodynamic stability of Al,C,, its mole-
cular dynamics simulation is performed. A supercell is con-
structed, consisting of 2 x 2 x 2 primitive cells (involving 128
atoms). The simulations last for 5 ps with a time step of 1.0 fs at
initial temperatures of 700 K. As shown in Fig. 4, the
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instantaneous energy in the system fluctuates around an aver-
age value of —705 eV, and the structure is still intact during this
process, indicating its good thermal stability in a high tem-
perature environment. In addition, snapshots of the supercell
before and after the simulation are given in Fig S4 (ESIf).
Cohesive energy is further calculated to evaluate the energy
stability of materials. The cohesive energy of Al,C, is defined by
the following equations: Eco, = (4Ea; + 4Ec — Ealsca)/8, where
Epaca, Eal, Ec are the energy of one Al,C, unit containing 8
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Fig. 4 Energy fluctuation depending on the simulated time step in
molecular dynamics simulation at 700 K.
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atoms, a single Al atom and a single C atom in its crystal
structure, respectively. This cohesive energy is 4.71 eV per atom
higher than crystalline aluminum (3.82 eV). The possible
formation route is discussed through formation enthalpy cal-
culation. Herein, Al, HC = CH and O, are taken as references to
evaluate the experimental feasibility of Al,C,. The formation
enthalpy of Al,C, crystal is calculated, as shown in Fig. 5. This
process is an exothermic reaction with the reaction energy (AH)
of —205.99 KJ mol %, indicating that this structure is energeti-
cally more preferable. This result gives reference for the experi-
mental synthesis of this Al,C, crystal.

The calculated elastic constants, bulk modulus, shear Mod-
ulus, Young’s Modulus, Poisson’s ratio, Vickers hardness and
density for Al,C, are given in Table 1. Poisson’s ratio charac-
terizes the elastic and plastic properties of the material. It is
worth mentioning that the calculated value is 0.40 for this
material, larger than the traditional structural forms of alumi-
num with the coefficients of 0.34, which indicates sufficiently

4A2C,H,+0, > ALC#+2H,0  AH=-205.99 KJ/mol

Fig. 5 Formation process of Al4C4 from Al C,H, and O,. The reaction
equation and formation enthalpy (KJ mol™?) are labeled.
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Table 1 Calculated elastic constants (cj GPa), bulk modulus (K, GPa),
shear modulus (G, GPa), Young's modulus (£, GPa), Poisson's ratio (1), p (g cm ™)
and Vickers hardness (H, GPa) for the AlLC,4 SOF crystal

Structure c¢q4 C1o ¢ K G E Y Hgimunex P

Al,Cy 16.29 11.46 3.14 13.07 2.82 7.90 0.40 0.54 0.3

high plastic properties of this Al,C, crystal. The small values of
shear modulus, bulk modulus and elastic constant (c;) also
confirm this result. The Young’s modulus, which characterizes the
strength characteristics of this material, is calculated to be 7.9 GPa,
between lithium (4.9 GPa) and lead (18 GPa) material. The Vickers
hardness (0.54 GPa) calculated by the empiric formula of Simtinek
and vackar for covalent and ionic solid states is substantially lower
than that of diamond (96.0 GPa) and silicon (11.3 GPa). The
density of the material is 0.30 g cm ™, which can be explained
by the presence of large cavities between the nearby tetrahedrane
units of the structure. The diameter of the hole is approximately
13.46 A, which shows that it is an ultra-light material.

The appearance of micropores makes it possible for the
diffusion of O, into the structure at room temperature. The
physisorption and chemisorption of an O, molecule on Al,C,
are investigated, and the pathway of the oxidation process is
calculated. The strength of interactions between Al,C, and O, is
described by the binding energy, defined as: Eping = Etotal — Eoz —
Epaca, where the Eyoal, Eop and Eajscy refer to the total energies
of Al,C,-0,, O, molecule, and bare Al,C,4, respectively. Thus,
the more negative the Eping, the stronger the adsorption.
Different adsorption sites for O, on Al,C, and their Eyi,q of
physisorption are given in Fig. S8(a)—(c) (ESIt). The geometry
with the lowest Ey;nq (Fig. S8a, ESIt) is selected as the initial
structure to simulate the oxidation process.

