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ABSTRACT: While simple close-packed arrangements convey a sense of optimization, they can in fact host competition between different 
types of interactions.  The TiAl3 structure type, for example, represents one of a series of ordered TE3 variants (T = transition metal, E = main 
group element) of the face-centered cubic structure, alongside the AuCu3 and ZrAl3 types.  These structures differ in their T-T connectivity 
corresponding to the 18−n rule: electronic pseudogaps occur at electron concentrations of 18−n/T atom, where n is the number of electron 
pairs each T atom shares with other T atoms in T-T isolobal bonds.  Facile stacking variations interrelate these structures, presumably setting 
the stage for an electronically precise series.    However, the prototype of the TiAl3 type itself violates the 18−n rule, with its count of 13 elec-
trons/Ti atom calling for n = 5 rather than the 4 isolobal T-T bonds/T atom available in this type.  Here, we investigate the factors underlying 
this deviation from the 18−n rule, and their relation to the new TiAl3-type compound ZrAl3-xSnx (x ~ 0.4).   First, the relative stabilities of the 
TiAl3 and ZrAl3 types are compared for TAl3 compounds (T = Zr and Ti). While for T = Zr the structure adhering to the 18−n rule is highly 
preferred, for T = Ti the energy difference essentially vanishes.   This trend is connected through DFT-Chemical Pressure (CP) analysis to a 
tension that emerges in TiAl3 between the optimization of the T-T isolobal bonds and the space requirements of Al-Al contacts elsewhere. This 
picture elucidates the transition of ZrAl3 from its own type to the TiAl3-type upon partial Sn substitution in ZrAl2.6Sn0.4:  the incorporation of 
Sn brings the electron count closer to that predicted for the TiAl3 type, while electronegativity and CP direct the larger Sn atoms to the site that 
resists isolobal bond formation in TiAl3.  

1. INTRODUCTION 
It is sometimes the exceptions to a rule that teach us the most 

about chemistry.  Violations to the octet rule of main group mole-
cules, the limitations on rotational symmetries in periodic structures, 
and the 18-electron rule of coordination compounds point to the 
wider realms of hypo- and hyper-valent bonding,1-3 quasicrystalline 
order,4-6 and transition metal reactivity and catalysis,7-9 respectively.  
In terms of the last of these, a broader potential for the 18-electron 
rule is apparent in its extension to the structural chemistry of inter-
metallic phases.  This extension takes the form of the 18−n rule for 
T-E compounds (T=transition metal, E = main group element): for 
a T atom to achieve a closed shell electron configuration it requires 
18−n electrons, in which n is the number of T-T contacts supported 
by surrounding E atoms to create a multicenter function isolobal to 
a classical bond.10   While this bonding scheme has been applied to 
over 46 intermetallic structure types (representing hundreds of com-
pounds), it remains unclear under what conditions it will be broken 
and what lessons about structural chemistry such exceptions have to 
offer.10  

A prominent exception to the 18−n rule is TiAl3, the prototype 
for a structure type that is adopted by 19 binary compounds.11,12 This 
compound belongs to a broader TE3 series consisting of three closely 
related structure types: AuCu3 (as adopted by ScAl3), ZrAl3 and 
TiAl3.13-19 Each of these structures is based on ordered variants of the 
FCC structure.20,21 In the AuCu3-type ScAl3, T atoms form a primi-
tive cubic arrangement (through sharing square faces of their Al12 
cuboctahedral coordination environments) giving each T atom an 

octahedral arrangement of six T atom neighbors (Figure 1, left). In 
the ZrAl3 type, this network is broken up by shifts in the stacking into 
layers of T cubes, reducing the number of T neighbors to five: four 
in the ab plane making square nets plus a fifth along c (Figure 1, mid-
dle). This breakdown of the T-T connectivity continues in the TiAl3 
type where the T atoms now form square nets of T atoms (Figure 1, 
right), such that each has four T neighbors. Overall, these differing 
arrangements provide each structure with a different number of T-T 
contacts: six for AuCu3, five for ZrAl3 and four for TiAl3, which ac-
cording to the 18−n rule should prefer different electron counts.22 

Previously, this electron deficiency in TiAl3 was rationalized in 
terms of the compensatory effect of Ti-Ti π interactions, but this pic-
ture alone does not explain why TiAl3 deviates from the 18−n rule 
while the isoelectronic ZrAl3 and HfAl3 compounds adhere to it.10 In 
this Article, we will investigate the factors that hinder the Ti atoms 
of TiAl3 from optimizing its bonding scheme with a fifth isolobal 
bond.    We start by comparing the energetics of the TiAl3 (n = 4) 
and ZrAl3 (n = 5) structure types for T = Ti and Zr, discovering that 
the advantages to following the 18−n rule are significantly lower in 
the former case.  This will be traced to Chemical Pressure (CP)23-26 
issues in the formation of isolobal bonds, where the fifth isolobal 
bond demands compression of overly short Al-Al contacts elsewhere 
in the structure.  With this theoretical picture in hand, we will then 
present the synthesis and crystal structure of a new TiAl3-type com-
pound, ZrAl3-xSnx (x ~ 0.4), with the site-preferences and higher 
electron count of the Sn atoms serve to destabilize the n = 5 structure 
of the unsubstituted compound ZrAl3.  In this way, TiAl3’s violation 
of the 18−n rule points the way to a broader scheme for how isolobal 
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bonds interact with atomic packing constraints in intermetallic 
structures.  

Figure 1.  Series of TAl3 (T = transition metal element) structures based 
on different stacking arrangements of the FCC structure. In each 
structure the number of T-T contacts dictates an ideal electron count 
predicted by the 18−n rule.   

