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ABSTRACT: The 18-n electron counting rule provides structural guidelines for electronically feasible transition metal (T) – main group (E) 
phases, contributing towards the goal of materials design. However, the availability of numerous potential structure types at any electron count 
creates a challenge for the prediction of the preferred structures of specific compounds, as is illustrated by the concept of 18-n+m isomerism. In 
this Article, we explore the driving forces stabilizing one 18-n+m isomer over another with an analysis of the structure of PdSn2, a layered inter-
growth of the fluorite and CuAl2 structure types. The DFT-reversed approximation Molecular Orbital (DFT-raMO) method reveals that PdSn2 
and its hypothetical parent structures all adhere to bonding schemes approximating the electronic configurations expected from the 18-n rule, 
with various degrees of isolobal Pd-Pd bonding and Sn clustering. However, partial electron transfer between the Pd 5p orbitals to the Sn 5s 
orbitals contributes to the absence of convincing electronic pseudogaps near their Fermi energies. As such, there is no clear electronically driven 
preference among the structure types. This situation allows for atomic packing effects to prevail: DFT-Chemical Pressure (DFT-CP) analysis 
illustrates that in the fluorite-type parent structure, positive Pd-Sn CPs lead to over-compression of the Pd atoms and a stretching of the rela-
tively open Sn sublattice. In contrast, in the CuAl2-type parent structure, Sn atoms cluster into tetrahedra, opening space for an expanding Pd 
environment and the formation of Pd-Pd interactions. However, the tetrahedral packing of the Sn atoms here leads to frustration between 
negative and positive Sn-Sn CPs. Through the development of the angular CP correlation function (CPcor+) as a tool to quantify frustration 
among interatomic interactions, we demonstrate how the observed PdSn2 structure balances these effects by tuning the degree of Sn-Sn clus-
tering and expansion of the Pd environment. These observations point to generalizations for most 18-n+m isomers, where increased main group 
ligand clustering (+m) and isolobal bonds (+n) can accommodate compositions with different T and E atomic sizes. 

1. INTRODUCTION 
The Hume-Rothery factors—electronics,1-10 atomic packing,11-17 

and electronegativity16-20—shape our understanding of how a metal-
lic material is stabilized. While most attention is given to systems in 
which one of these factors dominates, Hume-Rothery himself high-
lights the potential for these factors to interact in the stability ranges 
of some materials.21 Transition metal (T)-main group (E) systems 
set up such a case. In intermetallic phases on the E-rich sides of these 
systems, each T atom is expected to achieve closed-electron config-
urations at 18-n electrons,22 where n is the number of electron pairs 
it covalently shares with other T atoms. However, for any given elec-
tron count, there are numerous structures that can fulfill this require-
ment, especially when we consider changes in n being coupled to the 
transfer of electrons between the T and E sublattices. We term this 
diversity of structural possibilities 18-n+m isomerism.23 With so 
many electronically viable options, other factors such as atomic size 
ratios can become decisive in determining the observed structure for 
any given compound. In this Article, we explore how such interac-
tions underlie the observed structure of PdSn2, with broader lessons 
for 18-n compounds. 

The 18-n electron-counting rule broadly links atomic T-T con-
nectivity with the valence electron concentration.22 T atoms may ob-
tain closed-shell electronic configurations through the sharing of 
electrons in multicenter T-T bonding functions isolobal to classical 
two-center two electron bonds (or as recently demonstrated, three-
center two-electron bonds),24 referred to as isolobal bonds. Any num-
ber of electrons not associated with the T atoms are found in E-based 

bonds or clusters secluded from the T atoms. The electronics are de-
scribed with an 18-n+m bonding scheme, where n and m define the 
number of electrons shared in isolobal bonds and E-based bonding 
functions, respectively. The number of structures encompassed by 
this scheme is potentially substantial: a preliminary search of the In-
organic Crystal Structure Database reveals 519 experimentally real-
ized binary T-E intermetallics that form in 126 unique 18-n+m struc-
ture types, in addition to numerous ternary phases and solid solu-
tions.25-30  

However, various possible (n,m) configurations and correspond-
ing structure types may be proposed for any given composition and 
electron count. How do systems navigate all the possible 18-n+m 
isomers to find the most stable structure? In our recent investiga-
tions of 18-n+m isomerism in REAl3 phases (RE = lanthanide or 
group 3 metal) and IrIn3, we observed that competition between 
electronic and atomic packing effects strongly influences which iso-
mer is favored.23,31,32 While explanations for these cases of 18-n+m 
isomerism have been offered, predictive guiding principles for the 
design in these materials are still limited. Achieving these goals re-
quires broader consideration of the driving forces and structural 
mechanisms for increasing or decreasing the n and m values for a 
compound. 

For this purpose, we explore PdSn2 as a model system. PdSn2 
forms in its own type (tI48) and can be described as an intergrowth 
of alternating layers of the fluorite (CaF2) type and the CuAl2-type 
structures along the c axis (Figure 1).33-35 (A shorter stacking variant 
of the intergrowth structure is also experimentally realized with the 
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CoGe2 type.36) The parent CaF2 type is built from a primitive cubic 
network of E atoms, with a T atom at the center of every other cubic 
void (Figure 1). The other parent structure, the CuAl2 type (tI12), 
is composed of chains of T-centered square antiprisms (derived 
from the primitive cubic E sublattice in the CaF2 type by distorting 
square nets into 43243 nets) stacked along the c-axis. When these 
two structure types intergrow, the CuAl2 type is sliced into slabs, 
where the Pd-centered square antiprisms occur in pairs buffered by 
distorted Sn tetrahedra. These slabs are terminated by a shift in the 
Pd-Pd patterning that is representative of the CaF2 type.  

