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Electronegative Ligands. Electronic Band Structure Study of Phosphosilicides Ptg#, and
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The conventional electron counting scheme often leads to erroneous predictions for late transition metal compounds
with weakly electronegative main group ligand atoms. The cause for this deficiency was analyzed, and a modified
electron counting scheme was proposed for predicting the frontier orbitals of such compounds. The modified
scheme predicts that the transition metal atoms of such compounds h&¥elaction count, and their frontier
orbitals are represented by the highest-lying lone pair levels of the main group ligand atoms. These predictions
were tested by carrying out electronic band structure calculations for phosphosilicidg® Bt NiSpPs. The
relevance of nonstoichiometric compositions of these phases was also discussed.

1. Introduction

s=}

For extended solids composed of transition metal and d
electronegative main group elements, the concept of oxidation
state can be used to predict the qualitative nature of their frontier d
orbitals. In such compounds, main group atoms L are much
more electronegative than transition metal atoms M, so that the
valence s and p levels of each ligand atom L lie lower in energy
than the d level of M (Figure 1a). Thus their electronic structures
are well described by the approximation that the main group
atoms adopt the inert gas electron configuration in the sense of
ionic bonding, and the remaining valence electrons occupy the (a) (b)
d-block levels. In this ionic electron counting scheme, each atom gigyre 1. Relative energy ordering between the d orbital of a transition
is given its oxidation state, and each two-electror IMbond metal M and the valence s and p orbitals of its ligand atoms L. The
is described as ionic with the electron pair counted as a lone conventional electron counting scheme is valid for (a) but not for (b).
pair belonging to the atom L. Compounds composed of only
main group elements are described by the covalent electrontetrahedral lattice of the Al atoms in LiAl is explained by
counting scheme. This scheme assumes that each atom achievé&®nsidering the oxidation state 1Al ~,% which results from a
the inert gas electron configuration in the sense of covalent cOmplete electron transfer from Li to Al. Then the occurrence
bonding, and that lone pair electrons of an atom are not sharedof four Al=Al bond pairs around each Al is readily accounted
with other atoms while two electrons of each bond pair are for in terms of covalent bonding, because each Aas four
equally shared between the two atoms making up the bond. Invalence electrons. The ZintKlemm concept is applicable to
the covalent electron counting scheme, each atom is given its& large number of compounds and aniérfignown as Zintl
formal charge, and an approximate ordering of molecular energy c0mpounds and Zintl anions, respectively. Another combined
levels is given (e.g., bond pair levels lie lower than lone pair ionic/covalent electron counting scheme is widely used in
levels)L2 describing transition metal complexes. For instance, for a

The bonding in a number of compounds has both ionic and Metak-ligand bond such as MCHj, the ionic description is
covalent character, so their description requires the use of both
the ionic and covalent electron counting schemes, as first ®)
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applied to the M-C bond with the electron pair of this bond P(1) P(2)
counted as a lone pair belonging to the C atom, but the electron | |
counting for the rest of the GHyroup is carried out in terms of Ni si
the covalent electron counting scheme. This combined ionic/ P(1)/ \ PQ) P(1)/ \ P(D)
covalent electron counting scheme will be referred to as the

; ; Pl
conventional electron counting scheme. PQ) M

For compounds of late transition metals with weakly elec- (a) b)
tronegative ligands, the conventional electron counting scheme
is not adequate in predicting the qualitative nature of their Ni Ni
frontier levels, and a need for a modified electron counting l l
scheme has been recogniZed Use of either the ionic or the P(1) P(2)
conventional electron counting scheme to such compounds can Si/ \ Si Ni/ \ Si
lead to a picture inconsistent with experiment and theory. For Si S

example, the compound @su,le contains linear Ayl and

square planar Aylunits so that on the basis of the oxidation (©) @
states Cs and I, the Au oxidation states in the Auidnd Aul,
units are often regarded &< and+3, respectively? Likewise,
Fhe Au oxidation state of the square planar AyGiits found that P and Si are the most and least electronegative elements of
In (EMN)“KAUAS“TQ&M (Et4N)3AuTe7,13 and (EI}N)4Au2Te1214. NiSi,P;, respectively, Wallinda and Jeitschk% assigned the
is cqn3|dered aﬁi& %y a}nalogy W|th the chemlstry.of thg JN[ oxidation state (Ni)(Si")a(P*); for NiSi,Ps220 A similar