2. EXPERIMENTAL SECTION 
2.1. Electronic structure analysis. Structure optimization and the cal-

culation of total energies, band energies and density of states (DOS) distri-
butions were performed for TAl3 structures (T = Ti and Zr) in the ZrAl3 and 
TiAl3 types using the Vienna ab initio Simulation Package (VASP). 27-30 The 
calculations employed the projector augmented wave (PAW)31,32 potentials 
provided with the program and the generalized gradient approximation 
(GGA)31-33 and were carried out in the high precision mode (corresponding 
to an energy cutoff of 240.437 eV).  16 × 16 × 4 and 16 × 16 × 8 Γ centered 
k-point meshes were used for ZrAl3-type and TiAl3-type structures, respec-
tively.34  Gaussian broadening was applied to the DOS distributions to make 
their general features more apparent.   In addition, atomic charges were ob-
tained from the electron densities using the Quantum Theory of Atoms in 
Molecules (QTAIM) approach using the Bader program.35-38   

Energetic contributions to the various interactions in the isolobal bond-
ing functions were also analyzed using the reversed approximation Molecu-
lar Orbital (raMO) method.39,40 For this analysis, best fit Hückel parameters 
were refined against the DFT results using the eHtuner program41 and the 
resulting parameters were used to calculate the simple Hückel Γ point Ham-
iltonian matrix for a 3 × 3 × 2 supercell. This matrix was then loaded into the 
in-house MATLAB program raMOmovie for the raMO reconstructions.   
Additional computational details, including a table of the DFT-calibrated 
Hückel parameters are provided in the Supporting Information. 

2.2. DFT-Chemical Pressure (CP) Analysis. DFT-CP schemes were 
generated for AuCu3-, ZrAl3- and TiAl3-type versions of both ZrAl3 and TiAl3 
as well as 3 ordered models of TiAl3-type ZrAl2Sn. First, the geometries of 
the phases were optimized with the ABINIT42-45 program using LDA-DFT 
and Hartwigsen-Goedecker-Hutter (HGH)46 norm-conserving pseudopo-
tentials.  The energy cutoff was set to 40 Ha, while the k-point meshes are 
provided in the Supporting Information. Single-point calculations were then 
carried out at the cell’s equilibrium geometry as well as slightly expanded and 
contracted volumes to generate the kinetic energy densities, electron densi-
ties, and wavefunctions at each volume, as well as the local components of 
the Kohn-Sham potential. The wavefunctions used to resolve the nonlocal 

pseudopotential energy into atomic contributions using the in-house pro-
gram nonlocal_15o3.26 The output of these calculations was then used as in-
put in the DFT-CPpackage2 program, with which the CP maps were gener-
ated using the core-unwarping process and the separation of the EEwald and 
E⍺ terms into localized and itinerant components.26   The pressure maps were 
divided into contact volumes based on the Hirschfeld-inspired scheme, 
within which interatomic pressures were obtained by averaging and pro-
jected onto atom-centered spherical harmonics (l ≤ 6). The resulting 
schemes were visualized with an in-house MATLAB program.  

For the determination of the contact volumes, free-ion electron densi-
ties were generated with the Atomic Pseudopotentials Engine (APE)47, with 
charges set to fractions of those obtained in the Bader analysis (on the GGA-
DFT electronic structures from VASP; see above). CP schemes were plotted 
with differing ionicities as a percentage of the total Bader charge. In the main 
text, we show results for neutral (0%) ionicity, while additional schemes are 
given in the Supporting Information.  The ionicity dependence was found to 
be significantly reduced by mapping the atomic nonlocal energies in propor-
tion to the valence electron density surrounding the respective atomic cen-
ters (rather than using length-scales involving the non-local projector oper-
ators), and this approach was adopted for this work. 

The determination of itinerant and localized electrons for the partition-
ing of the EEwald and E⍺ terms was determined for each structure through a 
calibration of CPs at highly expanded and contracted volumes (centered at 
linear scales of 120 % and 80 % of the equilibrium geometry, respectively). 
At both the highly expanded and contracted geometries, the number of lo-
calized electrons on each atom was tuned so that the pressures on each atom 
were approximately equal in magnitude (while keeping the number for the 
site with the most negative initial pressure equal to 0). The number of local-
ized and itinerant electrons used in the equilibrium volume schemes was the 
average of those obtained for each site for the expanded and contracted 
structures. 

2.3. Synthesis. Samples of ZrAl3-xSnx were prepared by grinding to-
gether mixtures of the elements (Zr powder, Strem, 99.5%; Al powders, 
Strem, 99.7%; and Sn powders, Alfa Aesar, 99.8%) with Sn-rich Zr:Al:Sn 
compositions of 1:2.5:2 and 1:3:2, and total sample masses of about 0.5 g. 
The samples were poured into alumina crucibles, each of which was placed 
in a fused silica tube and capped with another alumina crucible. The tubes 
were then sealed under vacuum and heated in a muffle furnace to 900°C in 
12 h, held there for 24 h, and then quickly cooled to 600°C, where they were 
annealed for 2 weeks. The samples were then either quenched into ice water 
or cooled to room temperature at a rate of 20°C/h. All synthesis yielded dark 
gray block-shaped crystals suitable for single crystal X-ray diffraction analy-
sis.  

2.4. Powder X-ray Diffraction Analysis. Portions of each sample were 
ground to a powder with an agate mortar and pestle, then mounted on a zero-
diffraction Si background plate. Powder diffraction data were measured with 
a Bruker D8 Advance Powder X-ray Diffractometer with Cu Kα radiation (λ 
= 1.5418 Å), over a 2θ range of 10-90° with a 0.02° increment size and a 0.9s 
exposure time. The resulting patterns were analyzed with the Match! Soft-
ware.48  

2.5. Single Crystal X-ray Diffraction Analysis. Dark gray colored 
block-shaped crystals were picked from the samples and mounted on glass 
fibers with epoxy. The crystals were analyzed on an Oxford Diffraction Xcal-
ibur E Diffractometer equipped with a Mo Kα (λ = 0.71073 Å) sealed-tube 
X-ray source at room temperature or a Bruker Quazar APEX2 diffractometer 
also equipped with a Mo Kα IμS source. The CrysalisPro49 software and 
APEX350-52 software were used for the generation of the run lists and pro-
cessing frame data. Data sets of the crystals were indexed with tetragonal unit 
cells with a ≈ 3.97 – 4.00 Å and c ≈ 9.08 - 9.12 Å. Analysis of systematic ab-
sences suggested the space group I4/mmm. Three symmetrically distinct 
atomic positions were assigned using a charge flipping algorithm as imple-
mented by the SUPERFLIP program.53,54 The resulting solution was refined 



3 

on F2 in JANA2006.55,56 One symmetry distinct atomic site exhibited com-
positional disorder and was modeled as Al/Sn mixed site with a total occu-
pancy of 1.0.   

