Inorganic Chemistry

pubs.acs.org/IC

Dimensionality of Intermolecular Interactions in Layered Crystals by
Electronic-Structure Theory and Geometric Analysis

Janine George,'}‘ Volker L. Deringer,T and Richard Dronskowski**

Institute of Inorganic Chemistry, Chair of Solid-State and Quantum Chemistry, RWTH Aachen University, Landoltweg 1, 52056

Aachen, Germany

T'Jiilich—Aachen Research Alliance (JARA-HPC), RWTH Aachen University, 52056 Aachen, Germany

© Supporting Information

ABSTRACT: Two-dimensional (2D) and layered structures
gained a lot of attention in the recent years (“post-graphene
era”). The chalcogen cyanides S(CN), and Se(CN), offer
themselves as interesting model systems to study layered
inorganic crystal structures; both are built up from cyanide
molecules connected by chalcogen bonds (ChBs). Here, we
investigate ChBs and their cooperativity directly within the
layers of the S(CN), and Se(CN), crystal structures and,
furthermore, in putative O(CN), and Te(CN), crystal
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structures derived therefrom. Moreover, we determine the energetic contributions of ChBs within the layers to the overall
stabilization energy. To compare these structures not only energetically but also geometrically, we derive a direction-dependent
root mean square of the Cartesian displacement, a possible tool for further computational investigations of layered compounds.
The molecular chains connected by ChBs are highly cooperative but do not influence each other when combined to layers: the
ChBs are nearly orthogonal in terms of energy when connected to the same chalcogen acceptor atom. Layers built up from ChBs
account for 41% to 79% of the overall interaction energy in the crystal. This provides new, fundamental insight into the meaning
of ChBs, and therefore directed intermolecular interactions, for the stability of crystal structures.

B INTRODUCTION

Recent synthetic advances and fascinating physical properties
have led to a surge of interest in “two-dimensional” (2D) and
layered materials.' Graphene™® and silicene® and, more
recently, germanene6 and phos.phorene7’8 are experimentally
observed elemental allotropes that extend in two directions;
pertinent multinary examples include transition-metal chalco-
genides” and layered tellurides.'® In fact, these materials are all
but new; on the contrary, they have a long-standing history in
solid-state and inorganic chemistry. Take layered MoS,: crystal-
structure reports go back to Pauling in 1923,'" its crystals were
already investigated re§arding the thickness and number of
layers in the 1960s,'> and layered MoS, has now been
rediscovered in today’s post-graphene era.'?

Sometimes, three-dimensional (3D) crystal structures show
quasi-2D dimensionality in their electronic structure, as seen by
Feng et al."* in high-pressure density functional theory (DFT)
calculations on LiBe, , compounds. These revealed an
electronic density of states (DOS) with a steplike feature—
that is, a nearly constant DOS (E)—at the bottom of the
valence band, indicative of quasi-2D dimensionality in the
electronic structure. Moreover, John D. Corbett to whom this
work is dedicated has found 2D dimensionality of metal—metal
bonding with the help of overlap populations in tellurides."®

In recent contributions, King et al. and Schliiter et al. have
stressed that the concept of 2D structures can be extended to
molecular and organic crystals as well.'®'” It is crucial to
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understand these 2D molecular crystals in detail, a quest that is
now, likewise, experimentally well-founded. The traditional
concept of band dispersion, however, cannot be applied to
molecular crystals because (save for very short and strong
hydrogen bonds; cf. ref 18) these show no significant covalent
nature between their molecular building blocks. Instead, “weak”
interactions such as hydrogen' and halogen bonds®**' are
important for molecular crystals and their stability. Formally,
these interactions can be extended to include chalcogen, 2
pnictogen,23 and carbon bonds,** as they are sometimes called,
and they can all be traced back to electrostatic and dispersive
interactions.”>"** They are defined as the attraction of a less
electronegative hydrogen, halogen, chalcogen, pnictogen, or
carbon atom X with an electronegative partner D.*® In the case
of the well-known halogen bond, the less electronegative atom
X, thereby, is covalently bound to a neighboring atom Y and
has a formal noble-gas electronic configuration:

5+ o
Y- XD

In the context of crystal structures, the mutual influence that
intermolecular interactions have onto each other has been
investigated. An important concept is that of cooperativity, i.e.,
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bonds amplifying each other, which is observed in hydrogen-
and halogen-bonded and even chalcogen- and pnictogen-
bonded systems and also in systems with combinations of these
bonds.>*~** Recently, we have investigated chalcogen-bond
(ChB) cooperativity in one-dimensional (1D) chains by first-
principles computations with true periodic boundary con-
ditions.**

In contrast to the above viewpoint of mostly localized
intermolecular interactions as the driving force for stability,
Dunitz and Gavezzotti have argued that less locahzed
interactions between molecules play a crucial role also.**
Depending on the particular system at hand, one or the other
may have the more relevant role, and the entirety of the system
must be looked upon, rather than a handful of isolated contacts.
Studying interactions in periodic systems by appropriate (DFT-
D) total-energy computations provides an attractive tool in this
regard because they allow one to capture both effects in an ab
initio framework.

