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Abstract.

Two-dimensional (2D) materials have been attracting attention since graphene monolayer was firstly separated.

However, after an explosive boom, there is always quandary and stagnancy following and soon will come the refractory period
of capital market. To avoid that undesired future, a paradigm of quasi 2D monolayer has been contemplated and devised in this
article, with examples studied theoretically. The results show the general dynamic nonlinearity, and the expected tunability of
bandgap without extra doping or substitution. These together suggest its intriguing both electronical and mechanical properties,

which will enrich the arsenal of potential 2D materials.

Keywords: double-deck interlaced structure; high information density; mechanical non-linearity; post-preparation bandgap

engineering; quasi-2D-monolayer; strain-induced haptotropic shift

1. Introduction

In recent years, the research on preparation,
characterization and application of 2D materials has shown
a blowout rise due to the diversity of existing and promising
structures and modification methods (Han et al. 2007,
Mccann 2007, Arne et al. 2008, Topsakal et al. 2009, Zhi et
al. 2009, Duong et al. 2012, Huang et al. 2013, Li et al.
2014b, Ye et al. 2014, Tan and Zhang 2015, Zhou et al.
2015, Lin and Lin 2017, Cao et al. 2018, Hailong et al.
2018, He et al. 2019). Since the first separation of graphene
monolayer in 2004 (Novoselov et al. 2004), 2D materials
have attracted wide attention due to unique properties.
Whereas graphene exhibits superb electrical, thermal, and
mechanical properties, its metallic band limits the
application potentiality (Schwierz 2010, Gao et al. 2021,
Yang et al. 2021, Hao et al. 2022, Peng et al. 2022, Xin et
al. 2022).

Subsequently, tremendous interest has been focused on
the development of analogous 2D materials, such as
hexagonal boron-nitride (Topsakal et al. 2009, Zhi et al.
2009, Hong et al. 2021, Wu et al. 2021, Xi et al. 2021, Shi
et al. 2022, Xu et al. 2022), transition metal dichalcogenides
(Huang et al. 2013, Tan and Zhang 2015), black phosphorus
(Li et al. 2014b), graphitic carbon-nitride (g-C3N4) (Arne
et al. 2008). Meanwhile, various approaches to modifying
electronic structure and band configuration have been
contrived, mainly based on heteroatomical doping (Zhou et
al. 2015), morphological controlling (Han et al. 2007,
Mccann 2007, Duong et al. 2012, Cao et al. 2018, Hailong
et al. 2018), substituent functionalization (Ye et al. 2014,
Lin and Lin 2017), combination and copolymerization (He

*Corresponding author, Ph.D.,
E-mail: grq2016@Izu.edu.cn

Copyright © 2023 Techno-Press, Ltd.
http://www.techno-press.org/?journal=journal=anr&subpage=5

et al. 2019), et cetera. However, demanding efforts are
often required for different materials and multiple
processes, which consequently limit the academical
development and commercial application of 2D materials.
Take doping and codoping of graphene as an example,
simple permutation and combination shows that, the total
number of combinations increases exponentially with
codopant species. Such endless attempts reflect a certain
level of serendipity and blindness (Wang et al. 2020a, Fan
et al. 2022, Wang et al. 2022a, Xia et al. 2022). Moreover,
current bandgap engineering methods are mainly limited to
preparation or construction stage (Han et al. 2007, Mccann
2007, Arne et al. 2008, Duong et al. 2012, Ye et al. 2014,
Zhou et al. 2015, Lin and Lin 2017, Cao et al. 2018,
Hailong et al. 2018, He et al. 2019). That is to say, each
new material is forged into specific property relying on its
native structure, with mere flexibility and adaptability
(Shengchun et al. 2016).