(d®) ions, the AG* (d®) picture provides a ready rationalization analysis for platinum phosphosilicide PiSi leads to the

for the square _planar structure of the Auind AuTa units. oxidation state (Pt)(Si*")3(P®7), and hence a highly unlikely
However, studies of electronic structure Calculaﬁ’dﬁalnd. electron configuration (58)6sy(6pY* for Pt. There are several
X-ray photoelec'tron spectroscdgyor these comppunds indi-  reasons for this difficulty. First, the ionic electron counting
cate th_at all tt;elr d-block levels are cc_)mpletely f|||e_d, thereby scheme completely neglects the presence of covalent bonding
indicating a d el_ectron count for Au (_|.e., the At_uomdatlon between P and Si. Second, the electronegativity difference
state). Another interesting example is AgTevhich has an between Si and P is smaller than that between C and N (2.5 vs

mcorgme?ijrate structural mOdlljlat'On Squh thzt“thhe (ford'”at'onS.O)? so that Si-P bonds should be described as polar covalent
number of Au varies continuously two to four. All the Au atoms .5iper than jonic as implied by the ionic descriptiort*Sand

of this compound are found to be in the oxidation stafe™’®  pa- ‘g the Sj 3s level does not lie well above the Pt 5d

The primary cause for this inconsistency of the’Apicture is level 171850 a complete electron transfer from the Si 3s to the
that the 5d orbital of Au lies below the 5p orbitals of Te and Pt 56 and the P 3p levels is a poor approximation. For

1,17:% which prevents electron transfer from the Au 5d to the  ¢o56nds of late transition metals for which the metal d levels
5p level of | or Te (Figure 1b). lie between the valence s and p levels of its ligand atoms (Figure
_A similar difficulty arises for transition metal phosphosili-  1p), there is a need to have a modified electron counting scheme
cides, MSiPy (M = transition metal}?~ For example, noting  yseful for predicting the qualitative nature of their frontier
orbitals. In the present work, we probe this question and

Figure 2. Coordinate environments of the atoms in NiSi

(8) Paragis, J. A.;; Whangbo, M.-H.; Kasowski, R.New J. Chem1993 examine, as examples, the electronic structures of the phospho-
17, 525. ip, 21 iQip, 22 (s .
(9) Pdtgen, R.; Ebel, T.; Evers, C. B. H.; Jeitschko, W.Solid State S_IIICIdQS I_DtSjPz and NIStPg using the eXten.ded Hkel
Chem 1995 114 66. tight binding (EHTB) method® We note that the single-crystal
(10) Kaiser, P.; Jeitschko, VZ. Anorg. Allg. Chem1996 622, 53. X-ray diffraction data for NiSiP; are equally well refined as
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1991, 3121 and references therein. compositions were considered unacceptd¥partly because
(13) fllrlas&gg?)l\g. A.; Bollinger, J. C.; Ibers, J. A. Am. Chem. S0d993 they lead to an unreasonably high oxidation state for Ni (from
(14) Dhingra, S. S.; Haushalter, R. Borg. Chem.1994 33, 2735. the viewpoint of ionic electron counting based ofr'Sind P7).
(15) van Triest, A.; Folkerts, W.; Haas, C.Phys.: Condens. Mattd:99Q In the following, we carry out calculations for the stoichiometric
2, 8733. _ composition NiSiPs primarily and comment on the validity of
(16) grzgzeg”v B. C. H.; Inglesfield, J. B. Phys.: Condens. Matt&i99Q the nonstoichiometric compositions in Section 5.
7) %Ie?zr.nentl, E.; Roetti, CAtomic Data Nuclear Data Tablek974 14, 2. Coordinate Environments in and Conventional
(18) McLean, A. D.; McLean, R. SAtomic Data Nuclear Data Tables Electron Counting for NiSi,Ps; and PtSiP,
1981, 26, 197. ] N , )
(19) Eisenmann, B.; Schwerer, H.; Stira H. Mater. Res. Bull1983 18, To find a modified electron counting scheme appropriate for
383. NiSi;,P; and PtSiP,, it is necessary to first examine the