2.6. Elemental Analysis with Energy Dispersive X-ray Spectroscopy 
(EDS). Fragments of the samples were cured in epoxy and polished with di-
amond lapping films at decreasing grit (9-0.5 μm) to achieve a smooth flat 
surface. The samples were then carbon coated (20 nm) and analyzed in a 
Hitachi S-3100N scanning electron microscope (voltage = 30 keV) 
equipped with an Oxford Instrument X-Act EDS detector and analyzed us-
ing the Oxford Instruments Aztec software package (version 3.2). Imaging 
in the backscattered electron mode showed two distinct compounds embed-
ded in a Sn matrix, one appearing dark gray (ZrSn2) and the other lighter 
gray whose composition was measured as ZrAl2.73(5)Sn0.43(3) (from an average 
over 13 points).  

2.7. Phonon Band Calculations. To validate the CP schemes, phonon 
band structures of TiAl3-type ZrAl3 with both semicore and valence only 
HGH pseudopotentials,46 as well as TiAl3 in both the TiAl3 and ZrAl3 struc-
ture types, were calculated using the linear response method in ABINIT.43-45  
The optimized geometry was used to produce a q-point for each k-point in 
the Γ-centered mesh. Non-self-consistent calculations were then done at 
each q-point to produce linear-response functions. From these results, the 
ABINIT utilities mrgddb and anaddb were used to determine force con-
stants.42 The resulting phonon modes were visualized with the inhouse 
MATLAB program Figuretool2 and are presented in the Supporting Infor-
mation. 

3. RESULTS AND DISCUSSION 
3.1.  Relative Stabilities of the TiAl3 and ZrAl3 Structure 

Types.  Our investigations into the TiAl3 and ZrAl3 structures are 
rooted in the question of why two compounds based on isoelec-
tronic metals crystallize in different structure types. The intercon-
version between the TiAl3 and ZrAl3 types can be thought of as shifts 
in the stacking of layers of T@Al12 cuboctahedra, resulting in differ-
ent ordered variants of the FCC structure. As the primary difference 
that emerges from these structures is the T-T connectivity, it seems 
surprising that one compound would prefer a structure with the 
Fermi energy in a pseudogap (following the 18−n rule), while the 
other would take an alternative arrangement.  In this section, we will 
begin exploring the driving forces here with comparisons of the en-
ergetics of TAl3 (T = Ti and Zr) structures in these two types.   

The energies of formation calculated with GGA-DFT for TAl3 
(T = Ti and Zr) in the TiAl3 and ZrAl3 types are plotted in Figure 2. 
Here, the formation energy of the experimentally observed structure 
type for each compound is plotted as a solid horizontal line, while 
that for the hypothetical alternative is indicated with a dotted line.  
Overall, the formation energies are all negative in the range of -2.0 
and -1.5 eV/FU.  They are more negative for the Zr-containing 
phases, regardless of structure type, suggesting a higher impetus for 
compound formation in the Zr-Al system than in the Ti-Al one.  

Let’s begin by examining the energetic trends for the T = Zr case.  
The ZrAl3-type structure is lower in energy, consistent with experi-
mental observations.  The hypothetical TiAl3-type structure lies ~0.1 
eV/FU higher in energy.   These results align with the expectations 
of the 18−n rule, in which the n = 5 ZrAl3 type matches the 13 elec-
tron/Zr atom count of the compound.  The TiAl3 type is missing one 
T-T contact for each T atom, and the ~0.2 eV cost per T2 pair to 
adopt this structure could be interpreted as an effective strength of 
the T-T isolobal bond.   

The case for T = Ti, the same order is observed in terms of the 
energies, but the energy difference is now much smaller, being only 

about ~0.03 eV/FU.   The stabilizing effect of adhering to the 18−n 
rule here thus appears greatly reduced.  In fact the structure with the 
slightly higher energy (at T = 0 K, where entropic effects do not 
come into play) is the one generally associated with this compound, 
aligns with the observation that TiAl3 slowly transforms to a ZrAl3-
type variant at (relatively) low temperatures.57  The weakened po-
tential for T-T isolobal bonding in TiAl3 led us to investigate how 
the electronic and atomic packing situations change between ZrAl3 
and TiAl3 to create this effect.   

Figure 2. GGA-DFT energies of formation of TAl3 (T = Zr and Ti) in 
the ZrAl3 and TiAl3 structure types.  The formation energies for 
experimentally observed compounds are shown with solid lines, while 
those for hypothetical structures are given with dotted lines.  Note that 
the structure predicted by the 18−n rule, the ZrAl3 type, is preferred in 
both cases, but the energy difference is smaller for T = Ti.   

3.2.  Electron Counting in the ZrAl3 and TiAl3 Structure 
Types. The electronic density of states (DOS) distributions of the 
TAl3 compounds provide a window into how switching Zr with Ti 
influences the bonding scheme. Let’s begin with ZrAl3 in its own 
type (Figure 3, far left). Here, the Fermi energy (EF) lies in a 
pseudogap suggesting that the compound has a well-optimized elec-
tron count, much as a large HOMO-LUMO gap is correlated with 
stability in molecules. This reflects the structure’s adherence to the 
18−n rule. Here, each Zr has five proximal Zr neighbors (n = 5), such 
that 18 − 5 = 13 electrons needed per Zr atom, which matches the 
count given by ZrAl3’s stoichiometry (4 + 3 × 3 = 13).  Moving to 
ZrAl3 in the TiAl3 type (where n = 4 rather than 5) leads to a much 
less picturesque DOS distribution.  The EF now falls below the local 
minimum of the curve (Figure 3, middle left), reflecting that the 
electron count of 13 per Zr atom is deficient relative to the 18−n 
count of 14 for this type. These results affirm the electronic driving 
force for ZrAl3 to adopt the structure that follows the 18−n rule.  

As Ti and Zr are isoelectronic, one could expect analogous 
trends for TiAl3 in these structure types. Indeed, TiAl3 in the ZrAl3 
structure type exhibits a clear DOS minimum at the EF, in-line with 
it being an electron precise 18−n compound. Likewise, TiAl3 in its 
own type appears to be electron deficient with its EF falling below the 
pseudogap in the DOS curve.  This is consistent with the TiAl3 being 
one electron per Ti atom short of the 18 − 4 = 14 count needed for a 
complete 18 electron configurations in this structure.   
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Figure 3. GGA-DFT DOS distributions for TAl3 compounds (T =  Zr 
and Ti) in the ZrAl3 and TiAl3 structure types. In each curve, there is a 
clear pseudogap between -8 and -6 eV, corresponding approximately to 
their 18−n electron counts. Contributions of Zr and Ti d character are 
shaded in black. 

