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A theoretical study of the electronic structure of Cup2 is presented on the basis of molecular orbital and tight-binding band 
calculations based upon the extended Hiickel method. We examined the electronic factors leading to ethane- and diborane-like 
coordination arrangements of dinuclear compounds and found the diborane-like coordination geometry of the di0 ions in CUP, 
to be favorable on electronic grounds. The analysis of DOS and COOP curves shows that there are two important contributions 
to CuCu bonding: delocalized bonding involving the bridging phosphorus atoms in the Cu2P2 rings and through-space Cu(I)-Cu(I) 
interactions due to mixing of the occupied dg and empty s and pz orbitals. The electronic band structure of Cup2 has a substantial 
energy gap between the valence and conduction bands. The valence band is dispersive along the interlayer direction due to the 
coupling of the metal d orbitals through the polyphosphide sublattice. 

The MP, stoichiometry is probably the most common one for 
phosphorus-rich transition-metal polyphasphides and includes more 
than 17 compounds which crystallize in 11 different structural 

In these MP4 compounds, the phosphorus sublattice 
is formed by condensation of puckered ten-membered rings, which 
can be formally described as P42-, and the transition-metal ion 
is octahedrally coordinated by the phosphorus atoms. The known 
structural types differ from one another by (a) the way in which 
the Plo rings are condensed, (b) the way in which the coordination 
octahedra are linked together, and (c) the existence or absence 
of metal-metal contacts to form either pairs or chains of metal 
atoms. 

One of the structural types of tetraphosphides is the CdP4 
s t r u c t ~ r e , ~ - ~ ~  which is found for MgP,, MgAs,, and the a form 
of RuP, and OsP,. The copper and silver diphosphides, Cup2 and 
AgP2, have a related structure.'l,l2 These diphosphides present 
a phosphorus sublattice of the CdP, type, in which the octahedral 
site is occupied by a pair of metal atoms [Cu-Cu and Ag-Ag 
distances are 2.476 (1) and 2.816 (1) A, respectively]. The MP, 
phosphides ( M  = Cu, Ag)l3*l4 and their mononuclear analogues 
MP, (M = Cd, Ru, Os) have been found to be diamagnetic and 
semiconducting. 

Bonds between dIo ions are found in a number of solid-state 
compounds,16 and unlike their molecular analogues, no theoretical 
analysis of such bonding in three-dimensional structures has been 
reported so far. A striking structural feature of CUP, and AgPz 
is the diborane-like geometry of the M-M pairs, not a familiar 
arrangement in extended structures. All these prompted us to 
study the electronic band structure of Cup2. In what follows we 
first describe the general structure of the phosphorus sublattice 
and how the M, groups are connected to the phosphorus atoms. 
Then the electronic structures of Cup2 and related compounds 
are studied with the help of molecular orbital and band structure 
calculations of the extended Hiickel type, and their bonding and 
electrical properties are discussed. 

Description of the Structures 
Our starting point for a description of the structure of the P42- 

sublattice is a P4 layer 1 formed by fusing P6 rings with boat 
conformation. Such layers differ slightly from those of black 

in which the P6 rings have a chair conformation. 
Shown in 2 is a Pt-  layer that results from the P4 layer 1 by adding 
two electrons thereby breaking one P-P bond per formula unit. 
This is the P42- layer found in MP, (M = V, Cr, Mo).leZ1 Notice 
that the disconnected P-P bonds are related by the transition 
vectors a and 2c. Isomeric P>- layers can be generated with a 
different choice of translation vectors, schematically shown in 3, 

p4 

1 

2 e- - 
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2 
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3 
as found for CdP,. The P42- layer 3 consists of fused P,o rings 
with a double boat conformation, 4, and has two kinds of phos- 
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Figure 1. Block diagram of the molecular orbitals of [Cu2Br6lc with an 
ethane-like staggered structure. Shaded blocks corresponded to filled 
orbitals. The numbers in square brackets indicate the number of orbitals 
within each block. 

phorus atoms in each Plo ring: six P atoms shared by three rings 
bear one lone pair, whereas four F atoms shared by two rings 
bear two lone pairs. 