(20) Brinkmann, C.; Eisenmann, B.; Stéa H. Mater. Res. Bull 1985 coordinate environments of their atoms. The unit cell of pRSi

20, 299. I . ; .
(21) Perrier, Ch.; Kirschen, M.; Vincent, H.; Gottlieb, U.; Chenevier, B.; has two formu'? units, i.e., (Nighs), in which all atoms are
Madar, R.J. Solid State Cheni997, 133 473. in tetrahedral site% There are two kinds of P atoms, so the
(22) (a) I'nitskaya, O. N.; Zavalii, P. Yu.; Kuz’'ma, Yu. BDopov. Akad. Qi ; i i
Nauk Ukr. RSR Ser. B989 38. (b) Wallinda, J.; Jeitschko, W. NiSizPs fgrméjlz carf] be I;ertten aS":.N@P(Zl)]ZP(ZQ Each Ni hsi
Solid State Chen1.995 114, 476. atom is bonded to four P atoms (Figure 2a), and so is each Si
(23) Kirschen, M.; Vincent, H.; Perrier, Ch.; ChaudauB.; Chenevier, atom (Figure 2b). Thus the Ni and Si sites are similar. Each
B.; Madar, R Mater. Res. Bull1995 30, 507. P(1) atom is bonded to one Ni and three Si atoms (Figure 2c),

(24) Vincent, H.; Kreisel, J.; Perrier, Ch.; Chaix-Pluchery, O.; Chaloua
P.; Madar, RJ. Solid State Chen1996 124, 366.

(25) Perrier, Ch.; Vincent, H.; Chauddu#.; Chenevier, B.; Madar, R.
Mater. Res. Bull1995 30, 357. (26) Whangbo, M.-H.; Hoffmann, Rl. Am. Chem. Sod 978 100, 6093.

and each P(2) atom to two Ni and two Si atoms (Figure 2d).
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Figure 3. Coordinate environments of the atoms in BRgi

The unit cell of PtSP, has two formula units, i.e., (Ptbh),,
in which all atoms are uniqu#.Each Pt atom is in an octahedral
site made up of four Si and two P atoms (Figure 3a). Each P

atom is bonded to one Pt and three Si atoms (Figure 3b), the
Si(1) and Si(6) atoms are each bonded to two Pt and two main
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Figure 4. t,y—ey energy separation expected for a transition metal
octahedral complex Miwhen its relative orbital ordering is given by
Figure 1a in (a) and by Figure 1b in (b).

the ionic and the conventional electron counting scheme is a
poor approximation for the NiP and P+P bonds, and is an
unreasonable one for the-F3i bond. Given the energy ordering,
Pt 5d< Si 3p, it would be more reasonable to consider each
two-electron PtSi bond as ionic with the electron pair counted
as a lone pair belonging to Pt.

The formal charge Pt for PtSgP; given by the conventional

group atoms (Figures 3c and 3d), and the Si(2), Si(3), Si(4), électron counting scheme implies that thgltlock levels are
and Si(5) atoms are each bonded to one Pt and three main groui!led with six electrons, and thegéblock levels are empty, if

atoms (Figure 3e and f).
In the conventional electron counting scheme, eachMi
Pt—P or Pt-Si bond of NiSjP; and PtSiP; is regarded as ionic

the compound adopts the low-spin electron configuration. In
this scheme, each Ption is considered as surrounded with
six lone pairs (i.e., four from four Si atoms, and two from two

with the electron pair counted as an electron pair belong to the P atoms). As discussed above, it is more realistic to regard the

