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Transition Metal Dimer Internuclear Distances from Measured Force Constants
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Several empirical rules, which correlate force constants and equilibrium internuclear distances, have been
extended to the transition metal dimers to test which one gives the most accurate fit. It is also of interest to
determine to what extent their use can accurately predict internuclear distances for dimers for which there are
no available experimental values. Pauling showed by using crystallographic data that internuclear distance
can be correlated with the logarithm of the bond order, which itself is closely related to the force constant.
Another empirical rule, due to Badger, indicates an inverse correlation between the force constant and the
third power of the internuclear distance. Badger’s relationship is the most widely used; therefore, it has found
considerable application in various branches of chemistry. Guggenheimer proposed a correlation between
force constant and the inverse of the internuclear distance raised to the power 2.46. We find that Pauling’s
rule provides a considerably better fit to existing data than Badger's and Guggenheimer’s for the transition
metal dimers. Although Pauling’s rule gives the best results, the remarkable accuracy of Guggenheimer’s
relation is of considerable theoretical interest.

I. Introduction We have found that there is reasonably good agreement in
almost all cases between the calculated internuclear distances
and the experimental results. Overall, Pauling’s relationship is
more closely in agreement with the experimental values than
o . ) " Badger’s. The calculated values obtained by using Guggen-
complla}tlon leads to the question as to Whethgr various existing painars formula are remarkably good as well, but this
cprrelaﬂons between force constants a_md eqwhbnum |nternuclearrelationship requires some reformulation for application to
distances can be extended to transition metal dimers, and 10y ansition metals.
what extent they can be used to predict accurate internuclear
distances for those dimers for which no experimental data has
yet been obtained. The most well-known of such correlations
is that of Badger, for which the force constant is shown to be  In this section, we examine the existing experimental data
inversely proportional to the cube of the internuclear distance. on transition metal dimers. In Table 1, we present the measured
A complete discussion of the application of Badger's#ilas ~ Vibrational frequenciesef in cm™2). In most cases, these have
been given by Herschbach and Lawti®©ther correlations been obtained in Raman or fluorescence spectroscopy either in
include one between the internuclear distance and logarithm ofthe gas phase or in matrix isolation. Below each vibrational
the bond order, due to Pauliigis well as a relationship due to ~ frequency is given the force constakg i mdyne/A) calculated
Guggenheimérbetween force constant and the inverse of the from the observed harmonic frequency using the expresgion
internuclear distance raised to the power 2.46. All of these = /2mw?, with the conversion factor 1 amu cfh= 5.8919x
relationships are empirical, and have found varying degrees of 107 mdyne/A. The masses used were the natural abundance-
applicability, but all are remarkable in their accuracy. weighted average of the isotopic masses unless isotopic resolu-
Pr‘eviouslyl there were not enough available force Constanttion was reported in the Spectra, in which case the individual
data and accurate measurements of the internuclear distancei$otopic mass was used. Only the vibrational frequencies for
in transition metal clusters to test these theories. Transition T2 O%, and Ip have not been measured. The force constants
metals are special in regard to the availability of d electrons listed in Table 1 for these three dimers were obtained through
for bonding. This leads to an enormous range of bond orders@ correlation between force constant and diabatic dissociation
(from near zero to over five) as well as the possibility of high energy and, thus, may be considered only indirectly measured
Spin ground states, numerous low |y|ng states, possib|e ferro- eXperimenta”y. HOWeVer, the values determined in this manner
electric coupling, and, especially in the heavier metals, severefit well the periodic trends observed and are therefore reasonable.
relativistic effects. It is therefore of considerable interest to ~ Also of interest in application of the empirical correlations
determine the extent to which the above empirical correlations is the bond orden. The bond order, like the force constant, is
can be extended to transition metal dimers and to examine & measure of the bond strength, and it is usually defined formally
whether they are of any predictive value for internuclear aSl/2 the difference between the number of bonding electrons

distances which cannot be measured experimenta”y_ and antibonding .eleCtronS. However, a more .realistic definition
involves calculation of the electron occupation number for a