3.3. The Nature of the Isolobal Bond. Overall, then, the DOS 
distributions of the TAl3 compounds in these structures follow the 
expectations of the 18−n rule. Little indication is given for why the 
energetic cost for forming TiAl3 type (n = 4, electron poor) rather 
than the ZrAl3 type (n = 5, electron balanced) would be 3 times 
lower for T = Ti than T = Zr.   As one of the most obvious differences 
between Ti and Zr is their atomic sizes (rZr = 1.6 Å and rTi = 1.47 Å),58 
a possibility is that the differing degrees of T-T bonding overlap in 
the two cases could play a role. To investigate this possibility, we 
now examine the isolobal bonding functions for these structures in 
more detail.    We first derive isolobal bonding functions for TAl3 
compounds (T = Ti and Zr) in the ZrAl3 and TiAl3 types using the 
reverse approximation Molecular Orbital (raMO) analysis.40  

Here, the occupied crystal orbitals of DFT-calibrated Hückel 
models of the structures are used as basis sets from the reconstruc-
tion of a multi-center function of s-like symmetry centered on T-T 
contacts within the structures.  The resulting functions are shown in 
Figure 4, where for each case a T2Al4 octahedron is decorated with 6 
in-phase hybrid orbitals pointing to the center of the polyhedron.  As 
they are constructed from similarity transforms on the occupied 
crystal orbitals, each of these represent an electron pair that exists in 
the full electronic structure.    

Once we have these functions, we can decompose their energies 
into Hamilton populations (HPs) corresponding to the onsite and 
pairwise contributions to the energy.  Below each of the raMO func-
tions in Figure 4, we compare the HPs for the T-T and T-Al interac-
tions.   One feature of note here is the relatively small magnitude of 
the direct T-T interactions, which are in most cases less than 0.1 eV.  
The stabilization provided by in-phase combination of T lobes ap-
pears instead to emerge overwhelmingly from their shared overlap 
with the bridging Al atoms.  Such is, of course, understandable from 
rather large T-T distances that are often seen in isolobal bonds, e.g. 
3.82 Å and 3.87 Å in the LDA-optimized structure of the T = Ti 
ZrAl3-type phase. 

Another trend is that the values for the T = Zr raMOs are uni-
formly more negative than the corresponding ones in the T = Ti 
functions, consistent with the Zr atoms’ larger size and more diffuse 
d orbitals.  In this way, the isolobal bonding functions in the T = Zr 
phases are indeed more stabilizing than in their T = Ti analogues.  
This difference on its own, however, hardly explains why the break-
ing the fifth isolobal bond per T atom in the ZrAl3 type to form the 

TiAl3 type should be essentially energy neutral for T = Ti.  In the next 
section, we will examine the role another factor, the size require-
ments of the atoms, plays in these trends.  

Figure 4. Energetics of isolobal bonds in (a) ZrAl3-type TiAl3 and ZrAl3 
and (b) TiAl3-type TiAl3 and ZrAl3. Hamilton populations (HP) for the 
Zr-Zr and Zr-Al interactions are generally more negative than their Ti-
Ti and Ti-Al counterparts. 

3.4. Atomic Packing Strains in ZrAl3 and TiAl3. The packing 
constraints and their potential role in impeding isolobal bond for-
mation in TAl3 compounds can be visualized with DFT-Chemical 
Pressure (CP) analysis. In this method, the macroscopic internal 
pressure of a compound is resolved into a 3D pressure map that is 
interpreted in terms of interatomic interactions, with positive and 
negative interatomic chemical pressures (CPs) corresponding to lo-
cal driving forces for the expansion or contraction of the structure.  
With this approach, we can examine how the degree of optimization 
of the T-T, T-Al, and Al-Al distances changes across the TAl3 series 
of FCC-derived structure types with different n values:  AuCu3 (n = 
6), ZrAl3 (n = 5), and TiAl3 (n = 4).  
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In Figure 5, we compare CP schemes calculated for the T = Ti 
versions of each of these structure types. Here, the pressures are plot-
ted radially around each atomic center, with the size of the lobe being 
proportional to the magnitude of the sum of the pressure contribu-
tions along that direction. The color of each lobe signifies the sign of 
the pressure: white for positive pressure (exhibited by overly short 
contacts desiring expansion), black for negative pressure (displayed 
by overly long contacts desiring contraction).  

Beginning with the AuCu3-type T = Ti structure (Figure 5a), the 
central Ti cation experiences isotropic positive pressures towards 
each of its 12 Al neighbors, signifying that Ti is too large for this co-
ordination environment and would benefit from the structure’s ex-
pansion. This is impeded, however, by the negative CPs along the 
Al-Al contacts.  Note that the effective Ti-Ti attraction expected 
from the presence of isolobal bonding does not appear to be urging 
shorter contacts here, with Ti-Ti contacts instead representing a 
compromise between overly-short Ti-Al distances and overly-long 
Al-Al ones.   

One might wonder how much the electron-rich nature of the 
structure (13 electrons/Ti from the stoichiometry compared to the 
12 electrons/Ti idealized by the 18−n rule) influences this balance 
of interactions.  The CP schemes for the ZrAl3- and TiAl3-type struc-
tures show qualitatively similar features.  As these are electron pre-
cise and electron poor structures, respectively, these similarities sug-
gest that the atomic packing factor are largely separable from place-
ment of the EF relative to the pseudogaps (at least for this range of 
deviations from the 18−n rule).      

Let’s now focus more closely on the CP scheme of the ZrAl3-type 
T = Ti structure (Figure 5b).  As we were just hinting, it shows many 
of the same features as the AuCu3-type structure: positive heteroa-
tomic Ti-Al pressures against a backdrop of predominantly negative 
Al-Al pressures.  There are important differences, however, in the lo-
cal details.  The positive CP surfaces surrounding the Ti atoms are 
now much less isotropic, as they are missing lobes toward the Al at-
oms on the side above or below where no Ti-Ti contact is present.  
The absence of one isolobal bonding contact has led to more optimal 
Ti-Al contacts. This asymmetry of the Ti coordination environment 
and CP scheme allows the Ti atoms to move off of the center of their 
cuboctahedral environments toward the remaining Ti neighbor 
along the c-axis, which could serve to strengthen the isolobal bonds 
at these contacts. 