main group element. Then from Figure-2@, the Si, P(1) and
P(2) atoms of NiSP; have the formal charges 0, 0 andlL,
respectively, so that the charge balance of pRSIs given by
(NiH)(Si9),(PY),(P7). Thus, as for the Ni oxidation state of the
stoichiometric composition Nigs, the ionic and the conven-
tional electron counting schemes are in agreement. The Ni
oxidation state implies a®celectron count, which predicts that
there are nine electrons in the five d-block bands of MRSI
per formula unit. As will be discussed in Section 5, the ionic

two-electron PtSi bond as ionic with the electron pair counted
as belonging to Pt. Thus, per formula unit BEj four electrons
from the four Si lone pair levels should be transferred to the
empty g-block levels of each Pt, provided that thghgock
levels do not lie high in energy. To check the latter point, we
examine the sy;—ey energy separation in an octahedral ML
complex witho donor ligands L. When the metal d level lies
higher than the valence s and p levels of its ligand atoms (Figure
1a), the g-block levels lie much higher than thg-block levels

and the conventional electron counting schemes lead to veryas depicted in Figure 4a. For the metal d orbitalsysygnmetry

different Ni oxidation states for the nonstoichiometric composi-
tions Niy2g2(aSi1 28453 and Ni esSio sdPs.

For PtSsP,, the coordinate environments of Figure-Jtshow
that the formal charge of the P atoms is 0, that of the Si(2),
Si(3), Si(4), and Si(5) atoms is1, and that of the Si(1) and
Si(6) atoms is—2. Thus PtSP, has the charge balance
(Pt)2(Si27)2(Si7)4(PY)4. The Pt oxidation state implies afd
electron count, which predicts that there are six electrons in
the five d-block bands of Ptg, per formula unit. Concerning

(i.e.,z2 andx?—y? orbitals) are raised by the ligand group orbitals
of g symmetry constructed from the ligand s orbitals (Figure
5a) and also by those constructed from the ligand p orbitals
(Figure 5b). If the metal d level lies between the valence s and
p levels of its ligand atoms (Figure 1b), the metal d orbitals of
g; symmetry are raised by the ligand orbitals of Figure 5a, but
are lowered by those of Figure 5b. Consequently, as depicted
in Figure 4b, the;—ey energy separation becomes small, and
the g level may even lie below they level if the energy

the Pt oxidation state, the ionic and the conventional electron lowering by the ligand p orbitals is strong enough. To test this

counting schemes provide very different pictures (i.e.,
Pt~ versus Pt").

3. Modified Electron Counting Scheme

Atomic electronic structure calculatiorig®show that the P
3p levels lie higher than, but not far from, the Ni 3d and Pt 5d
levels. However, the Si 3p level lies significantly higher than
the Ni 3d and Pt 5d levels:18 Thus, the ionic description of

prediction, we carried out EHTB calculations for the hypotheti-
cal octahedral compounds (RP-, [Pt(PH)e]*", (PtSk)?0-,
and [Pt(SiH)g]2~, for which the P+P and P+ Si distances were
taken to be the average-F® and P+Si distances found for
PtSgP,. The g-block level lies about 5 eV above thgrblock
level in (PtR)# and [Pt(PH)¢]*". However, the gblock level
lies 0.9 eV above the¢block level in (PtS),2% and 0.6 eV
below the $g-block level in [Pt(SiH)g]%.
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Table 1. Exponents;; and Valence Shell lonization Potentidds
of Slater-Type Orbitalg; Used for Extended Hikel Tight-Binding

Figure 5. Ligand group orbitals of gsymmetry in an octahedral ML
complex constructed from the ligand s orbitals in (a) and from the ligand
p orbitals in (b).