 

Figure 1. The PdSn2 structure type, viewed as an intergrowth of the 
CaF2 and CuAl2 types. These three structures are 18-n+m isomers, but 
of these, only the PdSn2 type (along with its stacking variant, the CoGe2 
type) is experimentally observed for PdSn2. Isolobal bonds (counted by 
n) between Pd atoms are represented by blue cylinders while Sn atoms 
are shown in gray and orange, with orange cylinders denoting Sn-Sn in-
teractions related to the electrons accounted for with m. Examples of Sn 
tetrahedra are highlighted in yellow. 

From structural inspection, these structures appear to be 18-n+m 
isomers of each other: the number of Pd-Pd bonds (n) varies across 
these related structure types, with corresponding changes in the Sn-
Sn connectivity. We consider the 18-n+m scheme for the CaF2 type: 
the Pd atoms are too distant for isolobal bonding (4.52 Å), resulting 
in an initial assignment of the n=0 isolobal bonds. Since the valence 
electron count is 18 electrons, following the 18-n rule, no electrons 
should be associated with Sn-based bonding functions (m=0). In 
contrast, the Pd atoms of the CuAl2 type are arranged in chains; each 
Pd atom can share one electron per Pd-Pd contact along the c-axis 
for a total of n=2. The distorted Sn tetrahedra buffering these square 
antiprisms (yellow) could also host electrons, where the shortest Sn-
Sn contacts in these tetrahedra lie in ab planes, bridging Pd@Sn8 
square antiprisms (orange cylinders, Figure 1). Each Sn atom is in-
volved in one such Sn-Sn interaction. Single bonds at each contact 
would then correspond to 2 electrons/formula unit, and thus 2 

electrons/Pd atom. Accordingly, we assign the (n,m) configuration 
of the CuAl2 type as (2,2). 

Naturally, the intergrowth PdSn2 structure type is assigned an in-
termediate (n,m) configuration. Pd atoms are paired in CuAl2-type 
slabs, forming one isolobal bond per Pd atom. Additionally, short 
Sn-Sn contacts that could host electrons, like the ones in the CuAl2 
type, appear in these slabs (orange cylinders). At the interfaces of 
these slabs, the CaF2 type interrupts the Pd-Pd connectivity, reduc-
ing the number of isolobal bonds and short Sn-Sn contacts (relative 
to the CuAl2 type) by half. Consequently, the (n,m) configuration of 
the PdSn2-type form is (1,1), in-between the configurations assigned 
to its parent structure types. 

Remarkably, only the intergrowth structure types (PdSn2 and 
CoGe2 types) have been synthesized for PdSn2; the parent structure 
types remain hypothetical. How do the electronic configurations 
and packing effects drive the preference for the (n,m) = (1,1) config-
urations over its parent structure types? 

In this Article, we will see how none of the electronic configura-
tions of the three possible structures are strongly favored over the 
others, allowing atomic packing effects to dominate. Using DFT-
Chemical Pressure (CP) analysis and a new metric of packing frus-
tration, the angular CP correlation function (CPcor+), we will delve 
into the opposing desires for expansion or contraction among the in-
teratomic contacts in these structures. From this study, we will arrive 
at a picture for how the observed structures of PdSn2 are preferrable 
to the simpler alternatives, as well as more general structural mecha-
nisms by which changes in isolobal bond counts (n) and clustering 
of E atoms (m) balance the atomic size requirements of the T and E 
sublattices in intermetallics governed by the 18-n bonding scheme.  

2. EXPERIMENTAL SECTION 
2.1 Electronic Density of States. Electronic density of states (DOS) dis-

tributions for PdSn2 in the CaF2, PdSn2, and CuAl2 structure types were cal-
culated with the Vienna Ab-initio Simulation Package (VASP) using the 
generalized gradient approximation (GGA) functionals with the Perdew-
Burke-Ernzehof (PBE) parameterization and the corresponding Projector 
Augmented Wave potentials provided with the package.37-41 The structures 
were geometrically optimized in a two-step method: first, the atomic posi-
tions were released while the cell was held constant, then both atomic posi-
tions and cell parameters were relaxed. An energy cutoff of 330 eV was used 
for all calculations in the accurate-precision mode with Γ-centered k-point 
meshes (7×7×7 for the CaF2 and CuAl2 types; 5×5×5 for the PdSn2 type). 
The calculations were considered converged at energy differences of 10-5 eV 
between electronic steps and 10-4 eV between ionic steps. Single-point cal-
culations were performed on the geometry-optimized structure at finer k-
point meshes to obtain convergence in the features of the density of states 
(DOS) distributions. Detailed computational parameters, including k-point 
meshes, are listed in the Supporting Information. 

2.2 DFT-raMO analysis. Static calculations for each system were per-
formed using the optimized geometries obtained from VASP. To obtain 
wavefunctions over the whole Brillouin zone, calculations were performed 
without symmetry considerations, using a Γ-centered 2×2×2 k-point mesh 
for CaF2- and CuAl2-type PdSn2, and a 2×2×1 k-point mesh for PdSn2-type 
PdSn2. The resulting wavefunctions were imported into the DFT-raMO.jl 
package.42 In each cycle of the analysis, overlap integrals between the current 
basis set of occupied functions and the target function (constructed from a 
linear combination of Slater-type orbitals parameterized to approximate the 
corresponding PAW projector function)43 was calculated and subsequently 
used to generate the raMO Hamiltonian matrix for the target. The matrix 
was then diagonalized to obtain a reconstructed version of the target 
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function as well as remainder functions, which were returned to the basis set 
and used for regenerating subsequent targets. 