Differences can also be perceived in the CPs of the Al sublattice.  
The majority of the Al-Al contacts experience negative CP, with the 
most intense being between layers along the c-direction where the 
AuCu3-type stacking is maintained.  However, the Al atoms at the 
stacking shift exhibit significantly smaller negative CPs. In fact, the 
contacts between the Al atoms within this ab-plane suffer from pos-
itive CP, with net interatomic pressures of +31.7 GPa.  At this point 
in the structure, the Al atoms are actually bumping into each other 
rather than struggling to get closer.   

The presence of positive Al-Al CP here represents a remarkable 
change in the balance of forces from the AuCu3-type T = Ti com-
pound.  In the AuCu3 type, the positive pressures were entirely 
within the Ti-Al interactions that bridge the isolobal Ti-Ti bonds, 
which were balanced by Al-Al negative pressures that encircle those 
same bonds.  In other words, both the forces calling expanding and 
contraction of the structure are directly involved in defining the 

shape of the TiAl4Ti octahedra that make up the isolobal bond.  In 
the ZrAl3-type, the Al-Al positive CPs at the stacking shift are not in-
volved in bridging any Ti-Ti interactions. Instead, they represent ex-
ternal resistance to the structural preferences of the isolobal bonds.  

Figure 5. CP schemes for TiAl3 in each of the TAl3 structure types with 
emphasis on the repeating T@Al12 cuboctahedral unit. (a) AuCu3-type 
TiAl3, (b) ZrAl3-type TiAl3 and (c) TiAl3-type TiAl3. 

Such competition can be seen by comparing the CP features of 
the Al atoms in these square nets with those on the square nets that 
provide bridging interactions to the Ti-Ti contacts oriented along c. 
The Al-Al distances in both square nets are constrained by periodic-
ity of the structure to be equal, at a/√2.  However, the Al atoms in-
volved in the isolobal bonds experience negative rather than positive 
CP (-31.6 GPa), pushing the volume of the structure in the opposite 
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direction. This unequal involvement is isolobal bonding leads to dif-
ferent preferences for the unit cell a parameter.   

Breaking the remaining isolobal bond along c, as in the TiAl3 
type, offers a path to resolving this issue.  Here, the Ti-Ti isolobal 
bonds are now restricted to square nets in individual ab-planes, with 
the in-plane Ti-Al contacts experiencing positive CP analogous to 
that in the other structures, and in fact small negative pressures have 
appeared between the Ti atoms and the Al atoms above and below 
them along c.  The Al atoms in these adjacent layers both represent 
stacking shifts relative to the original AuCu3 type.  As they are now 
symmetrically equivalent, the layers no longer have cause to com-
pete with each other.  Instead, both exhibit smaller in-plane Al-Al 
positive CPs (+20.4 GPa), consistent with the preference for longer 
distances of the Al-Al contacts less involved in isolobal bonds.  Over-
all, then, the CP analysis of the T = Ti series of structures indicates 
that the formation 18−n structure, the ZrAl3-type, comes with a cost.  
The Al-Al contraction around the remaining Ti-Ti isolobal bonds 
along c is resisted by positive pressures in the Al atom layers left out 
of these interactions.  Moving to the TiAl3 type soothes this tension, 
with lower Al-Al positive CPs appearing in the stacking shift layers, 
even while the resulting structure is one electron/Ti atom poor.      

How do these trends change as we go to T = Zr, where the ZrAl3 
type is the observed structure?  At first glance, the CP schemes for T 
= Zr structures (Figure 6) exhibit qualitatively similar features to 
those of their T = Ti analogues. The Zr cation experiences positive 
pressure from the Al neighbors bridging Zr-Zr isolobal bonds, with 
most of the Al-Al contacts showing negative CP.   

There are key differences, however, in the CPs of the shift layers 
of the ZrAl3- and TiAl3-type structures.   Whereas in the T = Ti layers 
positive CPs appeared between the Al atoms in the shift layers, in the 
T = Zr case, these are now negative.   Al-Al repulsion is no longer 
serving as a counter force resisting the contraction for the formation 
of isolobal bonds.  In fact, moving from the ZrAl3 type to the TiAl3 
type intensifies the negative pressure within the stacking shift layers.  
As such, ZrAl3 does not experience the same barriers as TiAl3 to the 
formation of the full five isolobal bonds needed to achieve 18 elec-
tron configurations on the T atoms.   

This difference can be attributed to the sizes of the T atoms.   As 
the Ti atoms are smaller than Zr ones, the ideal T-Al distances in the 
Ti-Ti isolobal bonds will naturally be shorter than in their Zr-Zr an-
alogues.  TiAl3 is thus more subject to crowding of the Al atoms away 
from the key T-Al interactions than ZrAl3 is.  From this picture, the 
scope of the 18−n rule becomes a little clearer:  while 18−n electrons 
will be required for each T atom to achieve a filled octadecet, the 
atomic packing factor can play a role in how many isolobal bonds can 
be formed.  In the next section, we will explore how these factors un-
derlie the transformation of the ZrAl3-type T = Zr phase to the TiAl3 
type when Al is partially substituted with Sn.   

3.5. Stabilization of the TiAl3 type in ZrAl3-xSnx. So far, we 
have focused on the factors leading to TiAl3 crystallizing in a struc-
ture that breaks the 18−n rule, uncovering how repulsion between Al 
atoms inhibits the formation of a fifth isolobal bond on each Ti atom.    
With this picture in hand, we can readily interpret a new experi-
mental observation we have made in the Zr-Al-Sn system.  This sys-
tem represents an intriguing realm for synthetic exploration  as no 
ternary phase diagram is available and no ternary structures are re-
ported in the Inorganic Crystal Structure Database (ICSD). 11,59  

Figure 6. CP schemes of ZrAl3 in each of the TAl3 structure types. (a) 
AuCu3-type ZrAl3, (b) ZrAl3 in its own structure type, and (c) TiAl3-
type ZrAl3. 