The electron pairs of the main group elements in f&Sire
expected to have the energy ordering;$ bond pair< P lone
pair < Si lone pair, namely, the Si lone levels are the highest
lying occupied ones. As discussed above, theleck levels
lie as low as the jf-block levels. Therefore, it would be
energetically favorable to transfer, per formula unit ERgifour
electrons from the four Si lone pair levels to completely fill the
ey-block levels of each Pt thereby leading to'delectron count
for Pt. This leaves four electrons in the four Silone pair levels.
Thus, the frontier energy levels of P48i should be represented
by the Si lone pair levels. In reaching this prediction, we first

employed the conventional electron counting scheme and then 6

considered electron transfer from the highest lying lone pair
levels of the main group ligand atoms to all the empty d-block
levels so as to correct the erroneous prediction of the conven-
tional electron counting scheme. This modified approach will
be referred to as the “modified electron counting scheme” to
distinguish it from the conventional one.

Let us examine NiSP; in terms of the modified electron
counting scheme. The formal charge™Nif NiSi,P; implies a
d® electron count, i.e., there are nine electrons in the five d-block
levels of each Ni that is surrounded with four P lone pairs
(Figure 2a). If the P lone pair levels lie higher than the d-block
levels of each Nik unit, it would be reasonable to consider
one electron transfer from the P lone pair levels to the empty
d-block level of Ni. Then the frontier energy levels of Nij
will be represented by P lone pair levels.

4. Electronic Band Structures of NiSpP3; and PtSiP,

The predictions of the modified electron counting scheme
described above were tested by calculating electronic band
structures of Pt3P, and NiSpP; using the EHTB method. The

atomic parameters employed for these calculations are sum-

marized in Table #
The total density of state (TDOS) plot calculated for BRI

Calculatior?
atom X Hi (eV) Gi c? &' cP
Pt 6s —7.08 251 1.0
Pt 6p —5.48 1.84 1.0
Pt 5d —-12.6 4,851 0.6314 2.588 0.5288
Ni 4s —7.67 2.08 1.0
Ni 4p —3.65 1.47 1.0
Ni 3d —-12.0 6.706 0.4212 2.874 0.7066
P 3s —18.9 1.881 1.0
P 3p —-13.2 1.629 1.0
Si 3s —-14.7 1.634 1.0
Si 3p —8.08 1.428 1.0

aH;’s are the diagonal matrix elemenijis|Hef|yi[) whereHe' is the
effective Hamiltonian. In our calculations of the off-diagonal matrix
elementsHe = [|He|,0) the weighted formula was used. See:
Ammeter, J.; Bugi, H.-B.; Thibeault, J.; Hoffmann, RI. Am. Chem.
Soc 1978 100, 3686.° Contraction coefficients used in the doulgle-
Slater-type orbital.
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Figure 6. TDOS and PDOS plots calculated for (a) BBiand (b)

is presented in Figure 6a, which shows a substantial band gapihe SiP,* lattice of PtSiP;: (—) TDOS; (++) PDOS of the Pt 5d

(27) Compared with their typical values used in the literatureHhealues
for thend, (n+1)s, and (+1)p orbitals of Pt and Ni listed in Table 1
are about 1.5 eV higher. Concerning the orbital compositions of the
d-block levels of the Ni(PMg4™ cation3® extended Hakel molecular
orbital calculations using the Ni and P parameters of Table 1 give
results similar to those obtained from our density functional theory
calculations (unpublished work). Certainly, our conclusions remain
the same when thi; values of Pt and Ni are lowered. This is also

orbitals; (- - -) PDOS of the P 3p orbitals:-§—) PDOS of the Si 3p
orbitals.

Therefore, PtSP, should not be metallic, although it was
reported to be metalliel A possible reason for this observation
will be discussed in the next section. The projected density of
state (PDOS) plots calculated for the 5d orbitals of Pt and the
3p orbitals of P and S are also included in Figure 6a. All the Pt

the case when they are raised within a chemically reasonable range2d Orbital contributions lie well below the Fermi level in a

(e.g., up to about 1.5 eV).

narrow energy region of about 1.5 eV in width, and their average
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50 F ' ' ' ' T ' T i = metals of PtSP, and NiSpP; have a &° electron count. Figures
i (a) | 6a and 7a show that the d-block bands of gRSand NiSpP;
: are about 1.5 eV wide with no clear-cut distinction between
40 - : . the “tog" and “gy” block bands. From the viewpoint of the

conventional electron counting scheme, this result is surprising
for PtSgP, in which the Pt atoms are located at the octahedral

9]
8 S0 7 sites made up of four Si and two P atoms. In essence, the
o g “surprising” result originates from the fact that the Pt 5d level
00 L i lies below the Si 3p level. Thus the Si lone pair levels do not
act as donor levels but as acceptor levels to the Pt 5d 1&vels.
- E This is also the reason, in average, the d-block bands offBtSi
10k | lie lower in energy than the Pt 5d levels.