2.3. DFT-Chemical Pressure Analysis. The DFT-Chemical Pressure 
(CP) schemes were calculated with the ABINIT software package, using the 
local density approximation (LDA) and Hartwigsen-Goedecker-Hutter 
(HGH) norm-conserving pseudopotentials (the standard platform for 
DFT-CP calculations).44-48 All structures were geometrically optimized us-
ing an analogous two-step method to that described in 2.1 for the VASP cal-
culations. Optimizations were considered converged when the energy differ-
ences were below 10-5 eV between two electronic steps and when the magni-
tude of the net force on each atom is less than 2.6 × 10-3 eV/Å for the ionic 
steps. The energy cutoff was set to 40 Ha, while Γ-centered 9×9×9 and 
5×5×5 k-point meshes were used for the parent structure types (CaF2 and 
CuAl2) and intergrowth PdSn2 structure types, respectively. 

Static calculations at the equilibrium, slightly contracted, and slightly ex-
panded geometries (linear scale ±0.5%) were performed to obtain electron 
densities, kinetic energy densities, and local components of the Kohn-Sham 
potentials. CP maps were then constructed using the core-unwarping proce-
dure, with contributions from the Ewald energy and Eα components being 
spatially distributed to achieve self-consistency between net pressures ob-
tained from contact volumes and atomic cells, as obtained from an iterative 
binary Hirshfeld (ibH) scheme,49,50 with the Atomic Pseudo-potentials En-
gine (APE) being called for the necessary free ion calculations.51 In this pro-
cess, it was found that trends and internal consistency of the CP schemes de-
pended on the electron configuration for the free-ion Pd calculations. For 
the schemes presented here, the ibH charge determinations were initialized 
with the Pd configuration 5s1 4d9

 (as opposed to the default of 5s04d10), with 
the 4d orbital accommodating any additional electrons that were added over 
the course of the process; the results are very similar if the 5s orbital is used 
to accommodate these electrons.  The pressures within contact volumes 
were averaged and projected onto spherical harmonics centered on each 
atomic site.52 The CP schemes were visualized with spherical harmonics up 
to lmax = 4, using the in-house program figuretool2. 

3. RESULTS & DISCUSSION 
3.1 The electronic density of states of PdSn2. The 18-n rule for 

T-E intermetallics links electron count to structural connectivity. In 
this scheme, the T atoms are envisioned as reaching closed-shell 
configurations through the sharing of n electron pairs in multicenter 
T-T bonding functions. The rule also leaves margin for a number of 
electrons (m per T atom) to inhabit bonding functions not associ-
ated with the T atoms, typically in 2c-2e bonds, clusters, or other 
multicentered functions. The corresponding electronic configura-
tion is termed the 18-n+m bonding scheme. Though the 18-n rule 
provides an approach to describing the electronic structure of T-E 
intermetallics, on its own, it is not prescriptive: many 18-n+m bond-
ing configurations exist for any given electron count, i.e. 18-n+m iso-
mers. 

PdSn2 provides a promising case for studying preferences among 
18-n+m isomers, as it appears to represent a transition point between 
two simpler parent (n,m) isomers. Most compounds adopting the 
PdSn2 type have valence electron concentrations between 17.22 and 
18 electrons per T atom, (with one exception at 20.72 electrons/T), 
suggesting a narrow range of electronic stability.53-57 At a valence 
electron count of 18 electrons/Pd atom, the observed structure of 
PdSn2 has an apparent (n,m) configuration of (1,1), while the hypo-
thetical CaF2- and CuAl2-type forms would have configurations of 
(0,0) and (2,2), respectively.22 How well do these assignments cap-
ture the bonding in these competing structures?  

We begin with an electronic analysis to assess the validity of these 
bonding schemes and the (n,m) assignments. The total energies 

calculated for the three structures indicate that the PdSn2 type is the 
preferred structure type (see the Supporting Information). How-
ever, while the total energy for the CuAl2 type is 0.103 eV/formula 
unit higher, the value for the CaF2 type is only barely outcompeted 
by the PdSn2 type, by 5.00×10-3 eV/formula unit. This trend of 
E(PdSn2 type) ~ E(CaF2 type) < E(CuAl2 type) is found for both 
PBE-DFT and LDA-DFT. 

At the ideal (n,m) configurations, the Pd atoms in each structure 
should achieve closed shell configurations through the population of 
functions centered on individual T atomic orbitals, isolobal bonds 
(n), and main group-based cluster orbitals (m). The resulting elec-
tronic stability is typically correlated to the occurrence of a gap or 
pseudogap at the Fermi energy (EF) in the electronic density of 
states (DOS) distributions.  

However, calculations of the DOS distributions of PdSn2 in the 
three phases (Figure 2) indicate that this system does not fall into 
that category. Each DOS distribution is relatively flat near the EF, 
with faint minima being discernable for CaF2 and PdSn2, as noted 
previously in an electronic structure study of PdSn2 and its Sn-rich 
relatives in the Pd-Sn system.35 The shallowness of these variations 
is indicative of metallic character. These results are consistent with a 
recent study of the band structure of PdSn2, which concludes the 
phase has metallic behavior, with hole and electron pockets near the 
Fermi energy (EF).58 The holes are primarily attributed to Sn 5p 
bands, while electron pockets have Sn 5s, 5px, and 5py contributions. 