The metal ions in the CdP4 structure are sandwiched between 
the P:- layers 3. It is clear from 4 that one metal atom can sit 
at the center of each of the boats, coordinated by one P and two 
F atoms of a P,o ring in a fac arrangement. In order to complete 
the octahedral coordination of the metal ion, the next phosphorus 
layer 3 must be shifted as shown in 5, resulting in a monoclinic 
system. 

If we substitute the Cd2+ ions in the CdP4 structure with M2 
pairs [M = Cu(I), Ag(I)], an (M2)P4 formula unit results. In 
principle, the coordination environment of an M, pair can be either 
ethane-like, 6, or diboranelike, 6b. Cup2 and AgP2 are found 

(2) Hulliger, R. Stmct. Bonding 1968, 83. 
(3) Schnering, H.G.  v.; HBnle, W. Chem. Reo. 1988, 88, 243. 
(4) Evain, M.; Brec, R.; Fiechtcr, S.; Tributsch, H. J.  Solid Store Chon. 

(5) Krebs, H.; MOller, K.-H.; ZOm, 0.2. Anorg. Allg. Chem. 1956, IS, 

(6) Schnering, H. G .  v.; Mcnge, G. Z.  Anorg. Allg. Chrm. 1976,422,219. 
(7) Gibinski, T.; Cisawaska, E.; Zdanowivz, W.; Henkic, Z.; Wojakowski, 

A. Krist. Tech. 1974, 9, 161. 
(8) Maslout, A. E.; Zanne, M.: Jeannot, F.; Glcitzer, C. J.  Solid Store 

Chem. 1975, 14, 85. 
(9) Gerardin. R.; Aubry, J.; Cautais, A,; Pmtas, J. Aero clysrollogr., Sen. 

8: Slrucr. Crystdlogr. Cryst. Chem. 1977,833, 2091. 
(IO) Flcrke, U.; leitschko, W. J. Less-Common Met. 1982.86. 247. 
(11) Olofssan, 0. Acto Chem. Scond. 1965, 19,229. 
(12) M6ller, M. H.; leitschko, W. Z. Anorg. Allg. Chem. 1982,491, 225. 
(13) Odile, J. P.;Saled,S.;Castra,C.,A.; Wold, A. Inorg, Chrm. 1978, 17. 
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Akod. Nouk. SSSR. Neort. Mater. 1974. IO. 405. (b) Jum. R.: Bir. 
K. z. A W ~ .  ,wg. &m. ik,  283,230. ~ C J  Go-iA. N A ;&& 
V. M.: Sokolova. V. I ; Shpenkov. G .  P.. Twnkova. E. V. Phyr. Status 
Solidi 1968.25. 513. (d) Ilaraldsen, H. 2. Anorz. Allg. Clem. 1939, 
240. 337 

(15) Zd.kwicz, W.; Wojakowski, A. Phy3. Srotw Solidi 1966.16, K129. 
(16) Jansen, M. An-. Chem.. IM. Ed. Engl. 1987, 26, 1098. 
(17) Brown, A,: Rundqvist, S.  Acta Crystollogr. 1965, 19,684. 
(18) Burdett, 1. K.; McLarnan, T. J.  Chem. Phys. 1981, 75, 5764. 
(19) leitsehko, W.; Flhke, M.; Scholz, M. J. SolidStorc Chem. 1984.52, 
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(20) leitschko, W.; Donohue, P. C. Acto Cryrtnllogr., Sect. B Srruct. 