Here, we contribute new arguments to this important
discussion. We use ab initio simulations to partition cyanide
crystals into infinite fragments such as chains and layers and
calculate the interaction energies in these lower-dimensional
fragments. This scheme has previously been developed by our
laboratory.***>*® The idea behind the present work is to
quantify the interaction energy in a set of simple and well-
characterized layered crystal structures; on purpose, we have
chosen systems that bridge the gap between molecular and
“classical” solid-state inorganic chemistry.

B THEORETICAL SECTION

Quantum-Chemical Calculations. We performed elec-
tronic-structure calculations based on DFT with the Vienna ab
initio simulation package.”>° The generalized gradient
approximation functional of Perdew, Burke, and Ernzerhof
(PBE)®" and the projector augmented-wave (PAW) meth-
od>*® were applied. Moreover, a dispersion correction was
used, namely, the D3 correction by Grimme et al.>* The latter
showed promising results with molecular crystals, even for a

“more quantitative understanding”,*> and it has alread
successfully been used for the quantification of ChB energies.”
Calculations of isolated molecules as well as 1D and 2D
fragments were performed with a supercell approach that we
have used before.*”>*>*¢ Thereby, at least 20 A of vacuum was
inserted perpendicular to the extended chains or layers such as
to uphold translational symmetry. The interaction energy AE,,
was calculated as follows:

- z Emonomer (1)

E ystal /fragment 1S the energy of the crystal, layer, chain, or other
fragment in focus. E_ pomer iS the energy of the monomer cut
out from the crystal, layer, chain, or other fragment, obtained in
the same DFT framework. Our definition is such that negative
values indicate stabilizing interactions. In addition, phonon
calculatlons were performed using the finite-displacement
method,*® as implemented in PHONOPY.®’

New Structural Descriptor. To compare substituted
crystal structures, a quantitative measure for structural similarity
seems beneficial. We build upon the definition of the Cartesian
displacement d* of van de Streek and Neumann:*®

AE

int — Ecrystal/fragment

1
d* = 5(|G1(r1‘ = )l +1Gy(r, — n)I)

@)

Thereby, G, and G, are transformation matrices from fractional
to Cartesian coordinates for structures 1 and 2. r; and r, are the

fractional coordinates of an atom i in structures 1 and 2,
respectively. This concept is very useful because one can assess
the correctness of experimental crystal structures.”® Here, we
will extend the previous definition to incorporate dimension-
ality to the picture, specifically with layered inorganic materials
in mind.

Instead of building the arithmetic mean of the absolute
Cartesian displacement in each coordinate system, we first build
the arithmetic mean of the coordinate systems and calculate the
absolute Cartesian displacement d; with this mean. This
definition of the Cartesian displacement is limited by d* in

the definition of van de Streek and Neumann®® (triangle
inequality):
1
d, = EI(G1 + Gy)(n, — 1)l
1
< =(IG/(r, = )l +1G,(r, — 1)l
= 2( 1(”1i ’2,) + z(”li ’21)) 3)

This definition allows us to vectorize the Cartesian displace-
ment:

d,
G +G
d, = d}' = — 2 ("1 - rzv)
; 5 LT,
4. 4)

Now, a root mean square (rms) of the Cartesian displacement
can easily be defined for each direction separately:

4

n ©)

This direction-dependent rms value is related to the total one:

_ 2 2 2
rms = \/rmsx + rms, + rms, (6)

It is also limited by the rms* defined by van de Streek and
Neumann,*® as we show here for completeness:

2
ms = \/ rms, + rms, + rms,

2 2
n 2 n
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B RESULTS AND DISCUSSION

From Chains to Layers: Chalcogen-Bonded Model
Systems. In our recent publication,*’ we investigated chains
linked by different categories of intermolecular interactions,
among them, ChBs. Such a chain is depicted in Scheme 1.

