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remains a key issue in electronic-structure theory. We examine here the dimensional classification
- linear, planar or otherwise - of 2D InySey clusters and materials using subminimal-based density-

functional-theory (DFT) within the quasi-molecule framework. By focusing on shape classes
rather than numerical bond lengths and angles, the extremely compact STO-3G basis set is shown
to preserve the correct dimensional character of chemical-bound systems. Optimizations for small
clusters with split-valence and polarized basis sets confirm that the overall structural topology so
obtained is remarkably robust to basis-set truncation. The results, apparently here reported for
the first time for 2D In,Ses, demonstrate that the essential features of bonding and geometry are
already encoded in the valence-orbital symmetry of the quasi-molecular system. The analysis
clarifies the conceptual limits of geometry as an emergent property of the Born—-Oppenheimer
surface and supports the rational use of subminimal bases for cluster explorations. Attention is
paid to neutral molecules that can provide insights into crystalline lattices even when conven-
tionally viewed as independent or unrelated components within the crystal structure. Possible
implications on the popular periodic boundary conditions model are tentatively suggested. While
of no apparent impact on the results here reported, the role of including relativistic effects has
also been tested for some of the title systems.

1 Introduction

The isolation of a single layer of graphene has triggered a world-
wide interest in 2D materials*2. However, the lack of an intrinsic
band gap in graphene was a major obstacle in developing devices
of interest in electronics. Attention then turned to 2D materials
that overcame such a limitation. Among those exfoliatable into
individual layers with interesting structural and electronic proper-
ties are 2D transition-metal dichalcogenides®. With a small band
gap, they form a new family of layered materials with novel tech-
nological properties in the ultrathin limit4-S,

Due to progress in preparing high-quality 2D indium selenide
materials (InSe and In,Se3) using techniques like chemical va-
por deposition? and physical vapor transport!?, the gas-phase
indium-selenium systems became of compelling interestll. These
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methodologies address key challenges in producing large-area,
phase-pure materials, which are difficult with exfoliation tech-
niques. A prime example is the electrically-induced solid-state
amorphization in In,Se3, which would not have been discovered
without the ability to synthesize the pristine, phase-pure, mate-
rials. This calls for studying the fundamental properties of gas-
phase In-Se clusters, in particular the intermediate species and
kinetic pathways that govern the gas-to-solid transition. Such
studies are also key in quasi-molecule theory, where the goal is
to understand the structure of large In-Se clusters and associated
2D latices from the tiles and generalized tiles embedded on them.
This is at the focal point in the current work.

Most applied in studying the title 2D materials is the periodic
boundary conditions (PBC) model, which approximates the bulk
by replicating a unit cell. However, it can lead to known artifacts
that affect the calculated properties. Suffice it to mention a few:
artificial periodicity, finite-size effects, lack of long-range corre-
lations, and non-periodic shapes. By forcing periodicity, the PBC
model imposes (rather than predicts) a repeating structure on ma-
terials that in reality may not be perfectly periodic. It may then
lead to skewed results when simulating non-periodic phenomena
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like defects, interfaces, or cracks. Although the PBC model may
perfectly tile a three-dimensional space by repeating the unit cell,
it naturally becomes unsuitable when studying systems with non-
tiling geometries. Moreover, in a PBC simulation, the particles can
only exhibit motions with wavelengths that fit within the simula-
tion box. Regarding the unit cell size: increasing the simulation
box reduces artifacts but requires additional significantly larger
computational resources. Approaches that note the PBC-model
fairness or difficulties are then welcome, a major aim of this work.

2 Theory: Scope and Strategy

It is well established that atoms are not point-like, although such
an assumption is key to explain linearity or planarity of molecules.
Accordingly, the possibility that a small molecule can be treated as
a ‘pseudo-atom’ has been advanced1213, and can be particularly
valid if its internal structure and motions are (at least partly) ig-
norable. In fact, this assumption has been found to be fair in
scenarios where such motions are assumed of little relevance for
the envisaged problem, which to some extent is here also the case,
as later discussed. Indeed, although the internal degrees of free-
dom are assumed not to play a key role, their geometries may get
distorted (through deformations of their structures or twist mo-
tions around their axes), in a way judged similar to what happens
with atoms when their assumed (or eventually true) sphericity is
lost upon bond formation. Naturally, in isolation, the atomic elec-
tron clouds are spherically symmetric (especially the s-orbitals)
in the absence of external (or most internal nuclear) fields dis-
torting it. Conversely, rather than round, atoms in molecules take
on distorted shapes (more like lobes or regions pointing toward
the bonded atoms). Nevertheless, all degrees of fredom of such
pseudo-atoms are later considered when calculating the forces in
the optimization of the parent molecule. To our knowledge, such
an approach has only recently been explicitly adopted.

Consider then: can the geometry of a molecule or molecular
material be rationalized as pseudo-planar or otherwise from the
geometries of the quasi-pseudo-tetra-atomic tiles (pseudo-tiles) it
embeds? The answer is positive as implied by the

Lemma: If all tetrads of points (atoms or pseudo-atoms) in a set
are on a plane, they are all on the same plane.

which is valid for atoms (not true points) and, in the present
work, under the assumption that In,Se; or In,Ses can be
treated as pseudo-atoms. This Lemma (called elsewhere12/14-16
Lemma 2; Lemma 1 is for linearity'4, the tiles being triatomics1Z
or pseudo-triatomics1%) has been discussed beforel#, where the
reader is addressed for details.

Of course, the concept of representing an atom as a point is
key for classifying linearity and planarity of molecules, thence to
apply the Lemma. The question is then where is located the point
that represents the pseudo-atom. Two possible candidates are
the pseudo-atom center-of-mass and its center-of-charge. In the
absence of an answer, rather than setting a choice from the be-
gining, we leave it open for discussion when analizing the results
in section |5 Any of these choices is acceptable for atoms, since
both the center-of-mass and center-of-charge coincide in this case
with the geometric center (centroid).
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Rather than rationalizing the results for the title systems from
specific optimizations, the aim is to provide a background for pre-
dicting molecular geometries (linearity, planarity or otherwise)
without resorting to direct calculations or experimental data. Of
course, in the absence of the latter, direct ab initio or DFT calcu-
lations must be done to probe the predictions made from using
quasi-molecule theory for the parent molecules.

Although the structure of a stable molecule is a minimum, pre-
dicting a saddle point may suffice in quasi-molecule theory. Un-
common to some extent, recall that one cannot distinguish these
two stationary points in quasi-molecule theory (the Lemma in-
volves no forces) before a push along a suitable off-planar coordi-
nate. Of course, a single point calculation along such a coordinate
suffices to disclose its nature. Recall that a saddle point may still
behave as a minimum if vibrational stabilization is brought into
play?®12 a topic of no conceren in the present work.

A further remark to note that one can disclose the nature of sta-
tionary points in quasi-molecule theory by employing a bisection
method 1418 thus avoiding to perform ab initio or DFT calcula-
tions for all possible tiles (involving, in the case of planarity, four
atoms or pseudo-atoms) embedded on the parent molecule. This
greatly facilitates things, since the combinatorial law could other-
wise make the task tedious or even unaffordable.

As noted above, for materials, quasi-molecule theory avoids
the computational assumption of periodic boundary conditions,
while scaling computationally efficiently with system size. More-
over, it offers chemically intuitive insights based on local bonding
motifs. There are a few caveats though: (a) In cases where
pseudo-atoms have significant internal asymmetry (e.g., In;Ses
and In;Ses), some deviations from planarity are to be expected;
(b) Unlike traditional molecular modeling, quasi-molecule theory
does not compute forces or energy gradients for the global
structure, with planarity being inferred from the geometric
arrangement of the tiles, thence not enforced via optimization
constraints nor resorting to empiricism. [Even if already stated,
recall that stationary points can only be minima or saddle points
of a given index; the former can be distinguished from the latter
through a single-point calculation along an appropriate coor-
dinate for off-planar motion.]; (c) The nature of the predicted
stationary points of the potential energy surface?Y2ll (PES) is
commonly not (but could be) explored.