Crystollogr. Crysf. Chem. 1972, B28. 1893. 
(21) Alvarez, S.; Fontcuberta, J.; Whangb, M.-H. Inorg. Chrm. 1988,27, 
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to adopt the arrangement 6b. As shown in 7, each metal atom 
P 

is surrounded by four phosphorus atoms in an approximately 
tetrahedral fashion, with the two tetrahedra sharing an edge. The 
bridgin atoms are of F type. The M-M distance arc 2.416 and 
2.816 1 for M = Cu and Ag, respectively, comparable lo the 
corresponding Cu(I)-Cu(l) bonding distances in solid-state'6 or 
in molcculnr annplexes?zz' There are several Cu(1) compounds 
with diborane structures in which the wppcr atoms arc bridged 
by X or XR group.24 Only in [Cu(PMe,),(p-SbR,)], and in 
the CUP, structure the bridging groups are of the XR, or XR, 
type?' In the latter case, the bridging P atoms are linked to 
two other P atoms (see 6b) and coordinated to a Cu atom as a 
terminal ligand and c a n  be therefore considered as a PR, group. 
CVCU Bonding in a Model Cu2X, Molecule 
The weak melametal bonding present in nonbridged dinuclear 

complexes of d t O  ions has been theoretically analyzed prcvious- 
IY?'.~"'~ Such bonds arc due to second-order mixing of the 
occupied dz> and the empty s and pz orbitals, which results in a 
hybridization of the a combination of dr, toward, and of their a* 
combination away from, the interior of the metal-metal region, 
as depicted in 8. However, the metal atoms in CUP, and AgP2 
arc bridged by phosphorus atoms, and it has b&n m t l y  shown" 
that in dinuclear Cu(l)  compounds with bridging ligands the 
Cu-Cu interaction is a delocalized one as in diborane. with only 

(22) Camup. A.; Msnsch. 3.; Nardin. G.; Randado. L. lnorg. Chim. Aero 
1917. 23. 131. 

(23) Mchrotra. P. K.; Honmann. R. Inorg. Chcm. 197Ll. 17.2187. 
(24) Alcmany, P ;  Alvaret. S. To k submitted fa publication. 
(25) Cowlcy. A. H.; Joncs. R. A,: Uum, C. M.. Watmneland. D. L. A n p .  

Chew.. Int. Ed. Engl 1989. 28. 1019. 
(26) Jisng. Y; Alvarcz. S.; Hoffmann. R.  Inorg. Chem. 1985. 24, 749. 
(27) Kamiya. S.; Albrighl. T A ; Hoffmann, R.; Kcchi. J. K. J Am. C h m .  

Sor. 1977. 99, 8440. 
(28) Dedieu, A.; Hoffmann. R .  I .  Am. Chem Soc. 1978, IW, 2074. 
(29) Mmgas. D. M. P. Prm. R. Sor. London, Ser. A 1982, A308, 75. 
(30) rvanq. D. G.; Mmgw. D. M. P. J .  Organomr. Chrm. 1982,232. 171. 
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a 
a small contribution from the s + pz + d,z mixing. On the other 
hand, it would be interesting to see how the electronic band 
structure of such compounds correlates with the molecular orbital 
description of analogous isolated molecules. Therefore, we study 
first the local electronic structure and bonding of Cu& models, 
and then look at  the band structure of Cup2. 

Let us consider a hypothetical [Cu2Br614- ion in ethane-like 
(staggered, D3d point group) and diborafie-like (7, D2* point group) 
structures and their interconversion via the geometrical rear- 
rangement 9. The molecular orbitals of the staggered compound 

n A 

e -  1090 e = 550 2 

9 
can be described from those of two pyramidal CuX3 fragments, 
as schematically presented in Figure 1 .  The lowest occupied 
orbitals are those of ucu-x character. Then come the "lone-pair" 
orbitals of the X atoms. At higher energy one finds the com- 
binations of the Cu d orbitals; since they are all occupied for Cu(I), 
no contribution to Cu-CU bonding results unless second-order 
effects are considered (see refs 23 and 26-30 for a detailed dis- 
cussion on this subject). The lowest empty orbital of each CuX3 
fragment is a high-energy sp3 hybrid, and the LUMO of 
[Cu2Br6I4- is therefore the bonding combination of such hybrids. 
With ucu-cu empty, the Cu-Cu overlap population is 0.089, 
comparable to that found for a d'O-dIo dinuclear compound (0.091) 
with a similar bond length (2.451 A)." 