Scheme 1. Arrangement of S(CN), Molecules in a 1D
Infinite Chain with the ChBs Given as Dotted Lines, and
Brackets Marking the Repeat Unit

CN CN

! !
wdes S—C=N - S—C=N -

Crystal structures built up from these molecules do exist:
there are also experimental reports on S(CN),>®° and
Se(CN),*' ™ (see Figure 1). Both crystal structures were

fz
{

?ﬂ‘ﬂl‘\

©
(
g
ot

(CN), Se(CN),

Figure 1. Unit cells of S(CN), (left) and Se(CN), (right). Structural
drawings were created using VESTA.%®

determined in the 1960s; we will revisit both structures here.
The main structural motifs of these crystals, however, are not
chains but layers built up from these chains, as is easily
noticeable by looking at the crystal structure. ChBs formed
between S(CN), and Se(CN), molecules have already been
computationally investigated by us and others.?>*%*

We reoptimized these crystal structures by computation and
arrived at the structures analyzed in Table 1. In the case of
S(CN),, the DFT+D lattice parameters are lower than the
experimental ones (up to —2%). In the case of Se(CN),, the
DFT-D lattice parameters both underestimate and overestimate
the experimental ones (from —2% to +2%). Overall, the bond

lengths are both over- and underestimated (up to 4%). To
compare the experimental structure with the calculated one, we
use the rms of the Cartesian displacement by van de Streek and
Neumann (here denoted as “rms*”) and, for comparison, the
new definition in eq 6 (henceforth, denoted as “rms”).*® As one
can see, the experimental structures are in good agreement with
the theoretical ones (usingg van de Streek and Neumann’s
criterion of rms < 0.25 A)*® and vice versa. Moreover, the two
definitions do not lead to different rms values at this level of
accuracy.

Furthermore, we computationally substituted sulfur with
oxygen and selenium with tellurium and optimized these
hypothetical isotypic structures (see Figure 2). There is a

N b)ﬁ ]

(CN),  O(CN),

Figure 2. Unit cells of (a) Te(CN), and (b) O(CN),. These
hypothetical structures, isotypical to S(CN), and Se(CN),,
respectively, are obtained by DFT optimization as described in the
text. On the right-hand side, note the significant tilting of the CN units
out of the oxygen planes (blue shading).

crystal structure report for Te(CN),% in the literature, but the
latter contains solvent molecules and, therefore, has been
excluded from the present study. O(CN), is, for the time being,
a purely hypothetical compound, but we still include it for
completeness.

To assess the dynamic stability of these hypothetic structures,
we next computed their phonon densities of states (PDOSs),
which are given in Figure 3. Te(CN), is dynamically stable,
whereas the PDOS of O(CN), reveals imaginary modes, not
unexpected given the nonexistence of the compound thus far.
To investigate the PDOSs more precisely, we compare the C—
N stretch frequencies to experimental values: The experimental
symmetric C—N stretch frequencies® in crystalline Te(CN),
range from 2168 to 2177 cm™', whereas our computation

Table 1. Comparison of the Experimental Structures of S(CN), and Se(CN), with the Structurally Optimized Ones

S(CN), Se(CN),

expt™ DFT-D expt® DFT-D
a (A) 8.56(1) 8.388 8.632(5) 8.449
b (A) 6.87(1) 6.777 6.847(5) 6.939
¢ (A) 12.84(1) 12.679 12.8151(7) 13.100
vV (A) 755.08 72023 757.41 768.02
d(xX-C) (A) 1.717/1.734 1.695/1.696 1.862/1.870 1.871
d(C-N) (A) 1.119/1.131 1.169 1.131/1.138 1.168/1.169
d(N--X) (A) 2.947/2.976 2.841/2.890 2.813/2.835 2.718/2.731
£C—X—C (deg) 95.76 95.1 91.33 90.13
rms* (A) 0.04 0.06
rms (A) 0.04 0.06
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Figure 3. PDOSs of the obtained structures for (a) Te(CN), and (b)
O(CN),. The one of O(CN), shows a trace of imaginary modes.

reveals frequencies from 2188 to 2206 cm™" for C—N at the [’
point. These values fit well, especially given that the
experimental crystal structure and the one used for the
computation differ from each other.

A quick look back to Figure 2 reveals that O(CN), shows
significantly more out-of-plane distortions than the other
structures. The CN units are more in the space between the
layers than in the other structures. This can be quantified with
our above-defined direction-dependent rms of the Cartesian
displacement. We calculated the Cartesian displacement vectors
and the resulting direction-dependent rms between X(CN), (X
=0, S, Se, Te) and Y(CN), (Y = S, Se, Te), which led to the
results given in Table 2. The S(CN), and Se(CN), structures
differ only slightly and thus exhibit the smallest overall rms. In
particular, the rms, value along the ¢ axis of the unit cell is
diminishingly small. In the case of this orthorhombic crystal
structure, the rms, value is equal to the rms, value and so on. If
one compares O(CN), with the other structures, the overall
rms value and, most notably, rms, strongly grows, as one can
already guess from the graphic.