3 Quasi-Molecules and Quasi-Pseudo-
Molecules

A conceptual subtlety is the definition of the electronic state of a
quasi-molecule or quasi-pseudo-molecule, therein also often sim-
ply denoted as quasi-molecule. Of course, each molecule has
a well-defined spin and spatial symmetry. In contrast, a quasi-
molecule is a virtual construct: its existence precedes dissocia-
tion of the parent and hence it can formally occupy any state
allowed by the spin-spatial coupling rules?223, This idea draws
inspiration from the quasi-atom concept of Ruedenberg and co-
24127 which highlights the utility of pre-fragmentation
states for interpreting bonding and structure. In fact, unlike

workers
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chemical reactions where reactants and products are infinitely
separated, quasi-molecular tiles are defined within the parent
structure, prior to dissociation%, and hence cannot a priori be
assigned an electronic state. The orbitals of the quasi-molecules
may then be viewed as distorted molecular functions embedded
in the parent wave function; artificial in the quasi-molecule, they
become the molecular orbitals after fragmentation. Moreover, the
quasi-molecules need not correspond to minima on the PES. In
fact, saddle points may actually suffice for identifying meaning-
ful geometric trends, provided vibrational stabilization or other
entropic effects support their persistencel®12 (even if repeat-
edly stated, recall that the Lemma invokes stationary points).
Note further that the pseudo-atoms in a pseudo-molecule may
upon optimization show an energy not rigorously relatable to
the sum of the isolated pseudo-atom energies. For this reason,
the popular account for the basis set supperposition error2® via
counterpoise correction“2*3L can hardly be done, with extrapo-
lation®2"37 of the uncorrected energies to the complete basis set
(CBS) limit providing a more robust approach. Suffice it to recall
now the multitude of stationary points (eventually minima) that
the system may have, with the pseudo-atoms themselves evincing
slightly distinct geometries.

Applying quasi-molecule theory to 2D InySey materials
requires identifying all unique tetrads within a given In,Se,
cluster. Although it is sufficient to warrant that they correspond
to stationary structures, the calculation of forces to identify
their topographical nature is done to probe the predictions here
reported. Of course, experimental data can be used when avail-
able, thus making such calculations unecessary. While the use
of tiles would become combinatorially intensive and eventually
unaffordable for large systems, such a task can be considerably
simplified for large molecules by employing generalized tiles
(planar leftovers) in conjunction with the bisection scheme 1416,
which partitions efficiently the parent molecule while allowing
evaluation of relevant dihedrals and planarity metrics.

4 Basis Set Selection: STO-3G, How?

The use of subminimal®223 (commonly known as minimal) ba-
sis sets, such as STO-3G, follows the molecular orbital construc-
tion introduced by Pople and co-workers3%532, Despite not having
polarization functions, they reproduce the correct dimensional
class of molecular geometries (linear, planar and non-planar),
provided that the essential valence symmetries are included. 40742
This qualitative robustness arises because the topology of the
bonding framework is primarily determined by the symmetry of
the occupied valence orbitals rather than by quantitative angu-
lar flexibility®24344, A5 noted by Woolley and Sutcliffe, molec-
ular geometry is not an observable but an emergent concept de-
rived from the Born-Oppenheimer (BO) PES#246, When geom-
etry is interpreted in this sense, the subminimal basis remains
sufficient for reliable shape classification*%4748 The heavier ele-
ments may occasionally require polarization functions to describe
inner-valence angular distortions, but the shape topology of most
other-element compounds remains unchanged. 0841

As it is well established, subminimal basis sets include just
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enough functions to represent each occupied atomic orbital. They
are about the smallest bases one can use to perform ab initio cal-
culations, thus playing a key role when attempting to overcome
the curses of size (physical- and basis-set-like) in quantum chem-
istry. Although polarization and diffuse functions are critical for
an accurate energetics, one wonders whether the small size of
STO-3G can be a serious problem, since bonding and molecular
geometry are sensitive to how orbitals polarize and delocalize.

Subminimal basis sets are traditionally used when qualitative
trends or very large systems are at stake, not to mention when
using semiempirical or tight-binding methods®®Y. They are also
employed for scans before a higher-level optimization is done.
So, they can give an idea of bonding but cannot be quantitatively
accurate for determining a molecular structure. One must also
recall the interplay between basis set limitations and method de-
ficiencies: even with an exact method, a subminimal basis is likely
unable to get the right orbital polarization. This is the basis set
incompleteness error233335 not a methodological one. There is
then a hierarchy of limiting factors: the method controls energy
accuracy and correlation, while the the basis controls wavefunc-
tion flexibility and hence the molecular shape.

A few misleading cases are often invoked involving hypervalent
species. An example is SFg, where d-polarization is expected to
produce the correct angular distribution. A subminimal basis may
then be judged to be qualitatively problematic. A quick look is
given to SF¢ by optimizing its STO-3G geometry. The result is
a minimum with qualitatively the correct shape: an octahedral
geometry of bond length 1.736A, which compares with 1.616A
when using Dunning’s4Z>% correlation consistent VDZ basis set,
or 1.618A and 1.590 A when employing its augmented congeneres
AVDZ and AVTZ, respectively. The difficulty may then arise with
transition metal atoms. Because some are here considered, this
will allow a judgement on their study with the STO-3G basis.

It should be emphasized that no accurate determination of a
molecular geometry is here planned, but instead be able to pre-
dict whether a molecule is linear, planar or otherwise, the only
classes into which shape can be clear-cut catalogued. We are then
sticking to shape reliability, meaning bent vs linear, planar vs pyra-
midal, square vs tetrahedral, all this independently of whether
the bond angles or distances are numerically highly accurate. It
is then claimed that it is uncommon that subminimal bases pre-
dict a wrong structure even for small molecules. It may though
be conceived to happen when molecular structure is governed by
subtle energy differences, since subminimal bases lack the flex-
ibility required to mimic such differences. The STO-3G basis is
then judged as giving the right shape for most molecules, except
(but rarely) when the geometry depends critically on polariza-
tion, delocalization or subtle electronic correlation.

In support of the above, recall that shape comes from the qual-
itative features of the PES2022123l: if this has a deep, well-defined
minimum at a given geometry, even a subminimal basis will land
there. If a nearly flat PES is at stake, any approximation (basis,
method, integration grid) may shift the molecule’s shape. So, for
chemically bound systems, the shape is robust under a submini-
mal basis, while for soft or competing systems it is ambiguous un-
til the basis and correlation (at least) are correctly treated. The
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STO-3G basis should then give the chemically correct shape for
most systems because the topology of bonding is right. In fact,
the molecular shape is physically ill-defined beyond that, because
it is not an observable but an emergent concept#344, To empha-
size: if shape means linear, planar or otherwise, a subminimal ba-
sis should not fail for covalently bound molecules since it captures
the correct dimensional class which arises from the symmetry and
connectivity of the valence orbitals, not their fine polarization.
How can one be sure of the exact structural form in subtle
cases? Possibly only experimentally, although experiments are
themselves not error free. Or by solving Schrodinger’s equation,
but can it be done exactly? Because the wavefunction ¥(r,R) de-
pends both on the nuclear and electronic coordinates, the molec-
ular geometry is just the position of the minimum in the BO PES.
The best one can get are expectation values (bond lengths, an-
gles) averaged over nuclear motion. So, even conceptually, there
is no exact geometry, only R, (equilibrium geometry of PES min-
imum), and (R) (average geometry) from the vibrational wave-
function. Experimentally, one infers geometries from microwave
or rotational spectroscopy, (effective bond lengths), electron or X-
ray diffraction (average nuclear positions), and vibrational spec-
tra (force constants). All refer to vibrationally averaged struc-
tures; even at 0K, the molecule still vibrates (zero-point motion,
ZPE), and hence the observed geometry is never the classical PES
minimum. Moreover, for molecules with flat or multiple-well
PESs (e.g. fluxional species®!>2] jahn-Teller distortions3), the
vibrational ground state delocalizes across both minima, which
makes the notion of planar vs pyramidal even more meaningless.
In summary, neither experiment nor theory gives a single,
immutable structure. When classifying the latter as linear, planar
or otherwise, one is describing the topology of the equilibrium
PES. Having the above in mind, the suggested dimensional class
is likely the most defensible level of structural inference. Indeed,
the STO-3G basis captures all the qualitative features that are
chemically meaningful. Possible exceptions (hypervalent, multi-
center, or transition-metal systems) cannot be diagnosable with
a low-level model as long as their bonding pattern is not defined
by valence topology or the PES involves competing electronic
configurations. Knowing which shape the molecule assumes
would imply to know the exact PES, which is unaffordable
for most many-electron species. Broadly stated, for ordinary
molecules (99% of the chemistry one deals with), STO-3G plus
a competent method can safely be used to infer the molecule’s
shape class. For exotic bonding motifs, even large basis plus
correlation is not guaranteed to give an unambiguous geometry.
To sum up, STO-3G offers an essentially correct reasoning that
is conceptually defensible within the limits of what molecular
shape can mean. Such a view is to some extent supported by
the extensive use2¥ of subminimal basis sets like STO-3G>> or
variants more recently developed=6"59 (and references therein).