Upon rearrangement of the ligands as in 9, the LUMO is 
strongly destabilized, as the ligands moving toward bridging 
positions overlap with two instead of one copper atom (Figure 2, 
top). Since this orbital is metal-ligand antibonding, its bonding 
counterpart is stabilized. Therefore, for a Cu(1) compound, with 
the electron count shown in Figure 1, the diborane-like structure 
is expected to be more stable (Figure 2, bottom), in agreement 
with the local structure experimentally found for CUP, and AgP,. 
Hence, the diborane-like coordination geometry of the dIo ions 
in CUP, is electronically favored. In fact, M2X2 diamonds of di0 
metal ions are not uncommon, showing a wide range of M- -M 
distances.24 In d'O complexes with diborane-like structure, the 
delocalized b o ~ ~ d i n g ~ ~ , ~ ~  is associated with the two occupied mo- 
lecular orbitals ag and b3,, shown in 10 and l l .  

10 1 1  
If one more electron per metal atom is added, as in Cu(0) or 

Zn(I), the LUMO becomes occupied. A true metal-metal bond 
is formed (Zn-Zn overlap population for ZnBrt- jumps to 0.40), 
and the ethane structure is expected to be more stable (Figure 

(31) Brown, I. D.; Dunitz, J.  D. Acta Crystallogr. 1961, 14, 480. 
(32) Summerville, R. H.; Hoffmann, R. J .  Am. Chem. SOC. 1976,98,7240. 
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Figure 2. Top: Simplified Walsh diagram showing the energy variation 
of the HOMO and LUMO of [Cu2Br6I4- during the diborane (D2*) - 
ethane ( D j d )  distortion. Contributions from the p orbitals of Cu are 
omitted in the representation of the MOs for simplicity. Bottom: Energy 
variation for [Cu2Br6I4- (12 electrons) and the hypothetical 14-electron 
species isoelectronic with [Zn2Br6I4- for the same transformation. The 
arrow at 110" indicates the ethane-like structure, and the one at 5 4 O  the 
diborane-like structure. 

2). This structure is found33 in the isoelectronic anion Sn2P6'2- 
present in Ba6Sn2P6. It has also been reported for the monoclinic 
black form of ZnP,, in which half of the Zn atoms are Zn(1)- 
Zn(1) pairs in Zn2P6 units with the staggered ethane structure.34 
Although Fleet and M ~ w l e s ~ ~  have reexamined the structure of 
ZnP2 and found it to be isostructural with ZnAs2, the possibility 
of Zn(1)-Zn(1) bonds is theoretically sound. 

Provided that the ligands are two-electron donors and the filled 
d orbitals are disregarded, the number of valence electrons in 
[cu2x6]4- and [Zn2x6]4- (12 and 14, respectively) are the same 
as in B2H6 and C2Hs. Thus, it is not surprising to find that the 
geometry preference is similar in both pairs of compounds. A 
detailed discussion of the orbital control of the diborane-ethane 
transformation can be found in the l i t e r a t ~ r e . ~ ~ J '  Comparison 
of these works with our discussion shows that the geometry 
preference is the same in both cases, but the orbital explanation 
is somewhat different. In A& (A = C, B) the geometrical 
preference can be ascribed to the lbzg orbital, since it is A-H 
bonding and occupied in ethane but A-H nonbonding and empty 
in diborane (12). Namely, an additional bonding orbital is created 

(33) Eisenmann, B.; Jordan, H.; Schafer, H. Z .  Naturforsch. B: Anorg. 
Chem. Org. Chem. 1983, 38, 404. 

(34) Hegyi, 1. J.; Laebner, E. E.; Poor, E. W.; White, J.  G .  J .  Phys. Chem. 
Solids 1963, 24, 333. 