 

Figure 2. Electronic density of states (DOS) distributions of PdSn2 in 
the CaF2, PdSn2, and CuAl2 structure types, from left to right. Contribu-
tions to the DOS from the Pd 4d orbitals are shaded in black. 

Such a situation, however, does not mean that 18-n+m picture is 
inapplicable, just as some Zintl phases also lack pseudogaps but ex-
hibit structures perfectly in-line with the Zintl scheme.10,59,60 We note 
that the absence of striking pseudogaps at the Fermi energy in the 
DOS distributions also has precedence in some 18-n+m com-
pounds, which nonetheless have bonding interpretable in terms of 
18-n+m configurations. An obscured pseudogap can arise from the 
presence of unanticipated isolobal bonds, as in Ni3Sn-type YAl3,32 
T−T π-bonding in TiAl3,22 or the unexpected population of main 
group-based cages, as seen in IrIn3-type IrIn3

23 and IrAl4.61 In these 
cases, the Fermi energies were misaligned with respect to the nearest 
pseudogap. We will see in the next section how PdSn2 is another 
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example, with the 18-n+m scheme still providing a guide to the elec-
tronic structure. 

3.2. DFT-raMO analysis of PdSn2-type PdSn2. To examine 
whether the various plausible structures of PdSn2 represent compet-
ing 18-n+m isomers, we perform DFT-reversed approximation Mo-
lecular Orbital analysis (DFT-raMO).43 DFT-raMO uses the occu-
pied crystal orbitals obtained from a DFT calculation as a basis set 
for the reconstruction of localized molecular orbital-like target func-
tions. These reconstructions (raMOs) resemble Wannier func-
tions62,63 as linear combinations of crystal orbitals across the Bril-
louin zone. The quality of the raMOs is then assessed; if the raMOs 
exhibit expected angular characteristics and relative localization, 
electrons are sequentially assigned to the targeted functions. Other-
wise, the raMOs are rejected and returned to the basis set, and new 
hypotheses and target functions are formulated. DFT-raMO thus 
produces a molecular-like electronic scheme that accounts for all the 
electrons in the system, providing a direct means to validate a pro-
posed bonding scheme. 

In our approach to creating the DFT-raMO schemes for each of 
the competing structures for PdSn2, we attempt to reconstruct the 
most contracted valence orbitals of the Pd atom first (Pd 4d), then 
move to more diffuse orbitals (Pd 5s, 5p, and any isolobal bonds 
based on them), and then Sn based orbitals (Sn-Sn bonding func-
tions, if expected, and then individual 5s and 5p atomic orbitals).64 
DFT-raMO schemes for all three structures revealed bonding inter-
pretable in terms of the 18-n+m scheme.  

The raMOs for the observed structure of PdSn2 (Figure 3) are 
representative of the results obtained for the three structure types. 
The 4d atomic orbitals of the Pd atom are relatively contracted and 
fully occupied, accounting for 10 electrons/Pd atom. The Pd 5s ra-
MOs are also well-constructed but appear more diffuse; these orbit-
als account for another 2 electrons/Pd atom. Similarly, a Pd-Pd 
isolobal bond can be reconstructed for each Pd2 dumbbell, using as 
targets in-phase combinations of the Pd 5pz orbitals supplemented 
with bridging Sn contributions. For the isolobal bond raMOs, the 
representative isosurfaces show multicenter interactions, with major 
contributions from squares of Sn atoms bisecting the Pd-Pd interac-
tion (green surface) and capping the Pd antiprism units (light blue 
surfaces). Prominent back lobes are also present (light blue), which 
is consistent with the use of Pd 5pz orbitals in the target functions. 

The 18-electron configuration on the Pd atoms would then be 
completed by the filling of the Pd 5px and 5py orbitals with 4 elec-
trons/Pd atom. However, the Pd 5px and 5py orbitals are only par-
tially filled at 3.5 electrons in total, suggesting a depopulation of an-
tibonding π* interactions between the Pd 5p orbitals (see the Sup-
porting Information for a comparison of the π and π* reconstruc-
tions). 

Next, we turn to the raMO functions for the Sn-Sn bonds in the 
CuAl2-type layers, the proposed home of the m=1 electrons in the 
(n, m) = (1,1) scheme. These appear with a diffuse blue ovoid en-
compassing the Sn2 pair, with smaller out-of-phase contributions on 
the neighboring Sn atoms (which likely play the role of orthogonaliz-
ing the Sn-Sn bonding functions from each other). These Sn-Sn 
bonds in the CuAl2-type layers account for 0.97 electrons/Pd atom, 
just shy of the predicted m=1 count. The structure’s remaining 0.53 
electrons are found in delocalized Sn 5s-based functions.  

Altogether, the raMO results PdSn2 in its own type can be sum-
marized with an effective (n,m) configuration of (1.5, 1.5), with the 
non-integer values resulting from the transfer of 0.5 electrons from 
the Pd to the Sn. The corresponding schemes for the CaF2 and CuAl2 
type, described in sections S2 and S3 of the Supporting Information, 
can be understood in similar terms. For the CaF2 type, the expected 
(n,m) = (0, 0) is reflected in the near complete reconstruction of the 
Pd spd valence atomic orbitals to approximate filled 18-electron 
configurations. However, partial electron transfer from the Pd 5p or-
bitals to the Sn 5s leads to an approximate configuration of (0.25, 
0.25). In terms of the CuAl2 type, the expected isolobal bonds and 
Sn-Sn bonds for the (1,1) configuration are obtained, but the n and 
m are 0.5 electrons larger than expected, arising again from the trans-
fer of electrons from the Pd 5px and 5py orbitals.  