5 Results and Discussion

Since we are not aware of any theoretical studies for some of the
In-Se clusters here reported, we survey the calculations here done
from diatomics up to Inj>Seig and InjgSess, the latter already in-
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volving 1200 and 1340 electrons, respectively. The present study
employs computational tools to determine the lowest-energy ge-
ometric structures of all studied In,Se, clusters, revealing how
atomic arrangement and composition influence stability and elec-
tronic properties. As noted elsewherel213 two points must be
emphasized. First, the title systems only afford for practical rea-
sons to be studied with DFT. Second, to avoid numerical inaccu-
racies, the same atomic basis set should be employed when per-
forming a comparative study of distinct members of the studied
family. Although an empirical approach such as DFTXTB could of-
fer a fast route®?, the choice was to use a priori unrestricted DFT.
As for the atomic basis sets, three have been mostly employed:
two are subminimal (STO-3G, the simplest and computationally
most advantageous, and 3-21G), basically the kind of basis sets
affordable for the largest systems here studied, the other is an ex-
tended triple-zeta basis set (ATZP) only employed for systems up
to InpSes. For testing purposes, the corresponding minimal basis
sets (DZP and ADZP) are also occasionally employed.

5.1 Gas Phase In-Se Clusters Up to Tetratomics

To help deciding on possible basis set limitations, further calcu-
lations of small clusters of In and Se atoms up to tetraatomics
have been carried out. Table |1| gathers the results so ob-
tained. In their ground states, Se has the electronic configuration
[Ar]3d!%4s24p* (3P,), while for In it is [Kr](4d'%5s25p!) (2P10/2). Al-
though some values of ($2) deviate slightly more than 10% from
their pure values for the singlet, doublet, triplet, and quartet
states (0, 0.75, 2.0, and 3.75 in the same order), all spin contam-
inations were considered acceptable, excepted were indicated),
having in mind that all calculations were performed at the unre-
stricted DFT level.

As shown in Table [I] and Figures [I] and [2] the results calcu-
lated for both Se, and In, are mostly in agreement with their
congéneres in corresponding upper rows of the periodic table,
namely O, and Al,, as well as the results reported in the NIST
Chemistry WebBook. Regarding these homonuclear diatomics,
the results in Table|1|are in agreement for Se,, irrespective of the
employed atomic basis set (STO-3G or ATZP), with the triplet be-
ing their ground state; for convenience, the electronic states are
mostly classified in the C; symmetry point group. It turns out that
the Indium dimer shows a low vibrational frequency (11.0cm™1)
even with the largest employed basis set. In this case, the triplet
state lies lowest with the STO-3G basis, while the singlet is the
ground state at ATZP level. Due to shortage of available data, cal-
culations have also been done at the high cost CCSD(T)/ATZP
level of theory, but no attempt made to account for relativis-
tic effects; however, see later. The calculated results are in Ta-
ble[2] and illustrated in Figure [2] Because, to our knowledge, the
cost-expensive harmonic vibrational frequencies for such clusters
have not been reported, they are gathered in Table [3} As seen,
the B3LYP/STO-3G results support the B3LYP/ATZP approach, al-
though apparently suggesting some lack of accuracy in the bond
distances and energetics.

Regarding Ses, it is predicted with a cyclic (D3,) geometry,
but the literature reports it as structurally ambivalent: both open

This journal is © The Royal Society of Chemistry [year]
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Table 1 Energies (from the code output, in E;) for the In,Se, clusters studied in the present work up to tetratomics, dipole moment (in Debeyes), nature

of the calculated stationary point), and spin state (52).

STO-3G ATZP
Cluster  state energy u (8%) AE energy u (8%) AE
Se, 1A —4749.41331858  0.000  0.000  24.689 —4802.87116678  0.000  2.007  19.924
3A —4749.45266373 0.000 1.999 0.000 —4802.90291774  0.000 2.007 0.000
InSe A —8059.38799360  3.162  0.756 0.000 —8139.02133293  2.795  0.757 0.000
4A —8059.25277771 2.795 3.752 84.849 —8138.91886684  0.044 3.758 64.298
In, 1A —11369.21831708 0.000 0.000 18.891 —11475.09856430 0.000 0.000 0.000
3A —11369.24842161 0.000 2.002 0.000 —11475.04291704  0.001 2.002 34.919
InSe; 2A —10434.19947495 0.000 0.924 0.000 —10540.51858189 0.000 0.776 0.000
4A —10434.10564193 1.949 3.767 58.881 —10540.45823099 1.333 3.778 37.871
In,Se 1A —13744.09995327  0.757 0.000 0.000 —13876.66625649 1.516 0.000 0.000
A —13744.06999771 1.697 2.005 18.797 —13876.61320911 1.505 2.006 33.288
In,Se, 1A —16118.95286916 1.236 0.000 0.000 —16278.16157881 0.001 0.003 0.000
3A —16118.86241739 0.190 2.042 56.759 —16278.09262164  3.103 2.015 43.271
Ses 1A —7124.19905644  0.000 0.000 0.000 —7204.35696461 0.000 0.000 0.000
3A —7124.16574221 0.819 2.006 20.905 —7204.34186660 0.975 2.009 9.474
In;?) 2A —17053.93692647  0.000 0.754 15.445 —17212.70680490 0.000 0.758 11.964
*A —17053.96153933 0.458 3.755 0.000 —17212.72587143 0.003 3.754 0.000
Inz©) 2A —17338.87506097  0.000 0.763 10.116 —17545.84233303 0.000 0.751 6.536
*A —17338.89118155 0.000 3.755 0.000 —17545.85274806 0.000 3.754 0.000
InSe;? 2A —12808.92887528 2.954 0.760 0.000 —12941.98834772 0.649 0.757 0.000
*A —12808.83111482 1.614 3.764 61.346 —12941.94218196 0.794 3.763 28.969
In;Se?) 2A —19428.83607947  2.488 1.600 0.000 —19614.26843707 2.330 1.280 0.000
*A —19428.83228305 1.693 3.762 2.382 —19614.22153579 0.797 3.760 29.431

@ Unless specified otherwise, the reported structures are minima. ) The linear doublet structure, shown in the first entry and predicted with STO-3G, corresponds to a linear
saddle point with energy —17053.93692647E;, and imaginary frequency —48.9cm™~': 37.3kcalmol~! above the minimum. ¢ Calculations including relativistic effects; both
electronic states are linear minima. The relativistic ATZP-DKH basis set is unavailable; a similar result is obtained with TZP-DKH. ) The reported reference doublet structure at
B3LYP/ATZP level is a saddle point with imaginary frequency —54.4cm~'. ©The planar doublet structure (shown in the Graphical Abstract) is a saddle point at B3LYP/ATZP
level, with energy —19428.79120315E,, and imaginary frequency —357.3cm™!, thence 28.2kcalmol~! above the minimum. Both doublets show spin contamination.

STO-3G ATZP STO-3G ATZP
@ @) (b) ®)
© ©)
09 ©° 200¢ (d) (d)
© )
® (F) @ @)

Fig. 1 Optimized structures up to tetratomic In-Se ground-state (low-
est energy) clusters using the STO-3G (left-hand-side) and ATZP (right)
basis sets: (a,a’) Ses; (b.b’) Inz [the structure in panel (b) shows D,
symmetry when including relativistic effects; see the text]; (c,c’) InSe;;
(d,d’) InySe; (e,e’) InySep; (f,f) InSes; (9,9°) InszSe. Structure (g) for
In3Se at B3LYP/STO-3G level of theory is the only non-planar one, but
(8?) = 1.600; a planar sp structure with the proper spin ((S2) = 0.756) is
also predicted, but it is 28.160kcalmol~! above the tabulated minimum.
Similarly, at B3LYP/ATZP level, (g') shows (s?)=1.28. See Tables||and 2]
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Fig. 2 Excitation energies for up to tetratomic InsSe, clusters when
DFT/B3LYP optimized with the STO-3G and ATZP basis sets, and
CCSD(T)/ATZP. When negative, the higher-spin state is the ground-state.
See also the text.

(Cy,) and cyclic (near D3, symmetry) conformers lie within a few
meV of each other, making it sensitive to computational methods
or experimental conditions. Both DFT and CCSD(T) results here
presented predict its optimum ground-state structure as D3j,. The
predictions may then vary with theoretical methods, which un-
derscores the importance of method selection for accurate results.
This may be crucial, since dissociation of Se; makes its photoelec-
tron spectra difficult to interpret, a well-documented issue®L,

As for Inz, the commonly cited work is by Feng and Balasubra-
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Table 2 Energies (from the code output, in E;,) for the In,Se, clusters studied in the present work up to tetratomics at the CCSD(T)/ATZP level of theory.
Indicated in the seventh column is the excitation energy for the first electronic state.