(35) Fleet. M. E.: Mowles, T. A. Acta Crystalloar. 1984, C40, 1778. 
(36) Gimarc, B. M. Molecular Structure and B>nding; Academic Press: 

New York, 1979. 
(37) Hoffmann, R.; Williams, J.  E., Jr. Helu. Chim. Acto 1972, 55, 67. 
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Figure 3. Dispersion relationships for CUP, along the most relevant 
symmetry lines of the Brillouin zone (13). 

Figure 4. Contour diagrams for the highest occupied band at the r point: 
(a) projection showing the connection of the relevant fragment orbital 
of a Cu2P6 unit in the (01 1) direction; (b) projection showing the con- 
nectivity along the a (interlayer) direction. 

in ethane to make room for the two extra electrons. In the M& 
compounds, however, the lbzs orbital is mostly localized on the 
X atoms due to electronegativity reasons, thus remaining occupied 
for both structures. The geometrical preference is related to the 
conversion of localized M-X interactions into a stronger, delo- 
calized M2Xz interaction (Figure 2, top). 
Electronic Band Structure of Cup2 

Tight-binding electronic band structure calculations of the 
extended Hiickel type were camed out on Cup2 using the geometry 
of the experimental structure (see Appendix for computational 
details). Dispersion relations along several symmetry lines of the 
Brillouin zone 13 (BZ) are shown in Figure 3. All bands lying 

1 3  
below -10 eV are filled, and the empty ones are separated by an 
indirect band gap of -3.5 eV. The valence band has its highest 
energy at  the I' point and goes down in all directions of the BZ. 
This band is dispersive not only along I'Z and I'C, which corre- 
spond to the interactions within a layer in the real structure, but 
also along the r X  line of the BZ, corresponding to the interlayer 
direction a in real space. The dispersive nature of this band would 
lead to a good conductivity of holes3* created through any of three 

- a ,  T 

- 10.1- E F  

-18  L i  
DOS DOS 

a b 
Figure 5. Calculated density of states for CUP,. The shaded areas 
correspond to (a) the total contribution of the Cu atomic orbitals and (b) 
the contribution of the dzz orbitals of one of the two Cu2 pairs in the unit 
cell. 

mechanisms: thermal activation, radiative activation, or partial 
oxidation. While ptype ~emiconductivity'~ has been observed for 
Cup2, photoconductivity or partial oxidation have not been re- 
ported so far. 

To understand the dispersive nature of the highest occupied 
band, one must analyze its orbital composition. In Figure 3 the 
highest occupied crystal orbital occurs a t  the r point of the BZ. 
Within each layer (bc plane), the CuzPs units are connected as 
shown in 14. One of the bridging P atoms of a Cu2Pz diamond 

is also coordinated as a terminal ligand to a copper atom of the 
next diamond in the (01 1) direction, the planes of both diamonds 
being approximately perpendicular to each other. Hence, each 
P atom, linked to two phosphorus atoms, is used as a terminal 
ligand to one copper atom, formally contributing one electron pair 
to the bonding in the diborane-like Cu2P2 unit. The relevant 
fragment orbital of a cu2P6 unit, formally a nonbonding orbital, 
is shown in Figure 4a as a contour diagram. The uppermost filled 
band is built up from the antibonding combination of such 
fragment orbitals (Figure 4a) from the two diamonds in the unit 
cell, as schematically shown in 15. At the r point, the combi- 

nation of nearest-neighbor orbitals 15 has Cu-P antibonding 

(38) Cox, P. A. The Electronic Structure and Chemistry of Solids; Oxford 
University Press: Oxford, England, 1987; p 97. 
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Figure 6. COOP curves for the interaction between Cu atoms (a), Cu s orbitals (b), and bridging phosphorus pv orbitals (c). The integrated COOP'S 
are represented by the dashed lines, the full scale corresponding to the values 0.22,0.02, and 0.02 for curves a, b, and c, respectively. Points A anb 
B in (a) indicate the integrated Cu-Cu overlap population before and after filling the dzz band, respectively. 