* To whom correspondence should be addressed. E:mail: lombardi@ 9iven bond from the wave function. This enables the determi-
sci.ccny.cuny.edu. nation of noninteger values for bond order. For transition metals,

Recently, accurate experimental values for force constants
for almost all of the homonuclear transition metal dimers, and
many of the internuclear distances, have become avafldibis

[I. Existing Experimental Data on Transition Metals
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TABLE 1: Experimental Vibrational Frequencies (in cm~2), Force Constants (A), and Bond Orders if) for the Transition
Metal Dimers2

SC27 Ti28 Vzg Cl’zm ann F8212 C0213 Ni214 Cu215 anls
w 239.9 407.9 536.9 480.6 76.4 299.6 296.8 259.2 266.5 25.9
ke 0.76 2.35 4.33 3.54 0.09 1.48 1.53 1.16 1.33 0.01
n 0.57 1.77 3.26 2.66 0.07 1.11 1.15 0.87 1.00 0.01
Y217 Zr218 N b219 M0220 TCzl RU221 R h222 sz23 A9224 Cd216
w 184.4 305.7 420.5 473.3 (389) 347.1 283.9 210.0 192.4 23.0
ke 0.89 2.51 4.84 6.33 (4.37) 3.59 2.44 1.38 1.18 0.02
n 0.76 2.13 4.12 5.38 (3.72) 3.05 2.07 1.17 1.00 0.02
LU225 Hf226 T3Q27 W228 Rez29 OSzl “—21 Pt230 Au231 ng32
0 121.6 176.2 300.2 336.8 337.9 (334) (280) 222.5 190.9 18.5
ke 0.76 1.63 4.80 6.14 6.26 (6.26) (4.44) 2.84 2.12 0.02
n 0.36 0.77 2.27 2.90 2.96 (2.96) (2.10) 1.34 1.00 0.02
aValues in parentheses were obtained indirectly from a fit of force constants with dissociation energies (see ref 1).
TABLE 2: Experimental Ground State Dimer Internuclear We should also point out at this stage that in previous work
Distances (A) we have focused exclusively on transition metals, referring to
Se Ti® V3 Cr® MnS® Fe’” Co, Ni%® Cw® Znts the first, second, and thirdow of the transition metal series.
194 177 1679 34 202 2154 222 419 Hoyve\(er, for qomparison with work on other parts of the
periodic table, it is best to revert to the nomenclature of the
Y2 Zr*° Nbt Moy Tc; Rwp Rhy Pd Agy® Cdf® table as a whole, and that involves reference tdlive, fourth,
224 2078 1.929 253 4.07 and fifth row (for the first, second, and third transition metal
rows). Also, because of the paucity of experimental internuclear
Lu, Hf; Taa W, Re Os o PE™ Au®™  Hg™® distances in row five, we do not consider the fits presented below
233 247 363 for this row to be very reliable.

there exist relatively few good calculations because of the same||. Empirical Correlations

problems associated with the existence of d electrons discussed . .

above. It is therefore of use to obtain an experimental value for .Among the seve_ral empirical .rules relating the force constant
the bond order, and it would be valuable to be able to comparew'th .other properties of chem|cql bonds, thosg prqposed by
bond strengths across the periodic table. We are assisted in thi?au“ng’ Badger, and Ggggenheqmer are ”S?_d in this St.Udy to
regard by a derivation due to Johnsfohle showed that the predict the internuclear distances for the transition metal dimers.

) . . A. Pauling’s Rule. By using crystallographic data, Pauling
Egggtgr:?%; ?ﬁedgrlrr;i?aby Pauliig proportional to the force empirically developed a relationship between bond ordér (