The consistent pattern of electron transfer between the nominally 
closed-shell Pd atoms and the Sn (larger for the CuAl2 and PdSn2 
types presumably due to the presence of Pd-Pd π* orbitals) contrib-
utes to the absence of a clear electronic driving force favoring the for-
mation of these potential structures for PdSn2 over the others, with 
each representing a plausible 18-n+m isomer. How does the system 
select which structure type to form? As we will see in the next section, 
the presence of isolobal bonds and main group clusters have ramifi-
cations for the atomic packing for transition metal and main group 
atoms that shapes the preferences among the structures. 

Figure 3. DFT-raMO scheme for PdSn2 in its own type, summarized 
with representative raMO functions. The raMOs corresponding to the 
valence atomic orbitals of the Pd atoms are nearly full, except for the Pd 
5px and 5py orbitals. Pd-Pd isolobal bonds account for 1 electron/Pd 
atom, while Sn-based states account for 1.5 electrons, leading to an 
(n,m) configuration of (1.5, 1.5). Corresponding schemes for hypothet-
ical CaF2- and CuAl2-type forms of PdSn2 are presented in the Support-
ing Information.  
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3.3 DFT-Chemical Pressure Analysis. As electronic effects 
seem to only weakly influence the relative stabilities of the compet-
ing 18-n+m isomers for PdSn2, we now consider the potential effects 
of the atomic packing component. We begin by comparing the over-
all packing efficiencies of these plausible (n,m) isomers of PdSn2. 
The calculated densities for optimized geometries of the three struc-
tures are tabulated in Table 1. From LDA-DFT calculations, the 
CaF2 type occupies the most volume per formula unit at 65.43 
Å3/f.u., while the CuAl2 type is the densest at 60.55 Å3/f.u. Similar 
observations are made with PBE-GGA-DFT calculations. This trend 
is understandable from the presence of cubic voids in the former, 
while all the interstitial spaces in the latter are within distorted tetra-
hedra. The PdSn2 type, as an intergrowth of the two other types, has 
an intermediate density.  

From the differences in local geometry of these structure types 
and their densities, we can anticipate problems in the atomic packing 
in the parent structures. The larger void spaces in the CaF2 type 
could be unfavorable in terms of packing efficiency, while tetrahedral 
close packings, such as that found in the CuAl2 type, face the geo-
metrical impossibility of filling space with ideal tetrahedra.65 An in-
tergrowth of the two types, as provided by the PdSn2 structure type, 
may provide a less strained arrangement.  

Table 1. Calculated volume per formula unit (Å3/f.u.) 

Structure type LDA PBE 

CaF2 type 65.43 69.97 

PdSn2 type 62.75 67.31 

CuAl2 type 60.55 64.56 

To analyze these effects, we performed DFT-Chemical Pressure 
(CP) analysis on PdSn2 in the three structure types, yielding the CP 
schemes shown in Figure 4. The CP features on each atom are pre-
sented with radial plots whose surfaces represent the chemical pres-
sure experienced along different directions, with the signs of the 
pressure denoted by the surface color. White lobes denote positive 
pressure, where contacts are too short and would be relieved from 
an expansion of the structure. Conversely, black lobes represent neg-
ative pressures, where contacts are too long and would be relieved 
by contraction.  Note that as these structures are geometrically opti-
mized, their overall internal pressures are each 0; the CPs emphasize 
how this net situation emerges from competing interactions at dif-
ferent interatomic contacts. 

We begin our analysis with the CP scheme of CaF2-type PdSn2. 
Each Pd atom is encased in a white, cubic CP distribution whose 
lobes point towards the Sn atoms in the first coordination sphere at 
2.77 Å. These positive pressures between the Pd and Sn atoms indi-
cate that the Pd atom is too large for its coordination environment. 
These tensions would be soothed by an expansion of the structure. 
However, expansion is resisted by negative CP features along the Sn-
Sn contacts (shortest distances: 3.20 Å). The Sn network is already 
overly extended and instead would benefit from shorter interatomic 
distances. The overall result is a frustrated packing situation. 

Let’s turn now to the other parent structure, CuAl2-type PdSn2 
(Figure 4b). The Pd atoms, highlighted in blue, are decorated with 
dz2-shaped CP distributions, with a dumbbell of large negative CP 
lobes directed along c and a torus of positive CP around the equator. 
The relatively large negative CPs are aligned along Pd-Pd contacts 
(2.86 Å). However, the desire for shorter contacts here is limited by  

Figure 4. DFT-Chemical Pressure schemes calculated for PdSn2 in the 
(a) CaF2, (b) CuAl2, and (c) PdSn2 types. The shortest Sn-Sn interac-
tions in the CuAl2- and PdSn2 -type structures are denoted with orange 
cylinders. Enlarged versions of the CP distributions are shown to the 
right for one instance of each symmetry distinct site. 
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positive Pd-Sn CPs and the fact that each Pd atom is pulled in oppo-
site directions by its negative CP lobes. Altogether, on moving from 
the CaF2-type to the CuAl2 type, the positive Pd-Sn CPs have been 
joined by negative Pd-Pd ones, highlighting the expansion of the Pd 
coordination environment from 8 to 10 neighbors. This expansion 
is accompanied by a decrease in the net CP on the Pd atoms (CaF2 
type, +54.8 GPa; CuAl2 type, +5.2 GPa) both from the reduction of 
the magnitude of the positive Pd-Sn CPs and the introduction of 
negative Pd-Pd CPs. 