Strain engineering is a common method to improve that,
by tuning structural parameters thus to perturb the band
configuration (Sharma et al. 2003, Guinea et al. 2009, Jiao
et al. 2015, Roldan et al. 2015, Naumis et al. 2017). This
method can be used to tune the electronic and photonic
performance afterwards, routinely in manufacturing semi-
conductor devices (Li et al. 20144, Liu et al. 2020, Wang et
al. 2020b, Zhou et al. 2020, Dai et al. 2021, Guo et al.
2021, Shao et al. 2021, Wu and Habibi 2021). While in
organometallic frames with finer structures, it is likely to
have more complex changing patterns with strain (Ma et al.
2022, Zhao et al. 2022, Hou et al. 2021, Huang et al. 2021a,
Huang et al. 2021b, Jiao et al. 2021, Liu et al. 2021, Moradi
et al. 2021, Xu et al. 2021, Dong et al. 2022, Luo et al.
2022, Michael et al. 2022, Wang et al. 2022b, Yang et al.
2022, Yu et al. 2022).

In a non-rigid body, cross-sections will slide in parallel
under shear force. Similarly for sandwich complexes,
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Fig. 1 Ball-and-stick models of examples; (a) Relaxed structure of the tetragonal example; (b) Relaxed structure of
the hexagonal example in P-3m1; (c) Structure of the hexagonal example with deviation in P3m1; (d) Sandwich
complex moiety without deviation, € Side views of a pair of symmetrical sandwich complex moieties

haptotropic shift (O’Connor and Casey 1987, Veiros and
Luis 2012) with molecular deflection and ligand slippage
will occur, when a pair of anti-parallel and non-collinear
forces (shear force) acts on ligands at both ends. And when

external electric fields (EEF) has also been determined for
further exploitation.

both ligands in each complex form conjugated organic 2. Method
linkers respectively, the coplane of such linkers will bend
and restore under stress. The synergy of haptotropic shift 2.1 Modeling

and coplane deformation will lead to complex structural
changes and the system nonlinearity. The electronic
structure will consequently transform, and for a periodic
system, the band configuration will change (Dai and
Safarpour 2021, Forsat et al. 2021, Ghamkhar et al. 2021,
Khadimallah et al. 2021a, b, Kumar et al. 2021, Madenci
2021, Tlidji et al. 2021).

Accordingly, a paradigm utilizing this synergy was
designed. The quasi 2D metal-organic frameworks (MOFs)
of this paradigm (Fig. 1(a) and 1(b)) is constructed from
sandwiched metallic nodes and threefold or fourfold
symmetric organic linkers. In such structure, film tension
can be transferred through linkers and applied on
sandwiched metallic nodes as shear force, which will force
the haptotropic shift, while in planar MOFs, the film tension
cannot form such shear force due to its coplanarity. It is
noteworthy that quasi refers to the tunable double-deck
interlaced arrangement of organic linkers (Fig. 1(a) and
1(b)), rather than a oligo-repetition on the third dimension
perpendicular to film plane (e.g., quasi 2D perovskite (Tsai
et al. 2016, Zheng et al. 2018, Zhou et al. 2018)), therefore
the overall structure is still a monolayer.

Following such paradigm, we calculate two examples to
illustrate it (Fig. 1(a) and 1(b)). Based on density functional
theory (DFT), we investigate both electronical and
mechanical properties of typical structures, including
bandgap changing, stress-strain relationship and energy
landscape. The deformation of energy landscape under

Two examples are designed (Fig. 1(a) and 1(b))
according to the forementioned paradigm. Structures are
detailedly defined as follows for further discussion. The
hedral angle 8 between ligand ring and horizontal plane is
defined as the angle between vertical vector and normal
vector of ligand ring (Fig. 1(d)), while the normal vector is
defined as the average of cross products of each pair of
adjacent C-C bond vectors in tandem. Deviation rate is
defined by r, while d is defined as the distance between two
Fe ions in one cell, and D is defined as the shortest distance
between two Fe ions in two adjacent cells (Fig. 1(c)). Plus-
minus is used to distinguish a pair of symmetrical
structures. r = 0 refers to the structure in P-3ml group
with no deviation of Fe ions (Fig. 1(d)), while r = +1
refers to a pair of symmetrical structures in P3m1 group
(Fig. 1(e)).