To gain better insight into the change within the layers
compared to that between the layers, we further define a rms,,
value; that is, we project the rms vector on the ab plane, which

959

Table 2. Direction-Dependent rms of the Cartesian
Displacement as Defined in eqs S, 6, and 8

X(CN), compared to rms rms, rms; rms, rms,,
H(CN), ® @ W d W
X=0,Y=S 0.48 0.19 0.28 0.34 0.34
X=0,Y =Se 0.57 0.19 0.41 0.35 0.45
X=0,Y="Te 0.90 0.29 0.74 0.43 0.79
X=§Y=Se 0.18 0.07 0.16 0.01 0.17
X=S§Y="Te 0.59 0.22 0.54 0.08 0.59
X =S8e Y ="Te 0.43 0.17 0.39 0.08 0.42

is the one containing the molecular layers (shaded in color in
Figure 2):

_ 2 2
rms, = /rms,~ + rms, (8)

All structures differ notably within the ab plane, as seen in
Table 2, and the change within the ab plane (rms,,) is always
larger than or similar to the change between the layers (rms,).
This could be a useful tool for analysis of layered structures in
future calculations.

Because planes constitute the main motif from which the
crystal structures are built, we now proceed to isolate dimers,
chains, and layers from the crystal; all of this is done in silico
and based on fully optimized crystal structures. Then, we
compare the interaction energies within these fragments to one
another, as depicted in Figure 4.

3D 2D 1D oD

crystals > layers > chains - dimers

AE;; (kJ/mol)

=100

-120

Te(CN), —"

Figure 4. Course of the interaction energies per molecule in the
chalcogen cyanide series, following a procedure outlined in ref 45. Gas-
phase dimers, chains, layers, and extended crystal structures have been
considered.

As expected, the overall interaction energy within the crystal
grows from O(CN), to Te(CN),. If one looks more closely,
the interaction energy within the layers (2D — 0D) grows
significantly upon moving from O(CN), to Te(CN),. In the
layer, the ChBs are aligned and, therefore, the growth of the
interaction energy mainly originates from those. The
interaction energy due to layer stacking (3D — 2D) declines
from O(CN), to S(CN),, but then it nearly stays constant
upon going from S(CN), to Te(CN),. Thus, by contrast, the
overall interaction energy growth from O(CN), to Te(CN),
results mostly from the ChBs (ie., from the 2D — 1D — 0D
path). Nonetheless, both the more localized intermolecular
interactions in the layer, the ChBs, and the less localized
interactions between the layers play a crucial role for the stability
of the crystal. To emphasize this behavior, we plotted the
interaction energy within the layer and due to layer stacking
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separately in Figure S. The importance of the more localized or
the other less localized intermolecular interactions depends on
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Figure S. Interaction energies per molecule within the layer and due to
layer stacking.

the individual case: The fraction of the in-layer bonding in
O(CN), is only 41%, whereas it amounts to 79% in Te(CN),.
Overall, this outlines the importance of not only directed
intermolecular bonds but also nonlocalized bonding, as already
stated by Dunitz and Gavezzotti.** We stress that especially
S(CN), and Te(CN), show very different contributions in their
layered networks (Figure S), despite the fact that both crystal
structures are of very similar appearance (Figures 1 and 2a).

This change in the interaction energy correlates with the
structural change identified at the hand of the directionally
resolved rms value: The largest change, regarding both energy
and structure, occurs within the ab plane. The O(CN),
structure is energetically and structurally most distinct from
the others.