and the equilibrium internuclear distances. This is expressed
_ 1 b
n= kgk." y

wherek. is the experimental force constant in mdynekd? is rh="ry—b;log (n)
the force constant for a single bond, amds the bond order.
The only problem is the determination kf?. For transition where p, is the internuclear distance when the bond order is
metal dimers, we consider that for the coinage metals (Cu, Ag, (r1 is for a single bond) andl is a constant that depends on
and Au) the ground-state atomic configuration’i%H The filled the rows of the periodic table in which the two atoms reside. In
d shell precludes the participation of d electrons in bonding, this article, all of the dimers are homonuclear, so that in
and because there is only one s electron per atom available forprinciple, we need only;, but we retain the more general
bonding, we may take the force constant for the coinage metal notation for consistency. Originally, Paulihgstimatedb; to
dimers to bek® for each row of the periodic table. In the third  be about 0.6 for many species with fractional bonds and 0.71
row under each metal in Table 1, we present the bond orderfor bond orders of 1 and higher. Using best-fit procedures, with
calculated for each dimer using this procedure. Note thesethe experimentally derived bond orders from Table 1 and the
experimental values range in magnitude from as low as 0.01 known internuclear distances from Table 2, for dimers of the
(for Zny, Cdp, and Hg), which are essentially van der Waals third row of the periodic table, we obtalg; = 1.02; for the
complexes, to 5.38 (for MY, which implies considerable fourth and fifth row, we obtail,, = 0.78 (this is in agreement
participation of d-electrons to provide an extremely strong with the value of 0.75 for the second row obtained by Petfor,
chemical bond. who also provided a theoretical justification for Pauling’s
Accurate experimental data for equilibrium internuclear relationship derived from a pairwise potential function) &gl
distances exist for 16 transition metal dimers as exhibited in = 0.67, respectively. The fits obtained are illustrated for rows
Table 2. Most of these have been measured either by high-3 and 4 in Figure 1. Note that these values differ slightly from
resolution absorption or fluorescence spectroscopy in the gasthose previously reportédbecause in these fits we have
phase. Such studies are hampered by the fact that, especiallyncluded the van der Waals bonded dimers of Zn, Cd, and Hg.
for the heavier elements, the moments of inertia are large, With these parameters, we may then calculate internuclear
leading to rather small rotational constants. Thus, the rotational distances for all of the transition metal dimers. The results are
spacings obtained in spectra may often be comparable to or lesslisplayed in Table 6 in the rows just below the experimental
than the laser or Doppler line width. This causes spectral results. For the third row of the periodic table, the standard
congestion resulting in inability to resolve rotational structure. deviation is 0.07. Out of eight elements for which internuclear
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45 TABLE 6. Comparison between Experimental and
Calculated Internuclear Distances (in A) for the Transition
Metal Dimers?
4.0
Ground State Dimer Internuclear Distances (A)
3.5
3.0
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Figure 1. Correlation of force constant and internuclear distance for

rows 3 (square) and 4 (triangle) of the transition metal dimers using
Pauling’s empirical relationship. The straight line represents to best fit

of the data for each row aExp: experimental values; P: Pauling’s rule; B: Badger’s rule;

G: Guggenheimer’s ruleg: standard deviation for each fit of the

TABLE 3: Parameters for Pauling’s Rule Fits of Transition observed internuclear distances.
Metal Dimers

encourages us to extend the calculations to dimers of each row

row b for which internuclear distances have not yet been measured,
3 1.02 and we include these predictions in the table.
‘5‘ 8'?73 B. Badger’s Rule. The second empirical relationship used
’ in this study is the one proposed by Badger in 1934. In the
TABLE 4. Parameters for Badger's Rule Fits of Transition case of diatomic molecules, Badgebserved that the inter-
Metal Dimers? nuclear distance may be expressed with fair accuracy as a
row m b 3 d function only of the “bond force constant” at the equilibrium
separation and of the positions of the periodic table from which
3 0.62 1.52 2.14 1.52 . . . .
4 0.64 174 238 174 the molt_ecules reside. This rule states that there exists an inverse
5 0.42 2.09 251 2.09 correlation between the force constant and the third power of
the internuclear distan Xpr the formul
aDefined byre = mke ) + b using a linear fit ofre vs ke 23, € intemnuclear distance as expressed by the formula
m= g — dj; b= dj. 3
ke(re —dyj)"=C
TABLE 5: Parameters for Guggenheimer's Rule Fits for
Transition Metal Dimers® wherek. is the force constant in mdyne/Ay is the internuclear
row m b s distance in Ad; is a constant that depends on the rows of the
3 015 0.34 6.7 periodic table to which the nuclei of atomsindj reside, and
4 0.13 0.40 7.7 C is a universal constant equal to 1.8610° dyn/cm. Badger
5 0.09 0.41 11. also suggested that to obtain a more accurat€ should be
a Defined by logte) = mlog(1h) + b using a linear fit of log(s) vs allowed to take different values from group to group. This
log(1/). relationship may then be expressed more generally asd;

