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The relationship between the ab initio quantum mechanically 
calculated Zunger-Cohen pseudopotential orbital radii,' rp, of 
an atom calculated from the classical turning point and the 
valence- and coordination-number-dependent ionic radii of 
cations and anions tabulated by Shannon2 has been recently 
in~estigated.~ A set of radii CR- and CR+ corresponding to 
(singly) charged negative and positive ions was related linearly 
to qSp) ((is + ip ) /2) .  The interatomic distance, dM-M, in non- 
transition-metal elements was found3 to be given by the sum 
of CR+ and CR-. In general, 

d M - M  = CR'I + CR-, (la) 

(1b) 

where the coefficient Cl and the length scale D1 have universal 
values for given 1. When 1 = (sp), Ganguly3 found C(,,) - 4.52 
A and D(,p) - 0.74 A, which is close to the interatomic distance 
in the hydrogen molecule. It is satisfying to note that the special 
case of rI = 0 yields the H-H bond distance in the hydrogen 
molecule (DI). 

We have fitted the interatomic distances of non-transition- 
metal  element^^,^ using the nonrelativistic Zunger-Cohen 
values' for r, and keeping D1 = 0.74 A. The relation 

= C, rI + D, 

dM-M = 4.74r, + 0.74 (in A) (2) 

gives the best fit (Figure 1). Only rs may be sufficient for the 
prediction of interatomic distances to a f i s t  approximation. 
Zhang et aL6 have also observed earlier that just r, can give 
important insight into bonding properties and electronegativity 
scales. Ganguly3 had noted earlier that CR- is close to the van 
der Waals radii,' W W ,  so that we may use WDW to obtain the 
relation between CR- and r, and subsequently (via eqs 1 and 
2)  that between CR+ and r,. We find from this exercise that 

CR' = 2.24rS - 0.37 (in A) (3) 

Multiple bond distances in molecules or elements cannot be 
obtained in a straightforward manner using eq 1 or 2. Moreover, 
the use of parameters based on density functional approach have 
also always proved to be inadequate in predicting bonding 
properties of transition-metal We show in this 
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Figure 1. Plot of dM-M(ObSVd) vs the nonrelativistic Zunger-Cohen 
orbital radii, r, (0) or qSp) ( ( r ,  + rp)/2; x) values obtained from the 
classical turning point of valence s and p electrons. The straight line 
corresponds to eq 2 in text. 
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Figure 2. Plot of observed interatomic distances at room temperature 
(ref 4) in transition-metal elements vs the Zunger-Cohen s-orbital radii, 
r, (in A). 0, 3 4  0, 4d; and A, 5d elements. The line is meant as a 
guide to the eye for the values expected from eq 2. 
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Figure 3. Plot of dM-M(obsvd) vs &,(calcd) using eq 4 with C(S) 
= 1.19 and n(S) = 0.08 and eq 2 for obtaining dM-M(CdCd). The 
symbols are the same as those given in Figure 2. The line is meant as 
a guide to the eye for dM-M(ObSVd) = d;r-,(calcd). 

Communication that there may exist a simple universal function 
of the number of unpaired valence electrons, n, which in 
conjunction with eq 1 accounts for the variation of interatomic 
distances in transition-metal elements in the same manner as it 
explains multiple bond distances in the first row elements. 

The observed interatomic distances in transition-metal ele- 
m e n t ~ ~  are always smaller than those calculated using eq 1, as 
shown in Figure 2. The elements with the maximum deviation 
in Figure 2 are those elements in which the d orbitals are close 
to being half-filled? The extent of reduction of the interatomic 
distance in transition-metal elements may be related to the 
number, n, of unpaired d electrons or the total spin S (n/2). 
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Thus, the calculated "spin"-dependent interatomic distance, 
&-,(calcd), is obtained by dividing dM-M(CdCd) (eq 2) by an 
universal spin-dependent factor, Fs, applicable to all transition- 
metal elements (S > 0). Thus we have 

The best fitlo*ll (Figure 2) is obtained with C(S) = 1.19 and 
n(S) = 0.080 (-1/4n). The maximum deviations are observed 
with Fe, Co, Pt, and Au (see Figure 2). 

Equation 4 yields FS = 1.16, 1.26, 1.32, 1.37, and 1.41 for n 
= 1, 2, 3, 4, and 5, respectively. The ratios of the single-bond 
distance to the double-bond and triple-bond distances for 
carbon12 are 1.16 and 1.28, respectively. The average values 
of the ratios of double-bond and triple-bond distances to the 
single-bond distances as tabulated by Pauling12 for the fiist row 
elements are 1.18 and 1.31, respectively. The values of FS for 
n = 1 (-1.16) and n = 2 (-1.26) obtained from eq 4 correspond 
closely, therefore, to the ratios of the single-bond to double- 
bond and triple-bond distances, respectively. 

Equation 4 is applicable for rare-earth (40 systems only when 
S = l/2, as in Y or Sc. It is not valid when S is calculated from 
the number of unpaired 4f electrons, thereby emphasizing the 
requirement of unpaired outer or  valence electrons for eq 4 to 
apply. Fs, and hence atomic sizes, may therefore change with 
the valence state.2 The influence of unpaired valence electrons 
is quite distinct from that of the bonding valence electrons, as 
seen from eq 4, in which c&-M does not extrapolate to dM-M 
when S = 0. There need be no restriction for using different 
values of FS with the atoms constituting a chemical bond. 
Moreover, chemical experience, such as the existence of various 
bond orders for different bonds of the carbon atom in the 
carbonyl group of a ketone, requires FS for an atom to be 
dependent on the environment in the bonding direction. With 
such an FS or bond order flexibility, the prediction or interpreta- 
tion of internuclear distances on the basis of eq 4 requires a 
judicious choice of Fs, especially in complicated structures. 