In our synthetic exploration of this system, we encountered a 
new compound of relevance to the factors stabilizing the TiAl3 struc-
ture. In our first such experiment, we annealed a Zr:Al:Sn mixture 
(1:2.8:2.3) using a temperature profile involving a short 24 h period 
at 900°C to promote melt formation and 2 weeks of annealing at 
600°C.  The powder X-ray diffraction pattern of the product is pre-
sented in Figure 7a, where peaks for ZrSn2 and unreacted Sn are 
joined by indications of third phase whose peaks could not be 
matched to any known compound.  EDS analysis of the sample con-
firmed the presence of ZrSn2 (measured composition: ZrSn1.95(6)), 
elemental Sn, and yielded the composition ZrAl2.73(5)Sn0.43(3) for the 
third phase (see Supporting Information).  
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In examining the sample, well-faceted, dark gray crystals were 
picked from the surrounding Sn matrix. Their single crystal X-ray 
diffraction patterns revealed a body-centered tetragonal unit cell 
with a ≈ 3.99 Å and c ≈ 9.09 Å. After the collection of full data sets, 
inspection of the systematic absences suggested the space group 
I4/mmm. The resulting structure solution yielded three crystallo-
graphically distinct positions consistent with the TiAl3 type, with 
one being assigned to Zr and the remaining two initially to Al. Re-
finement of this structure resulted in large Fourier difference peaks 
corresponding to additional electron density at one of these  Al sites 
(4d). This site was thus modeled as partially occupied by Al and Sn 
with a total occupancy of 1.0.   The refinement then led to a TiAl3-
type structure of composition ZrAl2.605(6)Sn0.395(6) with R(I>3σ) = 
0.98, and the largest residual electron density peak being less than 1 
electron/Å3. Details concerning this structure refinement are pre-
sented in the left-hand column of Table 1. 

Figure 7. Experimental investigation of ZrAl3-xSnx. (a) Powder X-ray 
diffraction pattern of the product from a sample with nomination 
composition Zr:Al:Sn = 1:2.8:2. The experimental pattern is shown 
above the dotted line as an intensity vs 2θ profile, while film strip 
representations of the experimental and simulated patterns are given  
below. (b) The crystal structure of ZrAl3-xSnx with x = 0.41 refined 
against single crystal X-ray diffraction data, show with a ball-and-stick 
representation (left) and with 75% probability ellipsoids (right). 

After obtaining this new ternary Zr-Al-Sn compound, we set out 
to synthesize it in a more direct fashion. Samples were prepared with 
Zr:Al:Sn ratios ranging from near stoichiometric (1:3:0.5) to Sn rich 
(1:2:3) Each sample was characterized by powder X-ray diffraction 
and single crystal X-ray diffraction to assess the phase purity and 
crystal quality respectively. We noticed that better single crystal 
quality was obtained in Sn rich samples, suggesting that crystal 

growth is promoted within a Sn self-flux.60 In the single crystal refine-
ments from Sn-poor and Sn-rich samples, the Sn occupation on the 
mixed site differed by less than 1 at %, suggesting that the homoge-
neity range for this phase, if any, is extremely narrow (Table 1).  

In contrast to the ZrAl3-type structure of the unsubstituted x = 0 
end member, ZrAl3-xSnx (x ≈ 0.4) crystallizes in the TiAl3 structure 
type. Here, the Zr atoms are each coordinated in a cuboctahedral 
fashion by Al/Sn atoms. As shown in Figure 7b, within the main 
group sublattice a clear site Al/Sn preference can be noted between 
the two symmetry-distinct sites, the one positioned in the  Zr square 
nets perpendicular to c (the 2b site) or one lying between the Zr 
square nets (the 4d site).  The former site is found to be exclusively 
occupied by Al, while the latter exhibits mixing between Al and Sn.  

     

Table 1: Crystal Data for ZrAl3-xSnx Crystals from Samples with 
Different Sn Loadings 

Loading (Zr: Al:Sn) 1:0.75:2.8 1:2.8:2.3 

Refined Comp. ZrAl2..605(6)Sn0.395 ZrAl2.593(7)Sn0.407 

Crystal Color Dark gray with metallic sheen 

Crystal Dim. (mm) 0.04×0.03×0.03 0.03×0.03×0.04 

Radiation Source Mo Kα  (λ = 0.71073 Å) 

Collection Temp.  Room Temperature 

Pearson Symbol tI8 

Space Group I4/mmm (139) 

a (Å) 3.9909(9) 3.992(9) 

c (Å) 9.0876(19) 9.091(2) 

V (Å3) 144.74(6) 144.10(7) 

Abs. Coeff. (mm-1) 7.575 7.664 

ɵmin, ɵmax 4.49, 44.85 4.48, 45.31 

Number of Reflns. 9021 8042 

Rint(I>3σ, all) 2.20/2.22 5.12/5.30 

Unique reflns (I>3σ, all) 210, 208 182,210 

Number of Params 9 9 

R(I>3σ), Rw(I>3σ) 0.73, 0.79 2.03, 2.46 

R(all), Rw(all) 1.19, 1.20 2.28, 2.35 

S (I>3σ, all) 0.98, 0.82 1.47, 1.41 

Δρmax, Δρmin (e‒/Å3) 0.28, -0.28 1.02, -1.03 
 

In the anisotropic thermal ellipsoids, there is one notable feature 
(Figure 7b, right).  The probability ellipsoid for the Al atom at 2b 
site exhibits significant elongation along c, whereas those of the re-
maining sites are more spherical.  Our CP schemes for the TiAl3 type 
in Figures 5 and 6 offer an explanation of this anisotropy:  the CP 
distribution around this site bear negative pressures directed along 
±c, and positive lobes in the perpendicular directions.  Such quadru-
polar CP distributions are associated with soft atomic motions, as 
can been seen in the lowest frequency optical modes at the Γ point 
in the Supporting Information.  Another potential contributing fac-
tor is the Sn/Al mixed occupancy in the layers of 4d sites above and 
below, which could create more static displacements.61      
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3.6. Electronic Relief in ZrAl3-xSnx. As we saw above, the syn-
thesis and experimental characterization of ZrAl3-xSnx demonstrates 
that partial substitution of Al by Sn in ZrAl3 leads to a transition to 
the TiAl3 type.  Let’s examine how this structural change can be un-
derstood in terms of the atomic size and valence electron count, fac-
tors shaping the relative stabilities of these two types.   We begin with 
the electronic considerations.  According to the 18−n rule, the ZrAl3 
and TiAl3 types are electronically optimized at 13 and 14 electrons 
per T atom respectively.  For the x = 0 end member, the electron 
count is 13 electrons/T atom, making the observed ZrAl3-type struc-
ture electron precise.  However, as each Sn atom substituted into the 
phase brings one additional valence electron, we would expect that 
Sn incorporation would increasingly stabilize the TiAl3 type, with x 
= 1.00 corresponding to the ideal 14 electrons/T atom.    