+ (Cy/ke )Y3. However, because of the lack of available data

distance experimental data are available, six agree very closelyabout vibrational spectra of the molecules, this relationship was
with the calculated values. For,\and Fe, the deviation is a  hot at the time applied to polyatomic molecules. With few
little larger. For Cs, we might have expected difficulties because exceptions, it is believed that the above relationship holds for
of the unusual potential function for this dimer. Requiring a both ground and excited states of molecdles. valuable
function with terms up to the sixth power of the internuclear contribution to such studies has been presented by Herschbach
distance, Casey and Leop#ldound a harmonic force constant ~ and Laurie? They showed how Badger's rule could be extended
of 3.54 mdyne/A, a value that is higher than that of any third to anharmonic constants, including cubic and quartic constants,
row dimer, except for Y. Furthermore, in Nj there is evidence ~ and assembled considerable data for numerous diatomic species.

for unusually low d-electron contribution to the bondig? They also proposed an alternative form of Badger’s rule with
Despite these potential problems, our fits for @nd Np are the formula

not bad. The results obtained for the fourth and fifth rows are

also in very close agreement with experimental values, although, re= dij + (a,-j — dij) ke_”?’

with so little internuclear distance data available, the fifth row

fit must be regarded as tentative, at best. The standard deviationsvherea; may be considered to be a standard bond lerigtr (

for rows 4 and 5 are 0.02 and 0.02, respectively. It is especially 1 atr. = &;) andd; as a distance of closest approach of the
gratifying that the van der Waals dimers of Mn, Zn, Cd, and two nuclei ke — « atre = dj). Herschbach and Laurie then
Hg are fit so well (all within 0.06 A). Note also the excellent compiled extensive tables of the parametrandd;, which

fit for Zr, Nb, and Mo dimers. The quality of these fits have been quite useful for predicting equilibrium internuclear
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Figure 2. Correlation of force constant and internuclear distance for
rows 3 (square) and 4 (triangle) of the transition metal dimers using
Badger’s empirical relationship. The straight line represents to best fit
of the data for each row.

distances? We shall use this form of Badger's rule in our fits
of transition metal dimers. Weissh&ahas applied Badger’s
rule to the third row metal diatomics, including transition metals,

but since then, much more data has been obtained, and we utiliz

it here.

Using the available data for transition metal dimers, we show
in Figure 2 the best fit of the above relationship for the third
and fourth row of the periodic table. The best-fit parameters
are displayed in Table 4. The resulting values of internuclear

distances are displayed in the third row below the metal of Table
6. They can be seen to be reasonable in the light of the results
of Herschbach and Laurie, who, with considerably less data

available, obtained values of 2.58z§) and 2.85 &44) for the
third and fourth row values ddij and 1.41¢33) and 1.62 ¢4)

for dj. In a fit of diatomic molecules containing one or two
metal atoms across the entire periodic table, Weis$haar
obtainedasz = 2.12 andds;3 = 0.906. Fang et al’ obtaineday,

= 2.60 anddss = 1.09 for the fourth row, once again with

considerably less data than currently available. The standard

deviations for the fits (0.22 for row three, 0.06 for row four,

and 0.05 for row five) are adequate but can be seen to be

nowhere near as good as for Pauling’s rule fits for the rows

(3 and 4) for which the best data is available. This is consistent

with a more recent examination of Badger’s réflecspecially
problematic are the values for the van der Waals dimets Zn
and Mn, although the value for Miis somewhat better than
that of Pauling. Poor fits are also obtained for,GZw, and
Ag». Once again, the fifth row results should not be taken too
seriously. Predicted values for dimers for which there are no
measured values are also presented.

