Hf>7SieP10, @ Nnovel metal-rich compound with P, groups
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The new ternary metal rich compound Hf,;SigP;o has been
synthesized by reduction of HfP with Hf and Si; Hf,,SisP;¢
crystallizes in a new structure type, a characteristic and
unexpected feature of which is the presence of P, groups; the
structural results are interpreted with the aid of high-level
band structure calculations.

The large family of metal-rich binary compounds that are
formed between a transition metal (M) and a variety of main-
group non-metals, metalloids and adjacent metals (Q) exhibit a
remarkable range of compositions, structures and properties. It
is surprising that these compounds challenge our basic assump-
tions about the chemistry of the transition elements and our
chemical understanding in general. The existence and structure
of none of these compounds can be predicted a priori and a
rationalization of their structures a posteriori does not give
chemically conclusive hints why seemingly simply binary
compounds of the early transition metals (e.g. with composition
M,Q) display as many differences as they do.1-> Furthermore,
the possibility of metal segregation in mixed-metal systems
allows the formation of pseudo-binaries (M—M’)—Q which have
no counterparts in the binary systems.é

Nonetheless, this group of compounds also shows some
common characteristics regarding their structures as well as
their electronic and bonding features. (i) In al known
representatives the non-metal atoms are situated in capped
trigonal-prismatic voids of the metal sublattice, and there are no
filled voids adjacent to each other, i.e. from atopological point
of view, thereis no possibility for Q—Q bonding. (ii) Owing to
appreciable differences in the electronegativities and valence
energies of the component atoms, pnictides may be viewed as
polar intermetallics; the more electronegative main-group
element in these compounds contributes mostly to the low-lying
valence band, especially for compounds of the early transition
metals, whereas the conduction band has large contributions
from the metal atoms. The stability is mostly based on strong
heteroatom M—-Q bonding; in addition, metal-rich phases also
exhibit strong M—M but no Q—-Q bonding.”

In the quest for new metal-rich quasi-binary early transition
metal pnictideswe haveinvestigated reactionsin the system M—
QQ (M =1Zr, Hf;Q = P,As, S, S Q = S), therationale
behind this synthetic approach being to mimic the electron
count in known binary compounds by the use of three
components. Hf>7SigP1o Was prepared in a two step synthesis.
To avoid a loss of P during the arc melting, HfP® was
synthesised in asilicatube at 800 °C from theelementsinal: 1
ratio. In the second step, stoichiometric mixtures of HfP, Hf and
Si were pressed into pellets with a hydraulic press. The pellets
were melted under argon on a water-cooled copper hearth.
Reactions with the approximate starting compositions ‘ Hf sSi P,’
led to homogeneous products. EDX investigations on selected
crystals indicated a phase width of +10% within the limits of
accuracy. According to the results of the X-ray structure
determination® Hf,;SigPyo crystallizes in a new structure type
which containsfragments of abcc packing. Thecrystal structure
is depicted in a projection along the short a axisin Fig. 1. All
atoms are located at x = 0 or 0.5 along the crystallographic a
axis, i.e. each layer in Fig. 1 is fused to identical layers above
and below the projection plane. The unit cell contains 54 metal
atoms (nine crystallographically independent metal atoms per
asymmetric unit) and 32 Si and P atoms (which cannot be

distinguished by X-ray diffraction). The P and Si atoms are
located in mono-, bi- and tri-capped trigonal Hf prismswith Hf—
P/Si bond lengths ranging between 2.572(6) and 3.083(7) A,
wherethelarger Si atoms are assumed to be located in the nine-
coordinate sites (Si and P mixing on the non-metal positions,
however, cannot be ruled out). Based on this assumption the
composition Hf>7SieP1o, in agreement with the analytical
results, has been assigned. In an dternative description the
Hf>7Q16 Structure may be viewed as being built up from MgQsg
clusters and cluster fragments.1° The Hf ,7Q¢ Structure contains
two variants of fused MgQg clusters that are condensed via
common corners aong [100]: Hfs fragments of the HfsQg
cluster where a Hf atom from the equatorial plane of the
complete HfgXg unit ismissing, and two types of Hf¢Qg Clusters
which are linked via common corners with Hfs and Hfg units.
Thefirst type of HfsQg cluster (dark grey in Fig. 1) islinked to
four Hfs units (medium grey) in the projection plane to give an
entity with a‘bow-tie’ shape. The second type of Hf¢Qg cluster
(shownin light grey) is connected to two Hfs and two Hfg units
in such away that four type-2 HfsQg clusters form atetrameric
entity. The entity in turn is linked by sharing common corners
with four Hfs units. These condensed cluster units form a
ribbon-like pattern along [001] which is highlighted in Fig. 1.
Each of these ribbonsis fused with two adjacent ribbons by Hf—
Hf bonds and by sharing common P/Si atoms. Thus, all Hf
atoms belong either to Hfs or Hfg units.