Cluster  state energy”) shape?)  stat.pt.  ($?—S2—5,)9 AE
Se; 1A —4799.93873623 Deci min 0.000 15.076
34 —4799.96276095 D min 0.000 0.000
InSe 2A —8135.24007306 Cooy min 0.000 0.000
4A —8135.14363944 Cy® min 0.000 60.513
Iny 1A —11470.48643867 Dy min 0.000 0.000
34 —11470.43460172 D..j min 0.000 32.528
InSe, 2A —10535.26259194 Dy min 0.000 0.000
A —10535.18314533 Do sp 0.001 49.854
In,Se 1A —13870.57919879 c,©) min 0.000 0.000
3A —13870.52477172 C min 0.000 34.154
In,Se, A —16270.60359598 Dy min 0.000 0.000
A —16270.53837189 ¢, min 0.000 40.929
Ses 'A —7199.95556285 D3, min 0.000 0.000
3A —7199.92980891 ¥ min 0.000 16.161
In; 2A —17205.76974412 D.op min 0.000 17.413
A —17205.79749293 Do min 0.000 0.000
InSes 24 —12935.24657531 Cay sp”) 0.002 0.000
A —12935.21744929 C min 0.000 18.277)
In;Se 2A —19605.87090026 Cay min 0.000 0.000
A —19605.83317363 Gy, min 0.000 23.674

%) Even if not all significant, decimal figures are kept as in code’s output; "sp" stands for saddle point, "min" for minimum. » Approximate symmetry. ©)Spin contamination.
9)Weakly bound, with a bond length of 3.705A, and a vibrational frequency of 62.9cm™~". 9Bound, with three distinct sides. /)Bound, L-shaped type. & Bound, open structure.
W Highly cost-expensive (> 35d of CPU time for optimization with ATZP basis, ~ 2 m with calculation of forces). /) Assuming the doublet structure in panel (c) of Figure

manian®? who report its ground state to be 4A/2- Modern theo-
retical or experimental confirmation appears to be absent or not
easily discoverable in publicly indexed literature. To resolve the
ambiguity, one would need to seek experimental work from main-
group cluster spectroscopy or more recent high-level computa-
tional studies, e.g., using relativistic quantum chemistry. Unfortu-
nately, both seem to be nonexistent. It turns out, that its minimum
is here predicted to be triangulat at B3LYP/STO-3G level, but lin-
ear with the larger ATZP basis set both at B3LYP and CCSD(T)
levels of theory; see also later.

In the gas phase, indium selenides exist as small, discrete
molecular clusters with electronic states determined by the spe-
cific In-Se bond and cluster geometry. Unlike bulk materials,
which have continuous electronic bands, gas-phase clusters ex-
hibit quantized energy levels. The exact electronic structure de-
pends on factors like the number and arrangement of In and
Se atoms in the cluster, leading to complex electronic transi-
tions and optical properties. Feng and Balasubramanian'?
vestigated 7 low-lying electronic states of Ins and reported the
4A’2 state to be the lowest, with 2A’l lying somewhat higher in en-
ergy. They concluded that Inj prefers a high-spin ground state,
due to relatively weak p—p overlap and exchange stabilization.
Later DFT/CCSD(T) studies (2000s onwards) predicted the dou-
blet as the ground state, especially when including relativistic ef-
fects and better correlation. Somewhat surprising to some ex-
tent, using the same DFT approach (B3LYP), our calculations with
the subminimal STO-3G basis set predict the doublet to lie low-
est than the quartet by 0.985eV. The reverse (linearity) is pre-
dicted with the extended ATZP basis set, which places the quartet
—0.519¢eV lower than the doublet. A similar result is observed at
the CCSD(T)/ATZP level in Table |2, where the quartet is lowest

in-

6| Journal Name, [year], [vol.],1

by 0.755eV. Moreover, the energy gap between the quartet and
doublet states is reported in the literature as relatively small (of-
ten < 0.1eV), and the possibility of switching the ordering even
advocated to depend on the level of theory. To our knowledge,
direct experimental confirmation of the spin multiplicity of free
gas-phase Inj is lacking. In fact, most experimental work on In
clusters focused on larger aggregates with photoelectron spec-
tra and ionization energies, but not detailed spin assignments
for Ins. To sum up, the current consensus from theory is early
ab initio favouring a quartet ground state (*A%), while higher-
level DFT/CC often favors the doublet ground state, sometimes
the quartet. This is to some extent here replicated with B3LYP
where linearity is predicted with the largest basis for both op-
timized structures [a result common to CCSD(T)] but a nearly
equilateral triangular shape with the smallest basis set. Experi-
mentally, no unambiguous direct confirmation yet. Thence, the
ground state structure of In3 does not appear to be settled: it is
either a #A) state or a nearly degenerate doublet 24}, depending
on method and basis set (see also later).

Given the possibility of obtaining distinct results for the
homonuclear di- and triatomic clusters depending on the method-
ology, suffice it to say from the results reported in Table 1| for the
mixed clusters that the relative B3LYP predictions of the various
electronic states do not seem to drastically change with the basis
set. As summarized in Figure[T] there is general agreement on the
shapes of the predicted stationary points. Of course, differences
arose in comparing the B3LYP results in Table[1|for In; [which is a
quartet at B3LYP/ATZP and CCSD(T)/ATZP levels of theory but a
doublet with B3LYP/STO-3G], besides dificulties due to spin con-
tamination for the doublet In3Se; see the following subsection for
InSes, and section[5.2] for InSe.

This journal is © The Royal Society of Chemistry [year]
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Table 3 Harmonic vibrational frequencies (w;, in cm™!) of stationary points for up to tetratomics In,Se, clusters studied in the present work at the

CCSD(T)/ATZP level of theory.?)

System  state ()] ) w3 wy w5 (03
Se, '\ 355.5
34 380.0
InSe 24 2222
1A 62.9
Iny 1A 128.6
34 12.8
InSe, 24 86.6 902  219.0 354.2
44 7700 —673 1395  220.1
In,Se '\ 28.1  204.0 2204
34 176.1 3574 4113
In,Sey '\ 48.1 53.1 78.1 1443  329.1  374.1
34 27.0 55.4 754 1483 2320  337.1
Ses A 2477 2477 3314
34 101.7  283.3 3314
In; 24 61.6 1164 2379
1A 520 1299 3486
InSes 24 -76.5 96.2 1634 177.0  265.1  292.8
1A 60.9 70.6 98.0 1829 2804  306.0
In;Se 24 39.2 60.6 73.1 1381  159.1  229.1
1A 61.5 1056 1164 1587 1863 2333

% Empty spaces are not relevant: there are (3n — 6) vibrational frequencies where # is the number of atoms. ) Imaginary (negative) frequency: in this case, 77.0icm™"'.

The incorporation of relativistic effects in addition to elec-
tron correlation is expected to be key for species involving heavy
atoms. In fact, it is recognized to be mild for atomic numbers
40 < Z < 60, but crucial above that range and negligible below.
Reviews on this topic include the early paper by Pyykko©3 and the
more recent one by Kajima and Hirao®*. A very useful overview
has also been reported by Truhlar and Li®?, while the papers by
Feng and Balasubramanian®® and Dolg et al./°® should be cited in
relation to indium chalcogenides, just to mention a few. Specifi-
cally, the paper by Feng and Balasubramanian is one of the earli-
est systematic theoretical studies of In-Se molecular species that
points to equilibrium In-Se bond lengths in the range 2.6 —2.7A,
with relativistic electron core pseudo-potentials (ECPs) noted to
be required for reliable bond distances. In turn, Dolg et al.®®
employed relativistic ECPs widely in calculations of indium com-
pounds. known to cause the typical contraction of bond lengths.
The question then arises of whether the discrepancy reported for
the B3LYP results of In3(24) in Table [3| [where the B3LYP method
predicts a linear saddle point with the STO-3G basis (and a bent
minimum) but only a linear minimum when ATZP is employed]
is attributatble to using the subminimal basis set or the lack of
including relativistic effects (most likely, both). Although the
prediction of a saddle or a minimum has no implications in the
present approach (which focus on stationary points), the Ins re-
sults may already call for a clarification.

Molpro©Z supports relativistic effects for accurate calculations
on heavy elements, including Douglas-Kroll-Hess (DKH) up
to 99th order, eXact-2-Component (X2C) Hamiltonians, and
relativistic ECPs.  Test calculations are therefore here also
reported for In; employing the DKH method (activated with

This journal is © The Royal Society of Chemistry [year]

1

DKHO=8) and the recommended exponential parametrization
(DKHP=2); see section for InSes, and section for the
doublet of InSe. In fact, the inclusion of relativistic effects into
all-electron DFT calculations via scalar relativistic corrections to
the kinetic energy and the nuclear attraction energy has become
rather common. The above referred bond-length contraction is
observed (2.185A vs 2.136A for the D..;, saddle point of index
1 and a minimum obtained with the STO-3G basis set at the
non-relativistic level, respectively). These results corroborate
the non-relativistic ones in predicting stationary points for such
structures except for the saddle at B3LYP/STO-3G level that is
now a minimum. Rather than using basis sets optimized for
relativistic atoms®®?, the above traditional ones were used. The
actual use the former is tested for InSe and InSe3 in section|5.1.1
So, except when explicitly stated, the majority of the calculations
here reported are non-relativistic.