The strongest CP tensions for the CuAl2 type, though, do not di-
rectly involve the Pd atoms. Instead, large positive CP features along 
the shortest Sn-Sn contacts (2.95 Å, orange) stand out in the CP 
scheme. These contacts correspond to the Sn-Sn bonds we identi-
fied in our raMO analysis. From the CP viewpoint, these interactions 
involve shorter distances than desired, which are enforced by nega-
tive pressures toward the Sn atoms in the layers above and below 
along the c-direction. While the CuAl2 type provides an expanded Pd 
environment relative to the CaF2 type, it appears that in condensing 
the Sn-Sn contacts to provide more space for the Pd has led to new 
packing issues. Could the intergrowth of the two parent structure 
types to form the observed structure resolve these issues? 

The CP scheme of PdSn2 in its own structure type confirms this 
expectation. The magnitudes of its CP features are reduced in com-
parison to those of the parent structures, indicating a global relief of 
the packing tensions. For example, the insertion of the CaF2-type 
layers into the CuAl2 type truncates the chains of Pd-Pd contacts to 
Pd2 dumbbells, removing one negative CP lobe from each Pd atom 
and allowing that atom to form a shortened contact with its remain-
ing Pd neighbor. This displacement simultaneously enables the re-
duction of positive CPs between the Pd atoms and the Sn atoms in 
the CaF2-type layer. 

However, CP relief on the Pd atoms does not fully explain the 
preference for the PdSn2 type. In the CaF2 type, the Pd atom has a 
net CP of +54.8 GPa, reflecting its overly compressed environment, 
while the Pd atom in the CuAl2 type has a reduced net CP of +5.2 
GPa, which originates from negative CPs along isolobal bonds. At 
first glance, the smaller CP lobes in the intergrowth PdSn2 type 
would suggest that it has a lower net CP magnitude than either par-
ent structure. In fact, the balance of the positive and negative pres-
sures features on the Pd atoms leads to a net CP of +17.2 GPa, higher 
than those in the CuAl2 type.  

Perhaps then, the Sn atoms may contribute to these preferences 
as well, with the large positive Sn-Sn CPs that dominated the CuAl2 
type being a notable source of tension. In the PdSn2 type, the corre-
sponding Sn-Sn contacts continue to show positive CP, but now 
they are significantly reduced. At first glance, however, the appear-
ance of relief here is surprising: the Sn-Sn contact distance at these 
positive CPs in the PdSn2 type is 2.86 Å, which is shorter than that of 
its counterpart in the CuAl2 type (2.95 Å). How can a shorter dis-
tance lead to a less positive CP?  

A clue is offered by the broader context for these relatively short 
Sn-Sn contacts in the two structures. In the CuAl2 type, this contact 
appears as a shared edge between two elongated Sn tetrahedra, with 
negative Sn CPs to the other atoms in the tetrahedra acting against 
the positive CPs. In the PdSn2 type, the insertion of CaF2-type layers 
has led to a more open Sn sublattice. The Sn atoms bearing the Sn-

Sn positive CPs now have fewer Sn neighbors, which could allow 
shorter contacts to the remaining ones.  

3.4 Frustration between interatomic CPs: The CP angular 
correlation (CPcor+). Such effects relate to the ways the different in-
teratomic interactions involving a common atom influence and con-
flict with each other, which can be difficult to estimate from a visual 
inspection of the CP schemes. To better explore the phenomenon of 
frustration between the chemical pressures of interatomic contacts, 
we define the CP angular correlation (CPcor) function for a pair of 
contacts with a shared atom:  

            𝐶𝑃௖௢௥,௜,௝,௞ = −𝑣௝௜𝑣௝௞𝑃௝௜𝑃௝௞൫𝑢ො௝௜ ∙ uො௝௞൯  (1) 

Here, the indices 𝑖, 𝑗, and 𝑘 represent atoms in the structure where 𝑗 is the shared atom between contacts 𝑗𝑖 and 𝑗𝑘 (Figure 5); 𝑣௝௜  is the 
contact volume associated with interaction between atoms i and j (as 
determined by the Hirshfeld-inspired assignment), 𝑃௝௜  is the corre-
sponding chemical pressure, and 𝑢ො௝௜  is the unit vector pointing from 
atom j to atom i. The -1 factor sets the sign for convenience such that 
frustrated interactions correspond to positive values.  With this def-
inition, each CPcor,i,j,k element is a scalar with units of (volume×pres-
sure)2.  These values can be conveniently written in terms of energy2, 
but one should keep in mind they are based on volumes and pres-
sures that play different roles:   the pressures signify interatomic 
stresses, while the volumes weigh the relative importance of each in-
teraction to the structure.   

The level of frustration experienced by an atom can be gleaned by 
the sum of all positive CPcor values, normalized by the number of for-
mula units per cell, Z,           𝐶𝑃௖௢௥ା = ଵ௓ ∑ 𝐶𝑃௖௢௥,௜,௝,௞௜,௝,௞  with 𝐶𝑃௖௢௥,௜,௝,௞ > 0 (2) 

Where the sum over i, j, and k can be over all atoms to capture a com-
prehensive view of a structure’s frustration or tailored to include all 
symmetrically equivalent pairs of contacts for a feature of interest. 
Pairs of interactions with negative CPcor values also arise, but we will 
pay less attention to these as they do not reveal packing tensions in 
themselves. 