The shortest Hf—Hf bonds occur between the apical and basal
atoms of the cluster units [distances ranging from 3.035(1) to
3.215(1) A], whereas the equatorial Hf-Hf distances are
significantly longer [3.544(2)-3.825(2) A]. Asis apparent from
the length of the b axis, the octahedra are tetragonally
compressed; as a result, the distances between the apical Hf
atoms are 3.573(1) A.

The most important and unexpected feature of the Hf2;Q16
structure are two short PP separations of 2.58(2) and 2.69(13)
A which are clearly in the bonding range. In addition, the Hf—Hf
contacts across the P-P units are, at 3.270(2) and 3.225(1) A,
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Fig. 1 View of the Hf,;SigPyo Structure along a. White circles, Hf atoms;
grey circles, Si atoms; black circles, P atoms.
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Fig. 2 (@) LMTO density of states for ‘Hf,;P1¢’; solid line: total DOS;
dashed line: Hf contribution; dotted line: Si/P contribution. The Fermi level
isindicated by the vertical bar. (b) Crystal orbital Hamiltonian populations
(COHP) for the P-P interactions. Upper part of the diagram is bonding, the
lower part antibonding. The dotted line represents the integrated P—P
overlap population.
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very short. Based on Pauling’s formulat d, = d; — 0.6 log n,
the bond orders for the P—P contacts are 0.23 and 0.15 i.e. PP
bonding is present to a significant extent. These empirical
results are also supported by the results of first-principles ab
initio band structure calculations (vide infra) that have been
performed on hypothetical Hf ;P16 (the binary electron-richend
member of the ternary system Hf,;Si\P1s_x where the weakest
P—P interactions might be expected). The presence of non-
metal—non-metal bonding interactionsin metal-rich compounds
of an early transition metal is remarkable for at least two
reasons: (i) since the non-metal atoms are the more electronega
tive partnersin these compounds, the non-metal states should be
occupied whereas the high-lying metal states are about to be
filled. As a result, bonding interactions between non-metal
atoms are unlikely. (ii) The non-metal atoms are situated in the
voids of the metal sublattice and the probability of having filled
voids adjacent to each other decreases with increasing M:Q
ratio.

The Hf;7Qqs Structure contains two adjacent bicapped
trigonal-prismatic sites. One of them is embranced by four Hfg
clusters of the tetrameric unit, while the second islocated at the
intersection of the tetrameric unit and the ‘bow-tie’ shaped
fragment. In order to clarify if this topological arrangement is
only accidental, or if P—P interactions are significant for the
structure stability, we have analysed the electronic structure of
the title compound.

Considering the short P-P contacts as P-P bonds the
electronic structure of Hf>;Q.6 may be formally described as
(HfL.78+),(Si4~)g(P24~)3(P3~)4, i.e. approximately two elec-
trons are available for each Hf atom for metal-metal bonding.
According to the results of TB-LMTO-ASA calculations!? the
3p block of the Si and P atoms is located well below the Fermi
level. Fig. 2 shows the computed total density of states for
hypothetical ‘Hf 7Py with the metal and non-metal contribu-
tion [Fig. 2(a)] aswell astheresults of the P-P bonding analysis
in form of the COHP plot [Fig. 2(b)]. The P-P bonding states
are separated by a small gap from the antibonding states that
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appear to be very localised just below —2 €V. The strong
localisation indicates that a fraction of the P 3p orbitas is
preferentially engaged in PP bonding. A significant density of
states is found at the Fermi level. Considering the M—M bonds
along all directions in the structure of Hf,7Qis, metdlic
properties can be safely assumed. The different site preferences
for Si and P can be understood based on the differencesin M—Q
bonding. The bonding analysis of ‘Hf 7P’ shows that higher
bond orders are associated with the higher coordinated sites, and
this situation should be increased for Si because of the greater
expansion of the 3p orbitals and the lower electronegativity of
Si relative to P.

In summary, Hf>7Q1¢ is a metal-rich compound of an early
transition metal whose structure is stabilized to a significant
extent by bonding between the non-metal atoms. This is
associated with apartial €l ectron transfer from the anionic to the
cationic components, which has also been observed for metal
tellurides;13.14 a comparable feature has been reported for two
compounds of the heavy group homologues, HfsTiSb,15 and
(Zr, V)13Sb1o,%6 but is unprecedented for the lighter con-
geners.
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