To examine the possible oxidation pathway, the transition
state is investigated using the CI-NEB method. As shown in
Fig. S9 (ESIt), in the initial state of physisorption (Eping =
—0.10 eV), the O, molecule is located 3.57 A above the triangle
surface of the Al, unit and the O-O bond length is 1.24 A, close
to the value of the dissociative O, molecule (1.23 A calculated
in the same theoretical level). In the transition state, the O,
molecule is located 2.04 A above the triangle surface of the Al,
unit, the 0-O bond length is elongated to 1.30 A, and the Al-O
bond length is 2.24 A. The O, molecule undergoes a transition
from physisorption to chemisorption by overcoming an activa-
tion energy (E,) of 0.68 eV, which can be overcome at the room
temperature (300 K) according to the transition-state theory
(<0.7 eV).”>”® In the final state of chemisorption, the O,
molecule is absorbed 1.50 A above the triangle surface of the
Al, unit (Eping = —3.64 eV), the O-O bond length is elongated to
1.56 A and Al-O bond length is 1.91 A. The larger adsorption
energy indicates a strong interaction between Al,C, and O,.
In adsorption and CI-NEB calculations, spin polarization
was turned on. To determine the spin states of the initial
(physisorption), transition state and final (chemisorption)
structures, we also calculated the single point energies of these
structures in specified singlet and triplet spin multiplicities.
By comparing the energies with spin polarization and specified
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Fig. 6 Energy fluctuation depending on the simulated time step of the
Al,C4 supercell with one O, molecule at 300 K.
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singlet/triplet multiplicities (Table S2, ESIt), it can be concluded
that the physisorption and transition states are triplet (same as
freestanding O, molecule), whereas it changes to the singlet state
in the chemisorption structure.

To further confirm the results, the dynamical oxidation process
is simulated at 300 K, and AIMD simulation lasts for 5 ps with a
time step of 1 fs. The initial configuration is the supercell (2 x
2 x 2 primitive cell) with one O, molecule inside it (coordinates are
given in ESIt). As shown in Fig. 6, the energy is almost unchanged
before 2 ps, but drops sharply afterward. This is probably induced
by the oxidation reaction of the Al, units, which is confirmed by
the snapshots of its initial and final states (Fig. S5, ESIt).

The band structure and projected density of states (PDOS)
are calculated at the PBE (Fig. S6, ESIT) and HSE06 (Fig. 7)
levels of theory to further investigate the electronic properties.
It can be clearly seen that the valence band maximum (VBM) is
separated from the conduction band minimum (CBM), showing
an indirect band gap. The band gap value is 1.87 eV at the PBE
level, and is 2.57 eV at the more accurate HSE06 functional.
Moreover, the analysis of PDOS reveals that the energy states near
the Fermi level mainly originated from the orbitals of Al atoms.

Further exploration of optical properties for Al,C, was
carried on by computing their dielectric functions using the

—— Total
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P 1 ' —C
Pl 1 i 2.57eV

. - i ‘
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= ===— = =
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5 -2 S —
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K X UK r L w X PDOS

Fig. 7 Electronic band structure and PDOS of the Al,C,4 at the HSEO6
level. The Fermi level is set at zero.
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PBE functional. The dielectric function &(w) is used to describe
the optical properties of materials: ¢(w) = ¢,(®) + ie,(w), where
o is the photon frequency, ¢;(w) is the real part and ¢,(w) is the
imaginary part of the dielectric function. Evidently, due to the
crystal symmetry, the optical absorption of all structures
is isotropic. The absorption peaks are observed at 532 nm
(2.33 eV) in the green regions (the visible spectrum is marked
in yellow). Moreover, this material has a wide optical absorption
range, namely 2-6 eV, as shown in Fig. 8. They demonstrate high
efficiency absorption of ultraviolet and visible lights. Therefore, the
optical property analysis lists this material as quite promising
candidates for optoelectronic applications.

Conclusion

In summary, a superatom organic framework (SOF) material is
designed based on the SAN model. Tetrahedron Al, superatom
unit is used as nodes in traditional MOF, and linear -C =C-
ligands is chosen as linkers. First, the Al,(C=CH), cluster is
built and optimized with a large Eyy, of 2.62 eV. AANDP and
NICS-scan analysis reveal that the structure follows the SAN
model with a (4c-8e) closed-shell Al, SA core. Then, the
diamond lattice is used as a template to predicted the Al,C,
crystal from the Al(C=CH), cluster, in which Al, units is
connected by four -C=C- ligand to form a superatom network.
SSAANDP reveals that the Al, core keeps the superatomic bonding
character. This structure has high dynamic and thermal stabilities
depending on AIMD and formation enthalpy calculation, and it is
an indirect semiconductor with a band gap of 2.57 eV at the
HSEO06 level. Analysis on optical properties shows that Al,C, has
strong absorption in the ultraviolet and visible regions, which
indicates its potential application as optoelectronic material.

Our studied proposed a novel kind of SOF material. It has
the high porous structure as traditional MOF and its cluster
nodes keep electronic shell of SA, indicating its unique properties.
This work provides a new idea for designing new functional MOF
materials.
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