Let us now consider a probable origin of the observed metallic
property of PtSjP,.21 Stoichiometric PtSP, samples do not
I . | have partially filled bands. Thus one has to consider a slight

L
11

9 -7 -5 nonstoichiometry in PtgP, that will either remove some
Energy (eV) electrons from the highest occupied (i.e., valence) bands or add
some electrons to the lowest unoccupied (i.e., conduction) bands
12 ' ' ' ' ' ' : ‘ ' ' 4 of stoichiometric PtSP,. Since Pt has alflelectron count, some
i (b) - vacancy in the Pt sites will not create partially filled bands.

However, substitutional defects in the P and Si sites leading to
_ either PtSiiP>—x or PtSi_Po+x Will do. The former creates
holes in the valence bands, while the latter creates electrons in
. the conduction bands. Since the conduction bands lie substan-
tially higher than the valence bands, it would be energetically
more favorable to have holes in the valence bands. The observed
metallic property of PtSP, implies that the true stoichiometry

of the samples studied is probably RtSP>—.

. Perrier et al. reported the structure of another platinum
phosphosilicide PtgP,,21 in which each Pt atom is located at
7 an octahedral site made up of three Si and three P atoms. Though
not presented, our electronic structure calculations for,PiSi
5 3 RT Y E—- show the same trends as found for B®3i namely, the Pt
Energy (eV) d-block levels occur in a narrow region of energy well below
Figure 7. TDOS and PDOS plots calculated for (a) NBsiand (b) the Fermi Ievel_so that the d-electron count for the Pt atoms
the ShPs~ lattice: (—) TDOS: () PDOS of the Ni 3d orbitals: (---)  should be considered as'dl.
PDOS of the P 3p orbitals;«-—) PDOS of the Si 3p orbitals. Given the stoichiometry of NigiPs, the top portion of the
energy lies slightly lower than the d-orbital energy of the Pt valence bands are empty (Figure 7a). To completely fill the
atom. The TDOS and PDOS plots calculated for the hypothetical valence bands, one extra electron per formula unit RS
SisP,*~ lattice (resulting from Pt$P, by removing Pt") are needed. NiSP; has 17 valence levels per formula unit (i.e.,
presented in Figure 6b, which shows clearly that the Si lone five d-block levels, four P lone pair levels, and eight-8ibond
pairs lie very high in energy. Consequently, Figure 6a and b pair levels) but has only 33 valence electrons per formula unit.
supports the two primary predictions of the modified electron All 17 valence levels become completely filled for the composi-
counting scheme that the Pt atom of BBihas a & electron tion NiSiP,, which is obtained from Ni$Ps by replacing 50%
count, and the,f-e; energy separation is small. of the Si sites with P. This composition would lead to an
Figure 7a shows the TDOS and PDOS plots calculated for unreasonably high oxidation state for Ni from the viewpoint of
NiSi,Ps. As in the case of Ptgl,, Figure 7a shows that all the  the ionic electron counting based ort'Sand P~ (i.e., +8).
Ni 3d orbital contributions lie well below the Fermi level in a  However, Figure 2b shows that each P atom replacing a Si site
narrow region of energy, and their average energy lies slightly gets thet1 formal charge, so that the charge balance for NiSiP
lower the d-orbital energy of the Ni atom. The TDOS and PDOS s given by (NP)(Si%(P")(P%).(P") according to the conventional
plots calculated for the hypotheticabBj~ lattice (resulting from  electron counting scheme. Namely, the Ni oxidation state in
NiSi-P; by removing Nf) are given in Figure 7b. The top  the NiSiR, composition (i.e., 0) is smaller than that in the Ni%i
portion of the PDOS for the P 3p orbitals lies high in energy composition (i.e.,+1) if the presence of the covalent-S
due to overlap repulsion among the P lone pairs surrounding honds is recognized.
eaph empty Ni sité? Thus, electron transfer from the P lone We now consider the validity of the nonstoichiometric
gaw levels t_o lower-lying empty Ieve_ls, when available, would compositions Ni2e2(Si1 2s4sP22° and Niy gsSio s 222 These
e energetically favorable. Thus, Figure 7a and b shows that o b itten as,Mi;Siy ssdPs sa4and Ni
the Ni atom of NiSiP; has a @ electron count. compositions can be rewrl 18201384 3.234 813
Sio.ofP3.237 respectively, to normalize the total number of atoms
5. Discussion per formula unit to six as in NigiPs. Therefore, the nonsto-
ichiometric compositions are obtained by replacing appropriate
portions of the Si sites with Ni and P atoms. As already
mentioned, the Si and Ni sites of NjB are equivalent in that