An important issue in which bond lengths play a crucial role 
in the identification of the problem is the question of multiple 
metal-metal bonds in polynuclear c o m ~ l e x e s , ~ ~ - ~ ~  some of 
which are listed in Table 1. The triple-bond or quadruple-bond 
distances calculated from eq 4 using the Zunger-Cohen r, are 
very high (Table 1) and point to another prescription for 
obtaining intermetallic distances in such clusters. The bonding 
of a polynuclear clusters of metal, M,, bonded to ligands, L, 
with higher electronegativity may be written as (M,)+-L-. We 
have considered the intermetallic M-M distance within this 
(Mp)+ cluster to be given simply as 
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Table 1. Observed and Calculated Metal-Metal Distances in 
Some Polynuclear Cluster Complexes" 

bond dM-M dM-MC d(M-M)+d 
compound orde@ obsvd calcd calcd 

[TczClsl 4 2.15 2.76 2.14 (+3,*3) 
[MozClsl(dppe)z' 2.76 2.76 (+1,*0) 
[MoaCls14+ 2.61 2.64 (+0,*1) 
[M0z(~04)4Iz-  2.22 2.20 (+3,*3) 
[Ms(s04)413- 2.16 2.16 (+4,*3) 
~ o z ( s 0 4 ~ 4 1 4 -  2.11 2.13 (+3,*4) 
Moz(OzCCF3)4 2.09 2.09 (+4,*4) 
Mo=Md 3 2.208 2.95 2.20 (+3,*3) 
M O L M ~  4 2.106 2.82 2.12 (+4,*4) 
ReERd 3 2.27-2.28 2.89 2.30 (+2,*2) 
R&R$ 4 2.22 2.76 2.20 (+3,*3) 
Re-Re 2 2.47 3.20 2.50 (+1,*1) 

C r C l f  1.87 1.90 (+4,*4) 
C~Z(OZCCF~)~(E~ZO)Z 2.54 2.61 (+O,*O) 
Pts(CO)a@-CO)a 2.658 2.66 (+O,*O) 
~ d c o ) 3 ~ - c 0 ) 3  3.05h 3.00 (+O,*O) 

The observed distances for the compounds listed are taken from 
refs 13-16. The r, values for Mo (1.19 au), Pt (1.09 au), and W (1.20 
au) have been calculated from the interatomic distances in the elements 
using eq 4. For the others, the calculated Zunger-Cohen orbital radii 
have been used (ref 1). The bond order (n  + 1 = 2S + 1) is taken 
from that reported in the literature (refs 14 and 15). Calculated using 
eq 4 for the value of S corresponding to that given by the bond orders 
given in the second column. dCalculated using eq 5; the figures in 
parentheses (+n,*n') are the numbers of unpaired electrons used to 
calculate Fs,+ and Fs,coy in eq 5 so as to obtain the best agreement with 
observed values. dppe, PhzPCHZCHSPhz. fThe values given are the 
average values from examples given in refs 14 and 15. 8 Intracluster 
Pt-Pt distance. * Intercluster Pt-Pt distance. 

WLWf 4 2.20 2.22 (+3,*3) 

dfJvf-M)+ = CR+/FS,+ + cRcoJFS,cov ( 5 )  
with CR+ being given by eq 3 and 2C%,, = dM-M given by eq 
3. Fs,+ and F s , ~ ~ ~  are the values by which CR+ and C k O v  are 
reduced due to the unpaired valence electrons, n, on the 
corresponding atoms. The internuclear distances calculated 
using eq 5 are compared with the observed distances in Table 
1. The values of FS used correspond to the proposed bond 
orders13-16 reasonably well. When M = Mo, however, the 
average proposed Mo-Mo triple-bond and quadruple-bond 
distances of 2.208 and 2.106 A, respectively, fit better the 
quadruple (S = 3/2) and quintuple (S = 2) bond distances 
calculated using eq 5. On the other hand, the ratio of the average 
Mo-Mo triple-bond distance to the average quadruple-bond 
distance is 1.048, which is almost exactly the expected ratio of 
1.3211.26 = 1.048 obtained from eq 4. It is interesting to note 
from Table 1 that the changes in the value of S account for the 
range of Cr-Cr distances in polynuclear clusters of Cr, with 
the supershort Cr2 distance being given by S = 2 and the longer 
Cr-Cr distance by S = 0. 

Equation 5 seems to be relevant only for intracluster distances 
of polynuclear clusters. In one-dimensional solids13 such as 
the insulating K2Pt(CN)4*3H20, the Pt-Pt distance of -3.48 A 
is obtained from eq 2 for S = 0, assuming rs - 1.09 au for Pt 
(this value is used hereafter for all other Pt complexes), obtained 
by applying eq 2 to the Pt-Pt distance of 2.77 8, in Pt metal, 
with S = 1. Complexes such as K2[Pt(CN)41Bro 3*3H20 or KZ- 
[Pt(CN)4]Clo,3*3H20 have Pt-Pt distances close to 2.88 8, and 
have higher conductivity than K1,7s[Pt(CN)4]*1.5H20 (Pt-Pt 
distance of 2.96 8, compared to -3.00 obtained from eq 2 
for S = l /~) .  An interesting example13 is Pt3(co @-co)3, in 
which the intracluster Pt-Pt distance of -2.65 d is close to 
that (2.66 A) obtained from eq 5 with S = 0, while the 
intercluster distance of -3.05 8, is close to that (-3.00 A) 
obtained from eq 2 with S = 0. 
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