To test this idea, we constructed an ordered model with compo-
sition ZrAl2Sn, in which Sn is placed on half of the 4d sites (those 
observed experimentally to have the highest affinity for this ele-
ment). An example of such a pattern is shown in Figure 8a.  

The resulting DOS distribution exhibits a clear pseudogap just 
below -6 eV in the midst of a dense block of Zr d states between -10 
and -4 eV.  The EF of the structure lies just above the DOS minimum 
of the pseudogap, corroborating the electronic precision of the struc-
ture predicted by the 18−n rule.  If we compare this to the situation 
of ZrAl3 in the TiAl3 structure type (Figure 3), it is clear that Sn sub-
stitution can play the role of raising the EF from the lower shoulder 
of the pseudogap to a more favorable position.   

Figure 8.  TiAl3-type ZrAl2Sn as an 18−n structure.  (a) An ordered 
model used in the electronic structure calculations, (b) The GGA-DFT 
DOS distribution calculated for this model.  Compare the placement of 
the EF here with that computed for TiAl3-type ZrAl3 in Figure 3. 

Of course, x = 1.0 corresponds to a higher level of Sn substitution 
than is observed in ZrAl3-xSnx, where x ~ 0.4. The close-correspond-
ences between the DOS distributions of TiAl3-type ZrAl3 and 
ZrAl2Sn, though, affirm that a simple rigid band model should be 
useful here.  One can imagine lower Sn incorporation to simply 
lower the EF relative to the DOS minimum.  In this way, the valence 
electron count becomes intermediate between the ideal values for 
the two structure types, shifting the degree to which the TiAl3 type is 
stabilized relative to the ZrAl3 type.       

3.7. Chemical Pressure and Electronegativity Guiding Sn 
Substitution. In our above analysis, we saw that Sn-substitution in 

ZrAl3 stabilizes the TiAl3 type ZrAl2Sn by increasing the valence elec-
tron count.  This picture on its own, however, does not account for 
the distinct Al/Sn site preferences observed in ZrAl3-xSnx nor does it 
address the potential role that the larger metallic radius of Sn may 
play.  In this final section, we will see how both factors contribute to 
the transition to the TiAl3 type. 

Elemental site preferences in intermetallics have long been in-
vestigated and can conceptually be interpreted by applying pertur-
bation theory to an unsubstituted reference system.  The major fac-
tors directing different elements to different sites are generally traced 
to differences in bonding strength (as through crystal orbital overlap 
or Hamilton population analysis) or to the differing electron popu-
lations on the sites (applying the notion of topological charge stabi-
lization).62-64 The DFT-CP method has also been recently applied in 
a complementary way, examining whether local pressures at a site 
could be soothed by substitution by a larger or smaller atom.65,66  
Here, we will consider how the atomic charges and CP scheme of an 
unsubstituted TiAl3- and ZrAl3-type T = Zr phase relate to the ob-
served Sn substitution pattern in ZrAl3-xSnx.  

We will begin by examining again the CP scheme of TiAl3-type 
ZrAl3 (Figure 9a). This scheme is dominated by positive heteroa-
tomic pressures between Zr and the in-plane Al atoms, which com-
petes with the largest negative CPs in the Al sublattice. The presence 
of positive Zr-Al and negative Al-Al CPs on these in-plane Al sites 
(the Al 2b site) gives them a much more positive net atomic pressure 
than the Al atoms in the planes above and below along c (the Al4d 
site):  +0.67 GPa vs. -9.41 GPa.    

These differing pressures are suggestive of different affinities for 
substitution by Sn.  The net positive atomic CP of the Al2b site 
shows the Al atom currently occupying the position is too large for 
its coordination environment.  The placement of a larger Sn atom 
there would not be expected to be favorable.  The negative pressure 
on the remaining site, however, tells of a better scenario for Sn incor-
poration:  the Al atom here is smaller overall than is optimal for this 
site, and a larger atom would be welcome.   From this, we would ex-
pect Sn to preferentially substitute in the Al4d site in the TiAl3 type.     

  In Figure 9, we test these expectations with CP schemes calcu-
lated for three ordered models of ZrAl2Sn:  one with Sn placed in the 
2b sites, the others with Sn occupying half of the 4d sites in patterns 
that are either staggered or unstaggered between adjacent layers.  
The placement into the 2b sites leads to the most intense Zr-Sn pres-
sures.  The unstaggered 4d configuration does not look much more 
favorable, with intense Zr-Sn pressures being counteracted by con-
centrated Sn-Al and Al-Al negative CPs.  By contrast, the staggered 
4d geometry has soothed CP features even relative to the unsubsti-
tuted compound ZrAl3.  This is also reflected in the energetics with 
the staggered geometry being more stable than the other configura-
tions by more than 0.4 eV per atom.   These results confirm the pre-
diction that Sn should prefer the 4d site, but add the caveat that their 
staggered placement is important.     

The atomic charges derived from a Bader analysis on the TiAl3-
type ZrAl3 structure yields a similar story. The Bader charges on the 
Al2b and Al4d sites are respectively -0.185 and -0.212. As Sn is more 
electronegative than Al (Pauling electronegativities:  1.96 and 1.61), 
it would be predicted to prefer the site with the more negative 
charge.  In this regard, the electronegativity factor concurs with the  
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Figure 9. CP schemes and relative energies for ordered models of a TiAl3-type ZrAl2Sn structure. (a) The CP scheme of TiAl3-type ZrAl3 for reference.   
(b) Full substitution with Sn at the 2b site. (c) Substitution with Sn at one half of the 4d positions with no staggering between ab-layers.  (d) A second 
ordered model of Sn substitution at half of the 4d positions, this time in a staggered manner such that the I-centering of the lattice is maintained. 

CP scheme in directing Sn toward the Al4d site, and these predic-
tions match the observed preferences in the structure refinement.  

These factors directing Sn to the 4d sites can also be connected 
to the stabilization of the TiAl3 type over the ZrAl3 one.  The 4d sites 
of the TiAl3 type make up the square nets of Al atoms defining the 
stacking shift layers that break up the T-T isolobal bonding frame-
work relative to the AuCu3 type.   In the ZrAl3 type, the frequency of 
these stacking shift layers is reduced by a factor of two, leading to 
only half the number of sites with a strong affinity for Sn.   A compo-
sition near ZrAl2Sn would involve near-complete filling of the stack-
ing shift layers with Sn.  As these are the points where Al-Al repulsion 
destabilized the ZrAl3 type with T = Ti, a high population of larger 
Sn atoms in these layers would likely create similar conflicts.     