character, so that the band orbital a t  r is high in energy. As the 
phase is changed on going from r to C, the intercell antibonding 
character is gradually changed to bonding and the band levels 
become more stable. Similarly, the Cu2P2 diamonds are connected 
along the a direction (interlayer direction) as shown in 16 or, more 

'-' 

unit cell 

schematically, in 17, where the phosphorus atoms of the diamond 

17 
have been omitted for clarity. The fragment orbital (Figure 4b) 
is repeated in-phase along a, as in 18, clearly bearing phospho- 

rus-phosphorus ?r-antibonding character. The dispersion of the 
valence band along the interlayer direction is due to through-bond 
coupling of the metal d orbitals (formally one of the nonbonding 
orbitals of the e set in a tetrahedral ligand field of phosphorus 
atoms). Important participation of the phosphorus atoms in the 

highest occupied levels has already been proposed, on the basis 
of X-ray emission ~ p e c t r a . ~ ~ - ~ ~  

The calculated density of states (DOS) is presented in Figure 
5, together with the total contribution of the Cu atomic orbitals 
(shaded area in Figure sa)  and that of d t  of one of the Cu2 pairs 
in the unit cell (shaded area in Figure 5b). In the DOS, a large 
gap (-3.5 eV) exists, in qualitative agreement with the semi- 
conducting nature of CUP, and AgP2. According to the projection 
of the Cu levels in the DOS plot (Figure 5a), the levels below the 
Fermi level (eF) are mostly centered in the copper atoms, although 
significant contributions from phosphorus atoms exist near tF, in 
agreement with both X-ray emission and photoelectron 
Also the levels above f F  (not shown in Figure 5) are mainly 
copper-centered. 

The COOP curve (COOP stands for crystal orbital overlap 
p o p ~ l a t i o n ~ ~ - ~ ~ )  for the Cu-Cu bond (Figure 6a) shows both 
bonding and antibonding contributions below the Fermi level, in 
the region of the d orbitals, but the integrated Cu-Cu overlap 
population remains positive. Thus there is some Cu-Cu bonding, 
and the calculated overlap population (0.085) is quite similar to 
that found for unsupported dinuclear complexes with clearly 
established dlo-dIo i n t e r a ~ t i o n ~ ~ * ~ ~ - ~ O  (0.09 1 for the triazenido 
compound discussed above3'). To examine if the same bonding 
scheme (8) applies to CUP,, we repeated the band calculations 
excluding the copper d orbitals. The calculated Cu-Cu overlap 
population turns out to be roughly reduced to half (0.048), which 
indicates that both the delocalized diboratle-like interaction and 
the s + pr + d,z mixing contribute to the Cu-Cu bonding. This 
result is consistent with the recent finding that in Cu2X2 diamonds 
the importance of the d'o-dlo bonding increases with decreasing 
Cu-Cu distances across the ring.24 Since the coexistence of both 
types of bonding interaction in the solid state has not been studied 
previously, it is interesting to go through a more detailed analysis 
of the DOS and COOP curves. 

Let us try first to identify the mixing of s, pz, and dzz orbitals 
characteristic of unsupported bonding in dinuclear compounds 
of dl0 ions. The contribution of the dZ2 orbitals to the band levels 
is seen in Figure 5 to be spread between -16 and -1 1 eV, with 
the major components a t  ca. -14 and -13 eV. These levels are 
built up from u, Cu-Cu bonding (up to --13.8 eV), or a* orbitals, 

(39) Nefedov, V. I.; Salyn, Y. V.; Domashevskaya, E. P.; Ugai, Y. A.; 
Terekhov, V. A. J .  Electron Spectrosc. Rel. Phenom. 1975, 6, 231. 

(40) Domashevskaya, E. P.; Terekhov, V. A.; Marshakova, L. N.; Ugai, Y. 
A. Izu. Akad. Nauk. SSSR, Ser. Fir. 1974, 38, 567. 

(41) Domashevskaya, E. P.; Nefedov, V. I.; Salyn, Y. V.; Sergushin, N. P.; 
Terekhov, V. A.; Marshakova, L. N.; Ugai, Y. A. Izu. Akad. Nauk. 
SSSR, Ser. Fiz. 1976, 40, 389. 