5.1.1 InSej;: A Case Study

Let us start by asking: is STO-3G preferable to the subminimal
3-21G split-valence (double-{) basis which is just slightly more
cost-expensive? Recall that STO-3G has exactly one contracted
Gaussian function per AO (each contracted function made of 3
primitive Gaussians chosen to best mimic a Slater-type orbital),
and hence limited flexibility (the “shape” of an orbital cannot
change much, since there is only one radial function per AO).
Instead, the core orbitals in the 3-21G subminimal233 basis set
are represented by one contracted function built from 3 primi-
tives, while the valence orbitals are split into two radial functions
(one contracted from 2 primitives, the other from 1 primitive).
So, the valence density can “breathe” in this case and adapt to

Journal Name, [year], [vol.], 1{ig| | 7
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bonding, thus being somewhat more flexible in the valence re-
gion. One then hopes 3-21G to yield better geometries, energies,
and bonding descriptions. However, a further question is: since
both are very far from complete, is the danger in making pre-
dictions with 3-21G increased when compared to STO-3G, which
has the proper formal valence bonding? One is then led to sus-
pect that the worst basis set errors may not be in subminimal sets
like STO-3G, but in other small, variationally more flexible basis
sets that cannot describe real correlation properly. In fact, 3-21G
can often misbehave more than STO-3G simply because STO-3G’s
rigidity protects it from artifacts, thus generally predicting the
formal valence structures, no artificial hyperconjugation, and less
tendency to overpolarize/overdelocalize the electron density. In-
deed, the larger flexibility can only warrant a more negative en-
ergy in the variational sense, not necessarily improved relative
energies, etc. As a result, although STO-3G is far from a con-
verged basis (thence open to quantitative errors), its subminimal
nature will likely prevent the above misbehavior.

Since, for the many reasons pointed out in previous sections,
one must pick a cost-effective basis set, STO-3G is expected to
give stable (possibly realistic) structures. Additionally, because a
cluster of one In and three Se atoms may be formed in many of
the larger ones here studied, it is plausible to test the above basis
sets for InSe3 by considering both the DFT and CCSD methods,
jointly with the flexible DZP, ADZP, and ATZP basis sets. Due
to the high atomic number of In (49), both non-relativistic and
scalar relativistic calculations are performed.

Figure [3| evinces the results so obtained when non-relativistic
bases are employed. Although other stationary points exist (no
attempt is made to be exhaustive nor is it required for our main
purposes; however, see later), the following gives per se an idea
of how difficult it can be to extract a definite conclusion for the
molecules (and materials) here at stake. To be as impartial as pos-
sible, all reported optimizations started from essentially the same
geometry. The salient feature is that B3LYP/STO-3G predicts a
minimum at the converged geometry, while all other basis sets
yield a saddle point structure (one imaginary frequency for the
twist motion of InSe and Se,). Also visible is the slight tendency
at B3LYP level to diminish the imaginary frequency with basis set
enhancement. This may suggest that a larger basis could even
yield a smaller imaginary frequency, eventually a minimum. Be-
cause the STO-3G basis set performs well bond-length-wise when
compared to the expensive ADZP and ATZP basis sets, this con-
veys a good reason for using it for larger clusters. Despite quite
expensive, forces were also estimated for the above optimized
structures at the CCSD(T)/ATZP level of theory; see Table

Note that when starting the optimization of InSe; at a struc-
ture close to the optimized ones in Figure [4] distinct results are
predicted as shown in there. In fact, similar structures are also
predicted with B3LYP both with the STO-3G and the minimal DZP
and ADZP basis sets. In turn, when starting at the CCSD(T)/ATZP
geometry in panel (b) of Figure[3] the optimized CCSD(T)/ADZP
one is predicted to be a saddle point close to the ATZP one but
with an imaginary harmonic vibrational frequency of —26.6cm™!.
So, except for the nature of the stationary point (saddle point vs
minimum), the agreement is generally good with other structural
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(a)
-12934.90654843
cCsD(T) | ADZP

-12935.24657531
CCSD(T) | ATZP

.465
2.722

715

-164.2

1020

(e) 9.9
-12941.67203431
-13127.73236465
B3LYP / ADZP

(c) (d)

-12941.98834772

-12808.92887528
-12968.45397403
B3LYP / STO-3G

-12887.71555544

B3LYP/3-21G B3LYP | ATZP

Fig. 3 Optimized structures of InSe; and lowest harmonic vibrational fre-
quency (in red). All are planar, with energies in E, and bond lengths in
A; for the entire set of frequencies at CCSD(T)/ATZP level (hereinafter
given in cm™!), see the SI. Shown italicized in panels (c) and (e) are the
bond distances, energies, and imaginary harmonic vibrational frequen-
cies (only the lowest, when all are real) obtained when including relativis-
tic effects; see the text.

parameters at the B3LYP/STO-3G level. With the latter, only a
slight contraction is observed in the In-Se bonds while the Se-
Se ones are slightly elongated. Conversely, the InSe bonds are
slightly elongated and the Se-Se shortened when using ADZP.
Such variations are likely responsible for those in the harmonic
vibrational frequencies at this level of theory. When including
relativistic effects, the optimized stationary point becomes a sad-
dle point of index 3 with the ADZP basis, the largest for out-of-
plane folding, the others for in-plane distortion. Suffice it to add
that similar calculations were also done with the M06-2X func-
tional®®, with results generally similar to B3LYP.

Moreover, relativistic B3LYP and CCSD(T) calculations have
been performed at the stationary points of InSe; in Figure [4| by
employing both conventional and relativistic DZP-DKH basis sets
(to our knowledge, ADZP-DKH are unavailable, while the stan-
dard STO-3G basis set is inherently non-relativistic). The results
agree in showing them all to be planar, but with differences con-
cerning the nature of the stationary point (minimum vs saddle
point), thence distinct harmonic vibrational frequencies. These
are shown to depend on both the basis set and method, but have
no implications (all are planar stationary points) as far as the
topic of the present work is concerned. With STO-3G, a slight
contraction of In-Se bond distances is observed, which may partly
explain the somewhat larger harmonic vibrational frequency at
this level of theory. Since the unrestricted variant of DFT has
been adopted, care was taken to check whether ($?) deviated less
than up to very few percent from the desired value. Interestingly,
the calculated B3LYP/STO-3G properties are found in good agree-
ment with the rather cost-expensive CCSD(T) ones using both
DZP and DZP-DKH basis sets.

5.2 2D In,Se;
Figure [5] illustrates the optimized structures of the pseudo-

atom InySes. It is a singlet-state, while the two molecular frag-

This journal is © The Royal Society of Chemistry [year]
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(a) S (b) 357 (c)
-12808.94594259 -12968.46959468 -13127.61340025
B3LYP | STO-3G B3LYP-DKH | STO-3G B3LYP-DKH | DZP

(c) 2549 (e) §§a 8 ) e

-13165.11821457
B3LYP-DKH /| DZP

-13157.63452789
CCSD(T)-DKH / DZP-DKH

-13120.53705140
CCSD(T)-DKH | DZP

Fig. 4 Optimized structures of InSe; and harmonic vibrational frequen-
cies (in red) at a Y-shaped stationary point of InSes. All are planar, with
energies in E, and bond lengths in A.

ments into which it can be split are radicals, namely InSe and
InSe;, thence reactive species. Although a bulk InSe exists, it
does not warrant a stable free diatomic molecule in the gas phase
under ambient conditions. Known as an inorganic compound,
it is here predicted at B3LYP/STO-3G level with an equilibrium
bond distance of 2.117A and harmonic vibrational frequency of
413.8cm~! (the corresponding B3LYP/ATZP values are 2.330A
and 270.1cm~!, while at CCSD(T)/ATZP level they read in the
same order 2.673A and 222.2cm™!); no published spectroscopic
constants were found for the gas-phase InSe diatomic in Huber &
Herzberg’s Constants of Diatomic Molecules. Its absence across
this primary source strongly suggests that a free InSe diatomic
has not been spectroscopically measured in the gas phase: if it
forms at all (during high-T vaporization of InSe solids, laser ab-
lation or plasmas), it is likely transient/low-abundance, and it
has not received spectroscopic characterization. The present re-
sults predict it to be stable (i.e., a minimum). This is also the
case when including relativistic effects and the ATZP basis set
(ATZP-DKH in unavailable): E = —8274.70560991E,, with equi-
librium gemetry 2.330A, which is AE = 63.512kcalmol~! lower
than the quartet at its equilibrium geometry and same level of
theory. A similar situation holds with DTZ-DKH basis sets, with
the above values now reading £ =—38305.65695989 E;, at a slightly
larger equilibrium distance 2.342A, and AE =70.722kcalmol !, in
the same order. Regarding In,, suffice it to add that B3LYP/STO-
3G relativistic calculations have also been done for its singlet and
triplet states, with the triplet still found to be lower in energy by
A = 18.996kcalmol~!. The ATZP basis set is then the main reason
for the singlet to be lowest in energy; see Table

Notable from Figure [5|is the fact that the predicted structures
for the pseudo-atom agree well with each other when studied
both with subminimal and extended basis sets. To test the func-
tionals role, the geometry of In,Ses has also been optimized with
MO06-2X and the ATZP basis set. The result in panel (e) agrees
nicely with that from B3LYP in (d).