4. CONCLUSIONS 
In this Article, we have investigated the factors leading TiAl3 to 

break the 18−n rule by forming its own type, even as the ZrAl3 type 
represents a plausible and electron-precise alternative.  By combin-
ing total energies, CP schemes, DOS distributions, and energy par-
titions in raMO functions, we saw that the favorability of the elec-
tron-precise ZrAl3-type structure vs. the TiAl3-type is significantly 
reduced for T = Ti relative to T = Zr.  This difference is traced to a 

simple packing issue:  given the smaller size of the Ti atoms, the for-
mation of the additional T-T bonds in the ZrAl3 type would require 
unfavorable contacts between Al atoms elsewhere in the structure.  
The conflicts encountered here between preferred T-T connectivity 
and atomic size requirements highlight how frustration can arise 
even in systems nominally derived from a coloring of the simple 
FCC structure.    

Following this theoretical exploration, we presented the synthe-
sis, structure, and analysis of a compound that illustrates these fac-
tors at work, ZrAl3-xSnx (x ~ 0.4).  The addition of Sn serves to pro-
mote a transition from the ZrAl3 type structure of the x = 0 end-
member to the TiAl3 type by (1) raising the electron count and thus 
reducing the drive for five rather than four isolobal bonds on each Zr 
atom, and (2) increasing the packing costs to maintaining the fifth 
isolobal bond. 

Both of these stories—the preference of TiAl3 for its own type 
vs. the ZrAl3 type, and the reverse transition upon incorporating Sn 
into ZrAl3—provide illustrations of the Frustrated and Allowed 
Structural Transitions (FAST) principle67-69 applied recently to the 
explanation of several incommensurately modulated structures.  
The FAST principle serves a guide to navigating situations where 
several factors, such as electronics and atomic packing factors  
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Figure 10.  Schematic energy landscapes for ZrAl3-xSnx structures in terms of the number of isolobal bonds (n) and Sn atoms (x) per Zr atom.   

commonly evoked in intermetallics, simultaneously influence the 
stabilities of two related structures.  It states that a structural trans-
formation (whether between two existing structures with changes in 
conditions, composition, etc. or from a hypothetical reference struc-
ture to a more stable one) is more likely to occur when those factors 
concur that the change is favorable (allowed transitions).  In cases 
where there is disagreement about the favorability of a structural 
change, the conditions under which the transition occurs are ex-
pected to be very limited (frustrated transitions).   

Within this framework, the formation of ZrAl3-type TiAl3 would 
be classified as frustrated since the electronic drive for five isolobal 
bonds around each T atom is resisted by the Al-Al repulsion it would 
create.  With this conflict, it is not clear immediately which of the 
structure types is preferable, and indeed the energy difference be-
tween them for T = Ti is calculated to be extremely small.   

By contrast, the transition to the TiAl3 type by partially substitut-
ing Al with Sn into ZrAl3 is allowed, as is shown schematically in Fig-
ure 10.  Here, we plot a qualitative energy landscape for electronic 
and atomic packing components in the ZrAl3-xSnx system, and how 
the energies vary with changes in Sn content and the number of 
isolobal bonds.  For x = 0, the ZrAl3 structure type has few relatively 
little packing issues and adheres to the 18−n rule.  It thus appears as 
a minimum in both maps.  As x is increased, the higher electron 
count of the Sn and its preference for the more sterically congested 
shift layers leads the minimum to migrate to the TiAl3 type.  There is 
potential for a valley to occur between (n, x) = (5, 0) and (4, 1), 
which could indicate the possibility for incommensurate derivatives 
to form.  Along these lines, an exciting avenue for future work is to 
determine if a similar balance of forces plays a role in the incommen-
surability exhibited by non-stoichiometric variants of TiAl3.70  

These results hint that while 18−n electron counts are quite fre-
quently associated with pseudogaps in intermetallic chemistry, the 
details of how and whether this rule is adhered to may be tightly co-

ordinated with atomic size effects.  In this case, we saw that quite dif-
ferent interatomic pressures arise at Al-Al contacts, even at the same 
distance, depending on their level of involvement with isolobal T-T 
bonds.  For the system with smaller T atoms, this created tension 
that largely negated the benefits of full realization of an 18−n bond-
ing scheme.  Similar situations could underlie other cases where the 
18−n rule is broken.   

Another intriguing possibility is that similar applications of the 
FAST principle could explain the conditions under which systems 
will place electrons in main-group-based bonding states distinct 
from the T atoms.  For example, the 18.33 electrons/T atom count 
of Ir3Sn7 corresponds to a pseudogap with 17 of those electrons be-
longing to Ir atoms in dumbbells (n = 1), and the remaining 1.33 
electrons/Ir atom populating Sn-Sn single bonds elsewhere in the 
structure.40  In such cases, the overall electron count for the system 
is given by a more general 18−n+m scheme, in which m electrons are 
held by the main group atoms independently of the T atoms.   
Through the addition of the m parameter, the same electron count 
can lead to different T-T connectivities, with increases in m simply 
being compensated by increases in n.  Atomic size effects of the type 
investigated here could determine which n, m configuration will be 
most favorable for a given combination of elements and composi-
tion.  We are excited about exploring this possibility through the the-
oretical investigation of isoelectronic structures with different values 
of n and m.       

ASSOCIATED CONTENT  
Supporting Information.  Additional crystallographic infor-

mation; Energy Dispersive X-ray spectroscopy data; additional com-
putational details; additional DOS distributions; CP schemes calcu-
lated with different free-ion densities corresponding to different per-
centages of the Bader charges comparison of CP features with se-
lected phonon modes.  Crystallographic Information Files (CIFs) 
have been deposited in the Inorganic Crystal Structure Database 
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Synposis: We investigate the factors leading TiAl3, to break the 18-n rule. DFT-Chemical Pressure analysis reveals a tension in TiAl3 
between the formation of the necessary T-T isolobal bonds and the space requirements of Al-Al contacts not supporting these interac-
tions. This picture elucidates the transition of ZrAl3 to the TiAl3-type upon partial Sn substitution to form the new phase ZrAl2.6Sn0.4, 
and may be generalizable to violations of the 18−n rule in other systems. 

 