Cooperativity in Two Dimensions? Layers as a New
Model. The layers have the largest influence on the overall
interaction energy in most cases shown, and they are built up
from molecules connected by ChBs. Isolated 2D layers, hence,
offer themselves as new models to calculate the influence of the
ChBs on each other and a possible mutual strengthening, that
is, their cooperativity. We have now in silico isolated layers of
O(CN),, S(CN),, Se(CN),, and Te(CN),. Therefore, we cut
2D layers from the crystals of S(CN),, Se(CN),, and Te(CN),
and carefully optimize them in vacuo; doing so constitutes a
seamless extension of our previous work,* which dealt with the
cooperativity in isolated 1D chains. In the case of O(CN),, we
had to computationally substitute the optimized 2D layer of
S(CN),, as before, by replacing sulfur with oxygen. (The layers
within the fictional O(CN), crystal are structurally too far away
from the others so that all optimizations led to a strongly
different layer structure in which the O(CN), molecules are
tilted out of the plane.) To ensure that our layer models
represent minima on the potential energy surface, the PDOSs
for all four layers were calculated. As was already expected, all
layers except O(CN), are minima, as identified by the absence
of imaginary eigenvalues (exemplarily shown in Figure 6 b).
This is in agreement with the behavior for the 3D structures
(Figure 3). The most important distances within the layer are
presented in Table 3. Not too surprisingly, the X—C distance
grows from X = O to X = Te, and the N---X distance falls from
X = O to X = Te as the secondary interactions grow stronger.
In the case of Te(CN),, the X—C and N---X distances differ by
only 0.54 A, which nearly questions the definition of the
molecular identities.
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Figure 6. (a) Structurally optimized layer of Te(CN), molecules,
extending in the paper plane. One chain is also highlighted. (b)
Computed PDOSs of the above-shown Te(CN), layer. There are no
imaginary modes.

Table 3. Interatomic Distances Computed for the Layer
Models

O(CN),  S(CN), Se(CN), Te(CN),
d(X-C) (4) 1.321 1.701 1.878/1.879 2.111
d(C-N) (A) 1.166 1.169 1.168 1.169
d(N-X) (&) 3.07 2.868 2.716/2.717 2.651

Finally, we started with the energetic portioning of the layers.
Each molecule within the layer is assumed to have four ChBs to
its neighboring molecules. In each chain, one molecule has two
ChBs. Interactions with second-nearest neighbors are omitted.
Figure 6a sketches the unit cell for the 2D layer (without
showing the vacuum region, which would extend perpendicular
to the paper plane).

As one can see in Figure 7, the interaction energy per ChB
rises from the dimer to the chain to the layer. To be fair,
however, there are interactions with the second-nearest
neighbors included within the chain and plane so that the
overall stabilization energy of one ChB should actually be
smaller. To estimate the error introduced by only looking at the
nearest-neighbor dimer for comparison, we calculated a chain
and a layer of the next-nearest neighbors: In the most extreme
case, Te(CN)z, the interaction energy per next-nearest
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0

O(CN), SICN), Se(CN), Te(CN),

Figure 7. Interaction energies per bond in optimized layers and dimers
and chains cut from the layers. Only nearest-neighbor intermolecular
interactions are considered; the others are omitted. Note that the
interaction energies here are normalized per bond, whereas the

interaction energies in the other figures are normalized per molecule.

neighbor in the chain is about 1 kJ/mol (each molecule also has
two of such interactions), while in the layer, it is about 6.7 kJ/
mol (each molecule also has four of such interactions). If one
corrects the interaction energies by this value, there is no rise of
the bond-interaction energy from the chain to the plane;
instead, one observes a decline of about 2.8 kJ/mol. The chains
that constitute the layer are nearly energetically independent:
upon formation of 1D chains, the ChBs in these systems are
largely cooperative, amplifying each other by up to 62% for
Te(CN),. (Unsurprisingly, the bonds are even more strongly
amplified when only the chains are optimized: 90% for
Te(CN), at the PBE+D2/PAW level of theory.**) However,
the bonds in the optimized layer are nearly orthogonal during
the 1D — 2D step. Energetic orthogonality here means that
two intermolecular interactions sharing an acceptor atom do
not influence each other’s interaction energy. This energetic
orthogg;lality was already seen with halogen and hydrogen
bonds.

B CONCLUSIONS

In this study, we have energetically and geometrically compared
layered structures of chalcogen cyanides, as representative
model systems for inorganic molecular crystalline networks that
are connected by ChBs. We looked at similarities between the
orientation of the molecules in the layers via a direction-
dependent rms of the Cartesian displacement and, at the same
time, at the directionality of the interaction energies via an
energetic partition scheme of intermolecular interactions in
crystals. Periodic 2D supercells have proven to be suitable ab
initio models to study the possible mutual influence of
intermolecular interactions in two directions. Applying this
model revealed that the chalcogen cyanide layers are built up
from chains, which are strongly cooperative within themselves.
However, when combined into layers, the ChBs are not further
amplified in good approximation (energetic orthogonality).
This warrants further research into the assembly of low-
dimensional molecular structures and the exploration of their
true dimensionality beyond structural arguments alone.

B ASSOCIATED CONTENT
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Additional PDOS graphics and optimized structures in the
POSCAR format. This material is available free of charge via
the Internet at http://pubs.acs.org.
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