C. Guggenheimer's Rule.Guggenheimérshowed that the

force constant and the bond length may be related by the formula

ke= C(z,2) l/2"e;S

wherek. is the force constant mdyne/&, is a constant, anz,

and z, are the total number of s and p valence electrons
contributed from each of the two atoms. The expongno{re

as well asC was obtained by a least-squares fit of the series
Hy, Lis, N&, and Ky, and the best fit was found to be for a
value ofs = 2.46 andC = 273.8. It was then shown that this
formula could accurately predict the vibrational frequencies of

e
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over 70 diatomic species with an average deviation of 1.6%.
The above formula was used only for molecules with single
bonds, but he also showed that a double bond contributes a
factor of 2 to the force consténdind that the same values ®f
andC are obtained. For hydrides, an optimal valuesef 1.84

was found.

It is worthwhile to examine the possibility of extending
Guggenheimer’s relationship to transition metals. One difficulty
is to choose the fact@iz. The contribution of s and p electrons,
plus the added factor of 2 added for formal double bonds,
indicates that this is related in some way to the bond order.
However, we must search for an extension of this relationship,
which in some way accounts for the contribution of d electrons.
For transition metal dimers, it is well-known that the best
bonding occurs when the atoms are in dncenfiguration.
However, many transition metals have &s ground-state
configuration. To explain the rather strong bonds observed for
many dimers, it is therefore necessary to consider promotion
energies to a™s! configuration, and where this promotion
energy is low enough, we may presume that the latter config-
uration may be used. Indeed it was shown that a better
correlation between observed force constants and dissociation
energies is obtained when considering the diabatic dissociation
energiey i.e., those for which promotion energies are included.
Thus, we assume that all of the transition metal dimers dissociate
diabatically to two #1s! atoms. Exceptions to this doubly
promoted diabatic limit would exist for the dimers of Sc, Y,
Lu, and Re, which are known to dissociate ftsd+ d\*is!
configurations, and Pd, which is thought to dissociate td%% d
+ d%! separated atom limit. Also of concern are the van der
Waals dimers (Mg Zn,, Cdb, and Hg) which may be regarded
as consisting of two%atoms. The experimental bond order
introduced in section II, provides us with a way to include all
of the contributions to bonding. As was shown by application
of Pauling’s rule (A), this holds over a wide range of values of
n. Remembering that the bond order= kJ/kd", it is perhaps
convenient to rewrite Guggenheimer’s relation as

= 1"

We see that in this interpretation, Guggenheimer’'s parameter
C(z122)Y2 is replaced bykD(r{M)s and, despite the suggestive
notation (. = rd for n = 1), we may regard ) as an
adjustable parameter, along wihTaking logarithms

log(r.) = mlog(k."/k.) + b= mlog(1h) + b

where it may be seen that = 1/s andb = log(r¢Y). We now

use the experimental data to obtain best values ahdb. The

fits obtained are illustrated in Figure 3 for rows 3 and 4, and
the values obtained fom; andb; are listed in Table 5. The
standard deviations for the three rows are 0.13, 0.06, and 0. 04,
respectively.

As above, the values for row 5 should not be taken too
seriously because of such few data points. Note, however, how
close the values are to those of row 4. In fact, the values for all
three rows are seen to be quite similar. The valuesferl/

m), however, differ considerably from those obtained by
Guggenheimer for nontransition metals, perhaps reflecting the
effect of d-electron contributions to bonding. The fits are not
as good as those obtained with Pauling’s relationship but still
are rather remarkable. The internuclear distances obtained for
Tiy, V2, Fe, Niy, Zr,, Nby, and even Cglare quite close, whereas
for Cw, and Ag, they are relatively poor. Considering those
dimers for which we have no measurements, the Guggenheimer
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Also of interest is the relatively good fits obtained using the
Guggenheimer relationship. Although not as good as found with
Pauling’s, the consistency of parameters among the rows of the
periodic table and the apparent wide applicability observed by
Guggenheimer justify more detailed investigation into possible
theoretical justifications for this relationship. The reformulation
presented here is suggestive of a possible route for interpretation
of this relationship, but this will require further study.
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