(42) Domashevskaya, E. P.; Terekhov, V. A.; Ugai, Y. A.; Nefedov, V. I.; 
Sergushin, N. P.; Dolenko, G. N. Fiz. Tuerd. Tela (Leningrad) 1977, 
19, 3610. 

(43) Hughbanks, T.; Hoffmann, R. J .  Am. Chem. Soc. 1983, 105, 3528. 
(44) Wijeyesekera, S. D.; Hoffmann, R.  Organomefallics 1984.3.949. 
(45) Hoffmann, R. Solids and Surfaces: A Chemist's View of Bonding in 

Extended Structures; VCH Publishers: New York, 1988. 
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orbitals but little d contributions in this energy region (Figure 
7). According to the corresponding COOP curves (Figure 6b,c), 
these levels are Cu- -Cu and Cu-bridging P bonding, while the 
lowest ones (below -17 eV) are slightly P--P bonding and the 
upper ones (between -14 and -17 eV) are P--P antibonding, as 
expected for 10 and 11, respectively. In fact, the wave function 
at  the center of the Brillouin zone (I' point) with an energy of 
-18.09 eV is formed by the combinations of ag orbitals (lo), and 
those at -15.72 and -15.49 eV at the same point are built up from 
b3" orbitals (11). 

In summary, both molecular orbital and band structure cal- 
culations indicate that the bonding in the M2X2 diamonds of Cup2 
and AgP2 presents the features of delocalized bonding typical of 
diborane as well as the dIo-dIo interactions characteristic of un- 
supported dinuclear Au(1) and Cu(1) complexes. The electrical 
properties of such compounds are predicted to be isotropic and 
are related to M-M nonbonding d orbitals coupled through P2 
bridges. 
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Appendix: Computational Details 

The qualitative theoretical discussions in this paper are based 
on molecular orbital46 and tight-binding band  calculation^^^^^^ of 
the extended Hiickel type with modified Wolfsberg-Helmholz 
form~la ,"~  using the atomic parameters shown in Table I. MO 
calculations were carried out on the model compound [Cu2Br61e, 
using the following bond distances: Cu-Br = 2.30 A; Cu-Cu = 
2.48 A; Br-Cu-Br angles = 109'. Average properties of Cup2 
were calculated using a set ofp8 k points chosen according to the 
geometrical method of Ramirez and Bohm.52 

Registry No. CUP,, 12019-1 1-3. 
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Figure 7. Calculated density of states for Cup2. The shaded areas 
correspond (a) to the contribution of the s orbitals of Cu and (b) to the 
contribution of the py orbitals of the bridging phosphorus atoms. The 
integrated density of states for both projections is represented as a dashed 
line, the full scale corresponding to 100%. 

Table I. Atomic Parameters for Extended Huckel Calculations" 
atom orbital H,, 1,1 (CI)  C,, (c,) ref 
CU 4s -11.4 2.20 50 

4p -6.06 2.20 
3d -14.0 5.95 (0.5933) 2.30 (0.5744) 

3p -14.0 1.30 

4p -13.10 2.131 

P 3s -18.6 1.75 32 

Br 4s -22.07 2.588 51 

a H,,'s are the orbital ionization energies, {,Js the Slater exponents, 
and CJS the coefficients in the double-r expansion of the d orbitals. 

as seen in the COOP curve (Figure 6a). What is important to 
notice is that the Cu-Cu overlap population shows a net increase 
after filling both the u and u* levels (cf. points A and B in Figure 
6a). In other words, there is more Cu-Cu bonding character in 
the u-band levels than antibonding character in the u* ones, a 
result which can be only explained by taking into account the s + pz + d22 mixing typical of dlO-d'O bonding interactions. 

The delocalized bonding orbitals of the M2X2 diamond (10, 11) 
are found in the band levels below -16 eV. One finds DOS 
contributions from the phosphorus pv and the copper s and p2 
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