Interestingly, but perhaps not surprising, when seen top-down
from Figure [5, one observes Se-In-Se-In-Se, which one expects
to be replicated in the sublayers of the 2D In,Se; material. If

This journal is © The Royal Society of Chemistry [year]
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B3LYP
MO06-2X |
STO-3G 3-21G ADZP ATZP ATZP
P P P P P
(@ (b) (c) (d) (e)
<S2>= 0.000 0.000 0.000 0.000 0.000
MU= 2607 3.005 1.866 3.587 4.203

-18493.74556299 -18605.19748479 -18679.19756138 -18679.63854331 -18681.02675401

Fig. 5 Optimized DFT structures (all are planar) for pseudo-atom In;Ses
using the B3LYP [(a) STO-3G; (b) 3-21G; (c) ADZP, (d) ATZP] and M06-
2X [(e), ATZP] functionals. The bluish P implies planarity. Also indicated
are the spin values (S?), dipole moment (in D), and energy (in Ey).

In;Se; is assumed as a pseudo-atom, its center of mass (CoM) is
somewhere inside the triangle formed by the Se atom number 2
and the In atoms 1 and 4. Given the near C,, optimized sym-
metry of InySes, and the disparity of nuclear masses of the Se
(78.97 a.m.u.) and Indium (114.818 a.m.u.) atoms, we may for
simplicity assume the CoM of the pseudo-atom to be close to the
middle of the two In atoms. If so and the Lemma applies, the CoM
of the four pseudo-atoms when forming the (In,Se3)4 pseudo-tile,
should approximately sit in a plane. In fact, a similar simplified
approach has been adopted? in the study of the trilayer 2D MoS,
material with good success.

(@)

<§%>= 0.000

-36987.64866505

0.000

<§»>=

0.000
-73975.43883254

Fig. 6 Two convenient views of the optimized clusters (In,Ses3)x up to
the treta-pseudo-atom tile: (a) x =2; (b) x =3; (c) x =4. Shown by red
points in the right-hand-side view of panel (c) are the CoM of the various
pseudo-tiles in (InpSes)s [involving In atom-pairs (5,13), (6,14), (7,15),
and (8,16)], while the plane centroid of the four CoM and normal tip with
1.5A x A are shown in white.

Recalling next that a plane can be described by a point in the

plane and a vector (normal) perpendicular to it, one can report
the plane by its centroid and unit normal. This is particularly use-
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Pseudo-tile atoms #s centroid® normal®) (a,b,c,d) in® ax+by+cz+d=0
IngSe» In (5-8) (—0.35209, —0.41417,+0.96003) (0.41730,0.84967,0.32237) (0.41730,0.84967,0.32237,0.18935)
In (13-16) (0.66679,0.51584,—1.08185) (0.04762,0.66695, —0.74358) (0.04762,0.66695, —0.74358, —1.18023)
Se (1-4) (—0.32354,-0.37970,1.74791) (0.18493,0.80914,0.55828) (0.18493,0.80914,0.55828, —0.06797)
Se (9-12) (—0.22179,0.02115,-0.75369) (0.10265,0.80123,0.58952) (0.10265,0.80123,0.58952,0.10889)
Se (17-20) (—0.52012,0.53883, —1.55037) (0.02717,0.85734,0.51402) (0.02717,0.85734,0.51402, —0.10522)
IngSesq In (9-12) (—0.68065,—0.79163,1.75329) (0.01929,—0.06327,0.99781) (0.01929,—0.06327,0.99781,—1.78641)
In (17-20) (0.67466,0.26254,—2.01685) (—0.10347,0.19146,0.97603) (—0.10347,0.19146,0.97603,1.98805)
Se (1-8) (—1.26468,—0.58984,3.07086) (0.04773,—0.26698,0.96252) (0.04773,—0.26698,0.96252, —3.05288)
Se (13-16) (0.58611,—0.46798,0.05801) (0.04715,0.03123,0.99840) (0.04715,0.03123,0.99840, —0.07094)
Se (21-28) (0.97462,1.08838,—2.96809) (—0.01127,-0.03216,0.99942)) (—0.01127,-0.03216,0.99942,3.01235)

9)x,y,z coordinates of centroid. ?)x,y,z coordinates of normal. ©

Table 5 Center of charge (CoC) planes.

) Parameters in equation ax + by + cz+d = 0 of fitted plane; see also the text.

Pseudo-tile  atoms #s centroid® normal?) (a,b,c,d) in®) ax+by+cz+d =0

IngSe;, In?* (0.15735,0.05083, —0.06091) (0.15467,0.94325,0.29387) (0.41730,0.84967,0.32237,0.1893)
Se?~ (—0.02991,0.09328, —0.18580) (0.02222,0.76608,0.64237) (0.02222,0.76608,0.64237,0.04855)

IngSexo In®* (—0.00300,—-0.26455,—0.13178) (—0.12538,0.83930,0.52902) (—0.12538,0.83930,0.52902,0.29137)
Se?~ (0.00120,0.10582,0.05271) (0.70535,—0.65084,0.28088)  (0.70535,—0.65084,0.28088,0.05322)

)x,y,z coordinates of centroid. *)x,y,z coordinates of normal. ¢

ful when the plane is an approximation of a set of data points,
since the centroid represents the data’s central location. Using
this, the top In atoms (#s 5-8) in the pseudo-tile SegIn;, [shown
in panel (c) of Figure [f] have the centroid, normal, and best
plane fit indicated in the top entry of Table Suffice it to say
that the fit has rmsd = 0.022A. Correspondingly, one gets for
the bottom In atoms (#s 13-16) the results given in the second
entry of Table 4, with rmds = 0.132A. The angle bteween the
above two planes is 69.7 deg, which shows that they are not par-
allel. As for the top file of Se atoms (#s 1-4) in the third row,
the rmsd= 0.3301&, while for Se atoms 9-12, the rmsd= 0.197A.
Similarly, for Se atoms 17-20, the fit shows rmsd= 0.322A. To
the above correspond the angles among Se planes: top-middle
3.3 deg, top-bottom 5.4 deg and middle-bottom 2.8 deg. Thence,
the three Se planes are mutually nearly parallel within ~
5 —6deg). Relatively to the In planes, for the top In vs
top/mid/bottom Se, they are: 22.3deg/19.9deg/24.4deg. In
turn, for the bottom In vs top/mid/bottom Se planes, the angles
are: 78.9 deg /79.6 deg /74.6 deg. Thence, the top In is moderately
tilted relative to Se planes (~ 20 — 24 deg), while the bottom In is
~ 75 — 80 deg off (highly tilted).

Regarding the center-of-charge (CoC) planes (based on the
oxidation-state definition), since the net charge in Segln, is zero
[8 x (4+3)+12 x (—2)=0], a single global CoC is undefined. How-
ever, the separate CoC and principal planes for the cation sub-
lattice (In3*) and anion sublattice (Se?>~) can be computed. For
the In* (cation) charge plane, the CoC, normal, and plane equa-
tion, are shown in the first row of Table |5} with the fit showing
a rmsd =0.900A, In turn, the angles to the In planes are 16.1 deg
(top In atoms) and 65.3 deg (bottom In). Similarly, the Se?~ (an-
ion) charge-plane, has center of charge normal A and plane as
defined in the second row of Table |5, with rmsd =1.620A. Sim-
ilarly, the angles to the Se planes are 27.3 deg (top Se atoms),

10| Journal Name, [year], [vol.], 1

) Parameters in equation ax+ by +cz+d = 0 of fitted plane; see also the text.