Figure 5. Schematic illustration of the parameters entered into the an-
gular CP correlation function, CPcor. See Equation 1. 

Let’s first illustrate this approach for a structure where the packing 
tensions are straightforward, CaF2-type PdSn2. A key competition in 
this structure is between Pd-Sn and Sn-Sn contacts. The interatomic 
CPs pointing from the shared Sn atom to the Pd atom are positive, 
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indicating a desire to expand that contact (Figure 6, top left). How-
ever, the CPs between that Sn atom to a neighboring Sn atom in the 
cube surrounding the Pd atom are negative, indicating a desire for a 
shorter contact. Because the projection of the vectors is positive, i.e. 
they have components that point in the same direction, the CPs of 
the Pd-Sn and Sn-Sn interactions contradict each other, leading to a 
CPcor+ value of 8.76 eV2. 

Figure 6. The CaF2-type PdSn2 CP scheme annotated with red lines for 
contacts corresponding to the CPcor+ values. 

Similarly, interatomic CPs that share the same sign but point in 
opposite directions impart local frustration on the shared atom. This 
effect is observed in the Sn sublattice (Figure 6, bottom) where the 
negative interatomic CPs pull on the shared Sn atoms along its cubic 
network, which desires shrinkage (CPcor+ = 8.08 eV2). The Pd atoms, 
however, experience even more aggravated pressures: large positive 
CPs point outward from the Pd atom to Sn atoms along the diago-
nals of the cube (Figure 6, bottom right). These positive CPs push 
on the Pd atom, resulting in a highly frustrated local environment. 
The CPcor+ value here for the opposing Pd-Sn contacts is 11.40 eV2, 
and in fact, is the highest CPcor+ value per pair of interatomic interac-
tions for all three structure types of PdSn2 (see the Supporting Infor-
mation for full tables of CPcor+ values). 

We are now ready to apply this type of analysis to a comparison of 
the CuAl2 and PdSn2 types. For the CuAl2 type, while the positive 
Pd-Sn CPs encountered in the CaF2 type persist, these interatomic 
CPs are less intense and their vectors are offset by the twist of the 
square antiprism, leading to a CPcor+ value of 6.48 eV2 (Figure 7a, ②). In addition, the large negative CPs along the chain of Pd atoms 
pull them in opposite directions (CPcor+ = 3.66 eV2) and hinder pos-
itive Pd-Sn CPs in the same directions (CPcor+ = 3.24 eV2). Clearly, a 
transition from the CaF2 type to the CuAl2 would not resolve all of 
the packing tensions around the Pd atoms. 

The Sn sublattice in the CuAl2 type exhibits substantial frustration 
as well. The aforementioned conflict between the positive CPs of the 
shortest Sn-Sn contact and the negative CPs of other Sn-Sn contacts 
that form the tetrahedra creates a CPcor+ value of 9.60 eV2 (Figure 7a, ①), higher than any value found among the Pd-centered interac-
tions. The packing situation in the CuAl2 type is nearly as frustrated 
as that in a CaF2-type form.  

How do the packing tensions in the intermediate PdSn2 type com-
pare? Let’s start with the CPs acting upon the Pd atoms. In the PdSn2 
type, the Pd atoms shift away from the CaF2-type layers towards the 
43243 nets. This anisotropy in the Pd coordination environment 
greatly reduces the CPcor+ values for Pd-Sn interactions, ranging from 
0.04 to 0.81 eV2, much smaller than the corresponding CPcor+ values 

in the parent structure types (②, Figure 7b). Pd-Sn/Pd-Pd tensions 
are also reduced with CPcor+ = 0.25 to 0.26. The CPcor+ values associ-
ated with the Pd atom are an order of magnitude smaller in the PdSn2 
type than those in the CaF2 and CuAl2 types, indicating that the in-
tergrowth structure is more suited to hosting the Pd atom. 

Relief is also observed in the Sn sublattice. Recall that the Sn-
Sn/Sn-Sn interactions in the CuAl2 type (marked ① in Figure 7a) 
had significant strain. We trace the analogous interactions in the 
PdSn2 type, where the Sn-Sn contact with the negative pressures is 
now 4.05 Å, much longer than the corresponding distance in the 
CuAl2 type (3.54 Å). At this longer distance, the pull between the 
Sn-Sn is understandably weaker. In this manner, the lengthening of 
the contact reduces the influence of the negative CPs upon the Sn 
atom. As the weaker negative Sn-Sn CPs do not oppose the positive 
S-Sn CPs as much as in the CuAl2 type, the CPcor+ value drops from 
9.60 eV2 in the CaAl2 type to 0.43 eV2. 

 
Figure 7. Key points of packing frustration in (a) CuAl2- and (b) PdSn2-
type versions of PdSn2, with the corresponding CPcor+ values highlighted 
in red. 

In our DFT-Chemical Pressure analysis, we now arrive at driving 
forces guiding the PdSn2 structure toward its observed 18-n+m iso-
mer. In the CaF2-type (n,m) = (0,0) form, positive CPs on the Pd 
atom indicate that it is too large for its environment, which leads to 
overly stretched Sn-Sn interactions in the Sn sublattice. The CuAl2-
type (2,2) form offers a solution to the positive net CPs on the Pd 
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atoms through the introduction of Pd-Pd isolobal bonds, which adds 
negative CPs onto the Pd atom site and expands the Pd coordination 
environments overall. The opening of space around the Pd simulta-
neously allows for the embedding of dedicated Sn-Sn bonding inter-
actions in the Sn sublattice. However, the Sn-Sn clustering intro-
duces frustrated tensions between CPs in the Sn sublattice: large 
negative CPs along Sn-Sn contacts between ab layers aggravate pos-
itive CPs within layers. It seems then, that while increasing the (n,m) 
configuration of the structures can open up the Pd coordination en-
vironment and shorten some Sn-Sn interactions, the CuAl2-type 
structure represents an overreaction, as CP frustration arises among 
the Sn atoms. 