The combination of deviations generates more structures
in lower space groups. For structures with lower symmetry,
here r = 0,41 refers to three potential energy extrema
respectively. With a proper lattice parameter a, three stable
states in P-3m1 and P3m1 groups exist with identical free
energy. Therefore maintaining the translational symmetry
of adjacent lattices, there will be 33 =27 different
combinations with similar energy, which can be presented
in the form as (ri,rzr3) and divided into six degenerate
groups (0,0,0) (i,i,i) (0,0,i) (0,i,i) (i,i,-i) (0,i,-i) as shown
with a polynomial below:
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States in one group are symmetrical to each other, yet
considering the interplay among connected ferrocene
moieties, free energy of different groups will not be exactly
identical. Similarly for a with two stable states (), there will
be 23 =8 combinations in two degenerate groups (i,i,i)
(i,i,-1) correspondingly (Habibi et al. 2016, 2018a, b, 2019b,
d, e, Ebrahimi et al. 2019, Esmailpoor Hajilak et al. 2019,
Pourjabari et al. 2019, Safarpour et al. 2019a, Zhu et al.
2022).

In order to estimate the photoelectric conversion
efficiency of a pile of monolayers with decreasing bandgap
gradient in vertical direction from top to bottom, the
detailed equilibrium limit formula (1) (Shockley and
Queisser 1961) is extended to fit for multi-junction (2) and
bandgap gradient multilayer (3) device as follows.
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Amax = Wavelength of the photon with same energy as
bandgap of bottom layer

Amin = Wavelength of the photon with same energy as
bandgap of top layer

2.2 Computational methods

The optimization and band calculations (Habibi et al.
2017, Safarpour et al. 2018, Habibi et al. 2019a, Habibi et
al. 2019c, Safarpour et al. 2019b, Alipour et al. 2020,
Ebrahimi et al. 2020, Ghazanfari et al. 2020, Safarpour et
al. 2020, Chen et al. 2022) are based on DFT with the
projector-augmented wave (PAW) method utilizing the
Vienna ab initial Simulation Package (VASP) (Zupan et al.
1997, Rocha et al. 2006, Rungger and Sanvito 2008). The
exchange-correlation potential is treated at the generalized
gradient approximation (GGA) using the Perdew-Burke-
Ernzerhof (PBE) functional (Hammer et al. 1999). For all
calculations the PREC-tag is set Accurate, therefore the
cutoff energy for the plane-wave basis set is 500 eV. Lattice
parameters a b are set identical and increasing at 0.2 A
intervals in order to maintain planar tetragonal or hexagonal
cell for scanning, while the parameter ¢ is set 20 A, which
makes a sufficient vacuum layer to avoid the interaction
between adjacent layers. The k-point mesh is set to 1x1x1
for the first Brillouin zone, since the resolution is high
enough for lattice of this size. Dipole corrections (Pederson
and Jackson 1991, Makov and Payne 1995) perpendicular
to the vacuum layer are performed for hexagonal cells,
since a net dipole moment is generated due to symmetry-
breaking of structures in P3m1 group, and such corrections
are requisite for calculations with EEF. Fermi-smearing
with a width of ¢ = 0.12 eV is used in all calculations, for a
bigger or smaller smearing width leads to either excessive
electron entropy or energy non-convergence with larger
lattice parameters. Geometry optimization are performed for
all structures to minimize the Hellmann-Feynman forces
with a tolerance of 0.01 eV/A. The criterion of energy
convergence is set to 1*107 eV.

3. Results and discussion

Optimization of a ferrocene molecule is firstly
performed in the same condition to verify the reliability of
computational methods. The resulting length of the C-C
bond is 1.43 A, and the distance between two Cps is 3.29 A,
which are consistent to experimental values of 1.43 A and
3.32 A (Bohn and Haaland 1966), therefore the conclusion
can be drawn that the calculation method in this work is
accurate enough.
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Fig. 2 Energy-strain&stress-strain relationships with dihedral angle changing; (a), (b) Energy-strain and stress-strain
scatter of tetragonal example; (c) Energy-strain scatter of P-3m1 and P3m1 structures; (d) Stress-strain relationship
derived from energy-strain scatter of P-3m1 structure, dihedral angles are derived from the coordinates of optimized
structures. For ab section in stress-strain curve, the energy decline caused by coplane recovery partially counteracts
the trend of accelerating energy increase, causing a temporary decline of stress; For bc section, coplane recovery no
longer compensates the energy increase acceleration of ligand separation, and finally after ¢ point trend of energy