15.0 deg (mid Se), and 17.0 deg (bottom Se). Moreover, the angle
between the cation and anion charge planes is 23.8 deg. So, the
Se sublayers are nearly parallel to one another (< 6 deg spread).
Conversely, the In sublayers are strongly non-parallel (~ 70 deg
apart); the upper In plane aligns moderately with the Se planes,
while the lower In plane is almost orthogonal. In turn, the
oxidation-state charge planes (In3* vs Se?™) are themselves tilted
by ~ 24 deg, and the In3* charge plane tracks closely the top In
plane (~ 16 deg), whereas the Se?~ charge plane sits ~ 15—27 deg
from the Se planes.

5.3 2D In,Ses

As in the previous case, Figure[7]illustrates the optimized struc-
tures of the pseudo-atom In,Ses. Note that it is a singlet-state,
while the two smaller pseudo-atom units that make it are radi-
cals, namely InSe, and InSes, thence reactive species. Once more,
by top-down observation of the pseudo-atom In,Ses one wonders
whether all layers have an equal number of Se and In atoms. In-
terestingly, one observes that the final optimized structures with
the subminimal STO-3G and extended ATZP basis sets resemble
much each other, offering support for employing hereinafter the
affordable STO-3G basis set in all calculations.

The corresponding CoM and CoC fitted planes to In and Se are
at the bottom of Tables[4]and[5|and discussed next. Regarding the
rmsd of the fits to In atoms #s 9-12 and 17-20 of IngSe;o [panel
(c) of Figure |8 a saddle point at this level of theoryl], one has
0.418A and 0.133A, respectively. Additionally, for the top (#s 1-
8), middle (13-16), and bottom (21-28) Se planes, the rmsd are
0.6114, 0.0074, and 0.590A, respectively. Similarly, for the In3*
and Se?>~ planes, the rmsd are 1.464A and 2.120A, respectively.
In turn, the angles between the In vs Se planes are for top In vs
top/mid/bottom Se 11.979 deg /5.647 deg /2.500 deg, while for the

This journal is © The Royal Society of Chemistry [year]
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B3LYP
M06-2X |
STO-3G 3-21G ADZP ATZP ATZP
P N N P N*
(a) (b) (c) (d) (d)
<S2>= 0.000 0.000 0.000 0.068 0.014
u= 3.436 2.607 3.640 5.157 0.343

-23243.22044289 -23385.42469524 -23385.37878135 -23482.54916017 -23484.19224489

Fig. 7 Optimized DFT structures for the pseudo-atom In,Ses in the cor-
responding 2D material using the B3LYP [(a) STO-3G; (b) 3-21G; (c) 3-
21G, (d) ATZP] and M06-2X [(e) ATZP] functionals. The bluish N and P
have the meaning assigned in Figure 5] while the astherisc in N* implies
mildly nonplanar. Also indicated at the bottom are the expectation values
of ($?), dipole moment (in D), and energy (in Ey).

bottom In vs top/mid/bottom Se read 27.946 deg / 12.691 deg /
13.958 deg. Moreover, the angles of the In* plane to the In planes
are: top In 61.814 deg, bottom In 46.369deg. Similarly, the angles
of the Se?~ plane to the Se planes are: top 61.460 deg, middle
72.941 deg, bottom 72.921 deg.

(b)
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<§%>= 0.000
-92973.52841525 spl

Fig. 8 Two convenient views of the optimized clusters (In,Ses)x up to
tetra-pseudo-atom tile: (a) x = 2; (b) x = 3; (c) x = 4 [involving In atom-
pairs (9,17), (10,18), (11,19), (12,20)]. Shown by red points in the
right-hand-side of panel (c) are the CoM of the various pseudo-tiles in
(InySes)4.

In summary, the two In planes are moderately tilted relative to
each other (~ 16 deg), unlike the ~ 70 deg tilt observed in IngSe;,.
Moreover, the top In layer is nearly aligned with the bottom Se
plane (only 2.5 deg off) and close to the middle Se plane (5.6 deg),
thus suggesting a more symmetric stacking near the top side. Ad-
ditionally, the oxidation-based charge planes are quite oblique to
their respective atomic planes (> 60 deg), capturing the overall
skew of the cation vs anion frameworks across the 5 sublayers.

As noted before, basides nonround, the CoM of the pseudo-
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Table 6 Center of charge (CoC) planes.

Pseudo-tile  atom-pair® center (atom-pair)?)

IngSey, 9,17) (—4.60635,1.25501,0.20833)
(10,18) (—1.43983,-0.05806,0.05782)
(11,19 (1.85114,—0.52701, —0.12452)
(12,20) (4.82443,—0.46660, —0.38527)

IngSexo 9,17) (—3.16090, —1.45857,—0.05025)
(10,18) (1.32916,—2.33308, —0.02736)
(11,19 (—1.05990,1.51936,—0.49733)
(12,20) (2.87966,1.21410,0.04782)

@) Averaged atom pair. *)x, y,z centroid of averaged pair.

atoms has hardly been taken care of. This may explain that
one In plane usually shows a small rmsd in the fit, while the
other is considerably larger. A better approach would be assum-
ing it located at the midcenter of both In atoms of the pseudo-
atom. If so done, the various mid-points are summarized in Ta-
ble E] both for IngSej; and IngSeyy. As before, the least-squares
plane in IngSe;, through the above four average points can be de-
fined by its centroid (0.15735,0.05083,—0.0609) A and normal 7 =
(0.07705,0.08610,0.99330), with equation 0.07705x + 0.08610y +
0.99330z + 0.04400 = 0, and rmsd=0.0121A. Clearly, there is ex-
cellent coplanarity. In turn, for IngSey,, the least squares fit
plane has centroid (—0.00300,—0.26455, —0.13178)A and normal
i = (—0.04978,0.07881,0.99565), having as equation —0.04978x +
0.07881y +0.99565z+0.15191 =0, and rmsd= 0.1490A. Note that
this “midpoint plane” lies close to the In3* CoC plane, even shar-
ing the same centroid to within the employed precision, and its
normal is nearly along the +z axis (tilt only a few degrees), thence
consistent with a mid-Se-like reference surface. Not surprisingly,
there is good coplanarity but not as good as in the previous case.

One may possibly get a further improvement by employing the
actual CoM of the various pseudo-atoms. This has also been done,
with rmsd ~ 0.067A which shows the four CoM of the In,Ses
units to be highly coplanar, markedly better than using just the
In-In midpoints (thus ignoring the Se mass distribution). Indeed,
the plane’s normal is ~12 deg away from the +z direction (since
Ai.2 ~0.981): the CoM plane is nearly horizontal relative to the
employed coordinate frame. This matches the physical expec-
tation: including the five nearby Se atoms for each unit balances
the cation—anion mass about a local median layer, yielding a more
coherent structural plane for the In;Ses motifs.

The above corroborates that the four pseudo-atoms are copla-
nar when represented by their CoM. Although it also provides
evidence supporting the PBC model, it cannot warrant that all In
and Se planes lie parallel to each other as commonly assumed.
Thence, one wonders wheather keeping the CoM of the pseudo-
tiles (or generalized pseudo-tiles) in a plane may be more realistic
than the full planarity assumed in PBC model. Of course, a proof
of this would require considering more pseudo-tiles, a task be-
yond our goal in the present work. Nevertheless, it suggests that
further flexibility may be deemed for the PBC model by allowing
the orientation of the various fundamental building blocks (here
assumed as tiles) to be optimized within the employed unit cell
while keeping in a fixed plane their CoM. Testing whether it is so
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is itself out the scope of the present work.

Table 7 Centers of mass planes which integrate the cluster.

centroid

—1.20139,-0.39519,2.99952)
—1.24652,—-0.63122,1.08432)
0.24068, —0.77444,0.86537)
1.03230,0.33229,—1.03381)
0.92204,0.13880,—2.31114)

3.15319, —1.94958,2.08261)
0.0900, —1.15781,—0.40223)
3.23413,-2.12588,—1.48170)
—2.6925,1.08826,0.26372)
1.70522,1.58715,—0.27822)

Cluster

InjpSeys

(
(
(
(
(
InjpSezs  (
(
(
(
(

9rmsd of fitted plane.

5.4 Evidence of Quasi-planarity Beyond Tiles

The structural analysis was extended to reasonably large clus-
ters by considering Ini;S1g and InioSe,s (see Figure , which
have been optimized for probing reasons at significant computa-
tional cost (weeks of uninterrupted computational work), when
including the calculation of harmonic vibrational frequencies.
These species exhibit slight out-of-plane distortions at their edges,
but the interior In atoms remain generally well-aligned.

Fig. 9 Optimized clusters up to penta- and hexa-pseudo-atomic tiles: (a)
(InySes)s; (b) (InySes)s. In both cases (s?) = 0.000. with the energy being
excessively large (not quoted by default in MOLPRO).