The intergrowth PdSn2 type provides a more comfortable mid-
point between these extremes. The PdSn2 type expands the Pd coor-
dination environment by the presence of negative CPs along the one 
isolobal contact per Pd atom. Furthermore, the PdSn2 type solves 
the tensions that would be encountered in the Sn sublattice of the 
CuAl2 type by utilizing the CaF2 type layers as a way to increase the 
distance of interlayer Sn-Sn interactions and reduce their influence 
on the Sn sublattice. In this way, the (n,m) configuration of (1.5,1.5) 
granted by the PdSn2 type (along with the CoGe2 type, a stacking 
variant) emerges as the preferred 18-n+m isomer for PdSn2. 

4. CONCLUSIONS 
In this Article, we have investigated how electronic and chemical 

pressure (CP) factors interact to set structural preferences among 
competing 18-n+m isomers, using the compound PdSn2 as a model 
system. The 18-n rule provides (at least) three electronically feasible 
candidates for PdSn2: the CaF2 type (n,m) = (0,0), the CuAl2 type 
(2,2), and an intergrowth of these two potential forms, the PdSn2 
type (1,1). The electronic density of states distributions show no 
strong electronic preference between the structure types, while 
DFT-raMO analysis reveals that the 18-n+m isomers largely agree 
with their proposed 18-n+m bonding schemes with some additional 
electron transfer between the Pd and Sn. 

However, CP analysis and the newly introduced CP angular cor-
relation function, CPcor+, uncover different spatial requirements for 
their respective (n,m) configurations. As clusters of Sn atoms in-
crease (as in the PdSn2 and CuAl2 types), space opens for the Pd at-
oms and the formation of isolobal bonds, simultaneously increasing 
n and m. Increased isolobal bonding, in turn, introduces negative 
CPs into the Pd coordination environment, making it preferable for 
larger atoms. However, the Sn clustering can introduce frustrations 
among the increased number of interatomic contacts within Sn sub-
lattice. In the case of the CuAl2-type form (2,2), large positive CPs 
along the shortest Sn-Sn contacts work against negative CPs along 
other Sn-Sn contacts. 

The PdSn2 structure type, as an intermediate between the CaF2 
and CuAl2 types, offers a solution to these packing issues. The partial 
unraveling of the tetrahedral Sn atom packing in the CuAl2 type al-
lows some of the longer Sn-Sn contacts to lengthen substantially, re-
ducing their influence on the tension between positive and negative 
Sn-Sn CPs. In addition, the staggering of Pd positions, correspond-
ing to insertion of the CaF2-type layers into the CuAl2 type termi-
nates one of each Pd atom’s two Pd-Pd isolobal bonds. As a result, 
the remaining Pd-Pd contact can contract along the negative CPs 
and move away from positive CPs in the CaF2-type layers.  

These conclusions suggest some design principles for T-E inter-
metallics, particularly in terms of structural trends in families of 18-
n+m isomers. When the T atom is relatively too large or the E sub-
lattice is overly-stretched, an increase the (n,m) values provides a 
means for a system to open the T atom coordination environment 
and tighten E-E interactions in the sublattice. In the reverse case, if 
the T atoms are too small or the E atoms are over-coordinated by E 
neighbors, the system cleaves an isolobal bond to tighten the space 
around the T atom and allows a more openly packed E sublattice. 
Following these principles, one might devise an experiment to stabi-
lize PdSn2 in the CaF2 type by partially substituting the Sn with Ge, 
a smaller E atom. We look forward to exploring how these trends ap-
ply to preferences among other 18-n+m isomers in T-E intermetal-
lics, as well as how new bonding features such as the recently recog-
nized 3c-2e T-T isolobal bonds24 integrate into predictive models for 
these materials. 

ASSOCIATED CONTENT  
Optimized geometries and computational parameters for CaF2-, CuAl2-, 
and PdSn2-type PdSn2; DFT-raMO analyses for the CaF2- and CuAl2-
type forms of PdSn2; Psphere values for the sequences of raMO reconstruc-
tions; tables of CPcor values pairs of interatomic interactions. This mate-
rial is available free of charge via the Internet at http://pubs.acs.org. 

 

Interactive DFT-CP schemes and other computational details are avail-
able on the Intermetallic Reactivity Database and can be accessed 
through the following digital object identifiers (DOIs): PdSn2 (CaF2 
type): https://doi.org/10.48704/ird_PdSn2_CaF2, PdSn2 (CuAl2 
type): https://doi.org/10.48704/ird_PdSn2_CuAl2, PdSn2 (own 
type): https://doi.org/10.48704/ird_PdSn2. 
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Synopsis: We explore the driving forces stabilizing one 18-n+m isomer over another in PdSn2. The DFT-reversed 
approximation MO method establishes that PdSn2 and its hypothetical parent structures can be regarded as 18-
n+m isomers. DFT-Chemical Pressure analysis reveals how the observed PdSn2 structure balances the conflicting 
requirements of Sn-Sn clustering and expansion of the Pd environment, and points to generalizations where in-
creased main group ligand clustering (+m) and isolobal bonds (+n) can accommodate different atomic space 
requirements. 