increase begins to slow down

Following the paradigm, two examples are designed and
calculated, with the results reflecting the expected synergy.
The number and the deviation rate of stable structures vary
with a in the hexagonal example, manifesting different
cross-sections of energy landscape, which may be suitable
for various purposes such as information storage, high-
performance computing, catalysis and adsorption. With
increasing a, the bandgap of P-3ml group declines
continuously, which shows prominent potential for
photoelectric conversion.

3.1 The optimization of tetragonal structure in P4/
nmm group

With a b close to 15.1 A, the structure reaches its
minimum energy, and phthalocyanine-like organic linkers
(magnesium (Il) tetracyclopentadienoporphrazine anion,
MgTCpPz*) are almost coplanar (Figl.A). As a increases,
the originally overlapped Cp rings in each ferrocenyl
moiety slip oppositely, and haptotropic shift occurs in each
ferrocenyl moiety. In the meantime, planes of each linker
are bent at first and then partially recover, then bent slightly
and recover again, consistent with a process from n-5 to -3
and then to n-1 coordination of Cp rings.

The stress-strain scatter plot is obtained by the
difference of the energy-strain scatter plot. In the early stage

of stretching, the trends of stress and the dihedral angle are
mutually consistent (Fig2). From n-5 to n-3, C1 and C2 first
stick to Fe ion and then abandon, causing a decline in
dihedral angle, the energy decline caused by coplane
recovery partially counteracts the trend of accelerating
energy increase. From n-3 to -1, C3 and C5 also abandon,
with a drop in dihedral angle. In n-1 zone dihedral angle
increases again due to interactions between Fe ions and C-H
bonds.

3.2 The optimization of hexagonal structure in P-3m1
group

With a b close to 18.3 A, the structure reaches its
minimum energy. The stretching process is similar to the
previous. However, due to the different connection between
the ligand loop and the body of linker, the haptotropic shift
process is accordingly from 1-5 to n-4 and then to n-2 (Fig.
2(b)).

Due to a poor polynomial fitting result for energy-strain
scatter, a more reasonable model is necessary. Here we fit
the scatter using a set of arc-tangent functions (R? =
0.99997), and obtain the stress-strain relationship by
derivation (Fig. 2(b)). The wavelet of dihedral angle change
is consistent with the hollow of stress-strain curve (Fig.
2(b)), indicating that the recovery of coplane counteracts
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Fig. 3 Valleys and ridges of energy landscape. The r of
the optimized structures changes with a. Tracking r of
stable and transition states, the valleys and ridges of
energy landscape versus a and r were manifested. Valley
means the minimum of energy, while ridge shows
maximum. presents the structure of P-3m1

the energy increase caused by ligand separation, which
explains the peculiar fluctuant growth relationship of free
energy (Fig. 2(a)).

As the stress-strain  relationship  shows non-
monotonicity, within a range of strain, a has multiple
solutions for each different stress. Thus, it can be
extrapolated that a mixture of organic linkers with different
stretch ratio can also reach a mechanical equilibrium state
(Fig. 1(c)). Therefore, we performed further optimization to
search potential stable states in a lower space group (P3m1).

3.3 The optimization of structures in the P3m1 space
group

With each a ranging from 22.5 to 28.6 A, a pair of
energy minimum states in the P3m1 space group has been
spotted (Fig. 1(c)). According to symmetry, two structures
of each pair with r = £1 are identical in morphology and
energy. For structures in the P-3ml space group, it is
always accordingly r = 1.

In the meantime, symmetry breaking from P-3ml to
P3m1 group produces a dipole moment. The existence of
vertical component of dipole moment indicates EEF might
change the energy and conformation of structures, thus we
performed further calculations under EEF to reveal that.