(28) Albright, T. A.; Burdett, J. K.; Whangbo, M.-HOrbital Interactions ~ they are surrounded by four P atoms (Figure 2a and b). In
in Chemistry Wiley: New York, 1985; Chapter 2. addition, each P atom replacing a Si site will get the formal

Our electronic structure calculations support the predictions
of the modified electron counting scheme that the transition
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charge+1 (Figure 2b). Thus, according to the conventional electron transfer from the highest-lying lone pair levels of the
electron counting scheme, NiSi; 3843234 has the charge  main group ligand atoms to the empty d-block levels. Such an

balance (NI°52"); 38{Si%)1 384P")0.23dP?)2(P~), and Nigiz electron transfer is energetically favorable because #feyt
Sio.gsd™3.237has the charge balance 84)1 814S1%)0.95(P")o.237 energy separation is negligible in cases when the relative energy
(P)2(P7). Consequently, the Ni oxidation state is not larger but ordering of Figure 1b is applicable. As a consequence, the
smaller in the nonstoichiometric compositions pMpSh 284 highest-lying lone pair levels of the main group ligand atoms

and Ni esSioeds than in NiSpPs (i.e., +0.552,+0.421, vs become the frontier orbitals of such compounds, and the
+1.000) once the presence of-$ covalent bonding is taken  transition metal atoms have &%klectron count. Our EHTB
into consideration. Thus, as far as the Ni oxidation state is electronic band structure calculations for BEsiand NiSpP;
concerned (based on the conventional electron counting scheme)support these two predictions. The modified electron counting
the nonstoichiometric compositionsiSi 284sP3 and Nigg- scheme proposed in this work is also applicable to other
Sio.ssPs are, if not more than, as acceptable as the stoichiometric transition metal phosphosilicide#8 and should also be useful
composition NiSiPs. The true composition of this phase may for a wide range of compounds for which the relative energy
depend from experiment to experiment. From the viewpoint of ordering of Figure 1b applies. Our discussion also suggests that

entropy and more fully filling all the valence orbitals, the the true compositions of the P§8} and NiSiP; phases can be
nonstoichiometric compositions are more favorable than the nonstoichiometric.

stoichiometric composition.
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For late transition metal compounds with weakly electrone- critical comments.
gative ligands for which the relative energy ordering of Figure IC980761R
1b applies, the conventional electron counting scheme incor-
rectly predicts that the empty d-block levels of the transition .
metal atoms lie below the highest-lying lone pair levels of the (29) iheer'egs-? Koo, H.-J.; Ren, J.; Whangbo, M.<HSolid State Chem
main group ligand atoms. This deficiency of the conventional (3q) Glgizes,. A.; Dartiguenave, M.; Dratiguenave, Y.; Galy, J.; Klein, H.
electron counting scheme is easily corrected by introducing F.J. Am. Chem. S0d 977, 99, 5187.

6. Concluding Remarks