The quasi-optimized structure of Inj;Se;g is shown in panel (a)
of Figure [8] jointly with a visual plot of the six local centroids
(one for each Se-In-Se-In-Se monomer stack). In turn, the best
fit planes to the five sublayers are in the top part of Table[7} From
the top Se plane to In, Se, In, and the bottom Se one, the rmsd
were 1.165, 0.979, 0.746, 0.105, and 0.655A, respectively.

In turn, a side-by-side detailed analysis of the In,Ses CoM plane
for the InjoSeys structure is now given. The CoM signed dis-
tances of the five In,Ses pseudo-atoms are represented in Figure[9]
(marked for simplicity with "oxygen-atom" red dots, which should
not be confused with true oxygen atoms). The best-fit plane
to these CoM has centroid (—0.19927,—0.51157,0.03683)A, unit
normal i = (0.39692,0.09349,0.91308), and equation 0.396919x +
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0.093490y + 0.913080z + 0.093287 = 0, with rmsd = 0.5219A. The
signed distances of each CoM to the plane reveal a gentle “sad-
dle” across the five units: one sits highest relative to the plane,
another lowest, with the remaining three lying close to the plane.
Regarding the reference planes, the CoM plane is closest to the
Se middle/bottom planes (~ 7deg), indicating the mass-weighted
motif centers follow the chalcogen framework more closely than
the individual In sublayers. The top and bottom In planes are
nearly parallel (~1.5deg), as expected for a layered motif with
mild overall tilt. The moderate CoM-plane rmsd (0.521&) over 5
units suggests mild long-wavelength puckering, not disorder.

A further remark to note that all inter-sublayer contacts cluster
in the (2.33—2.92) A window, with means (2.54—2.66) A consistent
with typical In-Se bond lengths in layered indium selenides. The
middle — 4th and top — 2nd sets show the widest spread (o ~
0.18 deg), hinting at mild puckering/tilt across those interfaces.

Finally, it should be recalled that the stationary points here
reported were obtained with GTO basis sets, while the popular
Vienna ab initio Simulation Package®?70 (VASP) or Quantum
ExpressoZll programs commonly employed in studying materials
are plane-wave codes (an exception is TURBOMOLEZ2Z3 which
employs Periodic DFT with Gaussian Basis Functions). Thence,
only the results of the former for a molecule placed in a large
periodic cell with sufficient vacuum space to prevent interactions
with its periodic images are comparable to those obtained with
GTO-basis quantum chemistry software, particularly when using
small basis sets%. So, the fair agreement for planarity of the title
2D materials provides some support to the assumed planarity in
PBC given the disparity of employed methodologies.

5.5 Bond Lengths in 2D In,Se; and In,Ses materials

Regarding typical In-Se bond lengths in layered 2D In;Ses, ex-
isting information points to (2.55 —2.90)A, depending on phase
(e, B,7,8) and strain conditionsZ. A spread of In-Se bond dis-
tances ranging from (2.60 —2.68)A has also been reported?®,
while another suggestsZ8 (2.51 —2.96) A. The above three spreads
are displayed for illustration in Figure

The author is not aware of any literature source for the inter-
sublayer In-Se distances in 2D In;Ses (penta-sublayer) structure
which one could compare with the values here estimated. For
example, by assuming the layering to match the z-ordering in
our geometry, for IngSey,, the top Se atoms are #s 1-8, the In
layer #s 9-12, the middle Se layer #s 13-16, the fourth In layer
#s 17-20, and the bottom Se layer #s 21-28. With a bond cut-
off of 3.0A, which is a conservative In-Se bonding distance (typ-
ical ~ (2.6—2.8)A), one finds the results evinced in Figure
Given the currently optimized geometry for the title IngSe,y and
the distances reported in Figure many of the present cross-
layer In-Se distances are ~ (2.6—2.7) A. Thence, the tile is already
“quasi-2D", and hence one may expect that in the ideal infinite 2D
limit those distances will be similar (perhaps slightly shorter if re-
laxation is unconstrained).

If the focus is on the cross-sublayer Se — In distances in-
side a quintuple-like stack, the best grounded range (based on

This journal is © The Royal Society of Chemistry [year]
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Fig. 10 In-Se bond distances in (InySe3),, n =1— 6, compared with ex-
isting data from other sources. The various symbols refer to: solid dots,
Se(top sublayer)-In (2nd); open circles, In (2nd)-Se (middle); solid up-
triangles, Se (middle)-In (4th); solid down-triangles, In (4th)-Se (bottom).
The dashed straigth-line in dark-green illustrates the growth pattern of
the average In-Se bond distances with cluster size. See the text.
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Fig. 11 In-Se bond distances in (In;Ses),, n = 1 — 5, compared with data
from other sources. Symbols and line as in Figure See the text.

InSe and « — InpSes monolayers) is: Se(top)—In(2nd): ~(2.6—
2.8)A; In(2nd)— Se(middle): ~ (2.672.9)A (often the longest
in a—1InySez); Se(middle)— In(4th): ~ (2.672.9)/0%; In(4th) —
Se(bottom): ~(2.6-2.9)A. Accordingly, ~(2.5—2.9)A is a safe en-
velope for realistic, relaxed 2D indium-selenide quintuple-layer
environments, with most bonds clustering near ~ (2.65—2.80)13;
(method/strain dependent). The exact split between the two
inequivalent In-Se bonds (short vs long) is polymorph- and
relaxation-dependent, as the a—In,Se; references show'>,

Rather than histogramming the data as in previous work?, the
geometric data has been analyzed by fitting the average of the In-
Se distances for each cluster size to the sigmoidal function

dMos = a+ btanh(yn) , D

where 7 is the cluster size. While the data for In,Se; shows a near-
linear trend (a = 2.206,b = 0.495,y = 0.147), for In,Ses it is shows
a rapidly varying pattern (a = —223228,b = 223231,y = 7.17)

This journal is © The Royal Society of Chemistry [year]
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that early attains the asymptote; in both cases, d outcomes in
A. Clearly, Figures and show that the calculated data
match well the experimentally observed In-Se bond lengths in
the corresponding 2D materials. Thence, as already noted, this
suggests that the local bonding environments in the studied finite
clusters evolve smoothly and fast toward the bulk-like behavior
of the extended penta-sublayer sheets.

6 Concluding Remarks

This work presents a quasi-molecular interpretation of the
pseudo-planarity observed in 2D indium selenide compounds
by modeling those materials as tilings of structurally meaning-
ful molecular fragments made of pseudo-atomic-like In;Se; and
In,Ses tiles, respectively IngSej, and IngSeyy, and even larger
fragments. Through systematic DFT calculations, it was demon-
strated that small clusters, although finite and only approximately
planar, preserve the essential features of the extended 2D lattice.
So, even if in striking contrast with the common view of 2D in-
dium selenides as extended 2D crystals (or lattices) of In and Se
atoms, the proposed perspective can be useful.

Notably, the novel results show that the structural and elec-
tronic identities of InpSe; and In,Ses are not entirely lost upon
transitioning from the (gas phase) molecules to the monolayers
of the corresponding 2D materials, themselves made up to five
sub-layers: Se-In-Se-In-Se. The extended crystals are viewed as
coherent networks of quasi-planar pseudo-tiles, whose collective
arrangement gives rise to quasi-planarity, commonly assumed in
PBC simulations. The present quasi-molecular perspective then
bridges the gap between molecular and solid-state approaches,
offering a complementary scheme to understand bonding, defect
chemistry, and edge reactivity in 2D materials.

The present observations further validate to a large extent the
underlying premise of the quasi-molecular tiling approach: lo-
cal pseudo-planar geometries can collectively yield an extended,
nearly planar structure. But, do such small deviations of planarity
as suggested by the tilts of the In and Se planes fade away in the
2D In,Se; and In,Ses materials? If not, it would be valuable to
test the implications (differences) relative to the popular PBC ap-
proach, a topic beyond the goal of the present study.

To conclude, the present study continues work on our sugges-
tion for 2D MoS; that the present conceptual foundation can be
illuminating while being likely shareable with other 2D materials.
Besides, by reporting novel work on the challenging 2D In;Ses
material, it also opens pathways for future work, including the
development of scalable algorithms to systematically generate
and assess tiling units, investigate how defects and doping
influence local planarity, and include relativistic and dispersion
effects in large-scale cluster calculations. Finally, recalling that
atoms are not necessarily spherical, and even less pointwise, the
Lemmas may be applicable to pseudo-atom-like12:13 One
then wonders, whether the approach could be used to explain the
novel class of cyclic conjugated molecules composed of annelated
n-membered ringsZZ78 or even the aimed”? free-standing planar
2D crystal of Sr3Cr,O7, since this is known for its inherent 2D
nature within the bulk structure. Even though significantly

ones.
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more cost-expensive, and apparently of no impact on the results
reported in the present work, a comprehensive relativistic
analysis of the title systems would also be valuable.
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