3.4 Energy landscape

The r of the optimized structures changes with a. In
order to reflect the complicated energy landscape, r of
stable and transition a state has been tracked (Fig. 3), to
manifest valleys and ridges of energy landscape versus a
and r. According to energy-strain scatter and energy
landscape, transverse cross-sections with scanned r and
three designedly chosen a (a = 23.60 A, 25.10 A and 24.00
A) are calculated (Fig. 4.A).

For a = 23.60 A, free energy of three stable states in P-
3ml and P3ml groups is identical, generating 27

combinations in 6 degenerate groups (See modeling).

Theoretically, each lattice carries 109,27 = 4.75 bit
information, similar to that carried by one synapse in human
brain (Bartol et al. 2015). For each group, optimization and
energy calculation are performed, and free energy is
respectively E(o,o,o) =-505.71 eV, E(i,i,i) = -595.72 eV, E(0,0,i)
= -596.62 EV, E(o,i,i) = -597.08 eV, E(i,i,-i) = -595.74 eV,
Ew,-y = -597.10 eV. The free energy of group (0,i,i) and
(0,i,-i) is almost identical and significantly lower than that
of other groups, indicating information carried in each
lattice is less than 4.75 bit and more than log.12 = 3.58 bit.
Even still, a 1cm? piece of such monolayer can carry
information two orders of magnitude higher than that in a
human brain.

For a = 25.10 A, there are two P3m1 stable structures
symmetrical to each other with notable energy barrier,
generating 8 combinations in two degenerate groups (See
modeling). Free energy of each group is respectively -
593.93 and -593.96 eV, therefore each lattice carries about
log26 = 2.58 to log.8 =3 bit information. Judging from
valleys and ridges ( Fig. 3), from a = 24.10 to 26.10 A, the
cross-section shows a single peak similar to the energy
profile of a magnetic tunnel junction (MTJ), which has been
proved available as stochastic building blocks for
probabilistic computing (Borders et al. 2019). Furthermore,
the energy barrier from 0.37 to 0.91 eV (equivalent to 14 to
35 KkTaoox) is suitable for probabilistic computing (Borders
et al. 2019), indicating ferrocenyl moieties may also serve
as building blocks.

As for a = 24.00 A, a plateau in the cross-section as
expected indicates a gentle relaxation process and a
continuous change of electronic structure, which suggests
its potential for varied catalysis and adsorption process
(Zhang et al. 2019).

3.5 Energy cross section transformation with extra
electric field (EEF)

A uniform deviation leads to the symmetry breaking
from P-3m1 to P3ml group, and for electronic structure,
such symmetry breaking produces dipoles perpendicular to
the film, causing orientation preference for each ferrocenyl
moiety under vertical EEF, which means a deformination
and deviation of energy cross-section. Therefore cross-
section under EEF are calculated (Fig. 4.B, C).

For both chosen a 23.60 and 25.10 A, one side of P3m1
structure becomes thermodynamically more stable and
Kinetically preferred under EEF, while the other side
becomes the opposite. And the transformation of cross-
section becomes more remarkable with an enhanced EEF. It
means that the deviation direction of Fe ion in the lattice
can be manipulated with a sufficient EEF, indicating a
possible method of information writing and rewriting.

3.6 Band calculation

For the first stress-strain monotonous interval, about
18.30 to 23.00 A, the P-3m1 conformation is the only stable
state, or thermodynamically much more stable than that in
P3m1 group (Fig. 2). For larger a, there will be a mixture of
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P-3m1 and P3m1 states. Therefore focusing on the P-3m1
structure, band calculations are performed with scanned a
within an interval from 18.30 to 22.90 A, to reveal the
bandgap change with different strains (Fig. 5(a)).

The results show a tunable bandgap ranging from 0.29
to 1.29 eV. However, the GGA-PBE functional is well
known for its underestimation on bandgap of a semi-
conductor. For monolayer g-C3N4, the bandgap calculated
by GGA-PBE functional is 1.2 eV, which is 1.5 eV smaller
than the experimental value 2.7 eV (Shariati et al. 2023).
With a proportional correction, the actual bandgap range
should be around 0.65 to 2.89 eV, and an extra bandgap
calculation by HSEQ6 functional obtain the upper limit at
2.79 eV. This notable change can be superficially explained
as, with the slippage of Cp ring, C1 is gradually separated
from Fe ion, distributing more orbital to the conjugation
with carbon-nitride moiety rather than the coordination with
Fe ion, therefore the mismatch of Fe orbital and the overall
enhancement of conjugation in the whole system leads to

the increasement of electrical conductivity.

Such a continuous change of electronic structure and
bandgap is of prominent significance for applications as
catalysis, photocatalysis and photoelectric conversion. Here
we take its potential application for high-efficiency multi-
junction solar cell as an example. As Shockley and Queisser
deduced, the conversion efficiency of a solar cell is limited
by a contradiction as the limited energy range of absorption
versus the heat waste of absorbed photons (Shockley and
Queisser 1961). The detailed balance limit of single
junction solar cells can be calculated by equation 1 in
method, and accordingly silicon heterojunction solar cells
with a bandgap around 1.1 eV is close to maximum efficiency
of 28% (Yoshikawa et al. 2017). On such basis, overlying
junctions with decreasing bandgaps can cope with the range-
rate contradiction to breach the of efficiency limit (equation
2), and successful attempts have been made for years (King et
al. 2007), including a record of 47.1% set recently (Geisz et
al. 2020). To further such break and maximize the utilization
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of photon energy in the absorption range, a multilayer
structure with decreasing bandgap gradient is devised.
According to the extended formula (Eg. 3), we expect that
with our calculated bandgap ranging from 0.65 to 2.89 eV
and a moderate FF of 0.8, the efficiency of such multi-
junction solar cell can be up to 57.9% (Fig. 5(b)), which is
much higher than any existing record.

3.7 Potential modification and similar structure

Our work is mainly to develop and theoretically validate
a facile method for band and structure tuning. Besides this
part, classical modifications are still feasible in our
paradigm. For example, in the hexagonal structure
explicated above, doping in carbon-nitride moieties remains
available, while comparing to original g-C3N4, extra
substituent positions are introduced by ferrocenyl moieties,
making it possible for functionalization and graft
crosslinking modification. The pore size of a relaxed
structure is slightly over 10 A, which is dimensionally
suitable for a buckyball, carbon nanotube, or nanoparticle to
embed into. The size is also tunable by stretching, and the
affinity of pores can be regulated by modification of
substituent on ferrocenyl moieties.

Notice that in order to control variables, calculations in
this article are mainly restricted to a relatively high space
group, or at least with a consistent lattice. The real situation
can be more complicated. The whole system may
degenerate into a rectangular, orthorhombic or even
aperiodic one with specific external force, which further
highlights its mechanical non-linearity. A phenomenological
network dynamic modeling and analysis are required in the
following study since first principle study is overkill and
incompetent at this level, but basically we expect a chaotic
system with enough patterns and information, moderate
energy barrier, and mechanical and photoelectric sensitivity
to nurture intelligence (Liu et al. 2013, Merindol and
Walther 2017)

The features discussed above are supposed to be
prevalent in combinations following this paradigm, thus
more structures can be devised. For instance, cerocene with
triazine, dibenzene chromium with metallo-phthalocyanine,
ferrocene with metalloporphyrin, et cetera. These structures
and their change of band configuration will extremely
enrich the arsenal of potential materials. Moreover, the
tension can stabilize the originally unstable conformation of
sandwich complex moiety, or even less strictly other
elastically deformable moiety, which provides a new
approach to study complex dynamical behaviors of such
moiety.

4. Conclusions

In this article, we contemplated and devised a paradigm
of structures with bandgap tunable by stretching. According
to the examples calculated, the coupling of haptotropic shift
of sandwich complex and the bending of conjugated
coplanar lead to mechanical non-linearity and a tunable
bandgap. To be specific, the hexagonal structure has a high

information density with a moderate energy barrier, and a
considerable bandgap range. It is worth mentioning that,
more structures with similar features can be devised
likewise. Such features provide the possibility to realize
diverse catalytic reactions, achieve a full use of solar
energy, and pave a new way to study the unstable
conformation experimentally.
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