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Recent matrix spectroscopic studies, focusing attention on group 1B metal atom reactions with ethyléne, have provided
an avenue to the novel series of highly colored, paramagnetic, mono(ethylene) complexes Cu(C,H,), Ag(C;H,), and Au(C,H,).
A distinctive feature of each of these species is a single, intense, visible absorption and a less pronounced ultraviolet band,
both displaying a monotonic energy behavior of the form Au > Cu > Ag and Ag > Au > Cu, respectively. In this study,
the utility of the SCF-Xa-SW molecular orbital method, for correlating the calculated and observed electronic structures
and one-electron excitation energies of M(C,H,) (where M = Cu, Ag, Au), is examined. A series of spin-unrestricted
and -restricted calculations for both ground- and excited-state electronic configurations have been conducted. In brief,
the outcome is-an appreciation of group 1B metal atom—olefin bonding interactions, some enlightening comparisons with
the M = Ni, Pd, or Pt neighboring triad of mono(ethylene) complexes, and in particular a satisfying accountability of all

the aforementioned electronic spectral trends.

Introduction

Known, stable ethylenic complexes of the group 1B elements
invariably involve the metals in their oxidized forms. There
exist a wide variety of Cu(I), Ag(I), and Au(I) mononuclear
complexes,! as well as a number of mixed-oxidation-state
binuclear complexes containing both Au(I) and Au(III).2
Zerovalent copper, silver, and gold complexes of ethylene,
however, were unknown prior to their synthesis via the metal
vapor technique.>® Recently, other investigations of binary
metal atom—cthylene systems have been reported for Ni,’
Pd,%’ Pt,!° Co,!" and Rh!? on the matrix scale while macro-
scale metal vapor syntheses have been reported for tris-
(ethylene) and tris(bicyclo[2.2.1]heptene) complexes of N1,
Pd, and Pt.13

Although some of the group 8 metal complexes such as
Ni(C,H,), Ni,(C,H,), and Co,(C,H,) have been shown to
have considerable value as localized chemisorption models for
ethylene bonded to the respective metal surfaces, similar at-
tempts to mimic the much more weakly bonded group 1B
metal-ethylene surface intermediates!* have been less re-

warding, mainly because of a basic deficiency of vibrational

data for the chemisorbed molecules. However, the molecular
simplicity of these binary metal-ethylene complexes has at-
tracted the attention of a number of theoreticians who have
recognized their importance as fundamental “test cases” for
evaluating a variety of vibrational'® and electronic structure
calculational procedures.! With the recent development of
the SCF-Xa-SW method!? and its application to some noble
metal-ethylene complexes,'® a direct correlation has been
established between accurate electronic structure calculations
and the optical properties of matrix-isolated species. In this

context, it may be noted that a wide range of semiempirical

and ab initio molecular orbital techniques has been applied
to a number of metal-ethylene systems.”18-26

The neutral metal-ethylene complexes of the present study
have been obtained by direct reaction of the d'%! group 1B
metal atoms with ethylene under matrix cryogenic condi-
tions,> Unlike their group 8 counterparts, the resulting
complexes are open-shell systems bearing one unpaired elec-
tron. This difference is most strikingly shown in their elec-
tronic spectra, where all of the group 1B metal-ethylene
complexes are highly colored, while those of the group 8 metals
have no visible absorptions. The purple and green colors of
Ag(C,H,) and Au(C,H,), respectively, have been previously
attributed to a charge-transfer band centered in the visible
region of the optical spectrum, associated with the excitation
of the unpaired electron.?*

*To whorﬁ correspondence should be addressed at the University of To-
ronto.

The synthesis and infrared isotopic characterization of these
complexes has afforded the opportunity for a detailed com-
parison of the theoretically determined electronic structure and

- excitation energies with the experimentally determined optical

spectra. Furthermore, effects due to an unpaired electron spin

(1) (a) R. G. Salomon and J. K. Kochi, J. Am. Chem. Soc., 95, 1889
(1973);. (b) J. K. Hurst and R. H. Lane, J. Am. Chem. Soc., 95, 1703
(1973); (c) D. Meyerstein, Inorg. Chem., 14, 1716 (1975).

(2) M. Herberhold, “Metal #-Complexes”, Elsevier, New York, 1966, Vol.
I; 1972 and 1974, Vol. II, Parts 1 and 2.

(3) (a) H. Huber, D. McIntosh, and G. A. Ozin, J. Organomet. Chem., 112,
C50 (1976); (b) G. A. Ozm, H. Huber, and D. McIntosh, Inorg
Chem., 16, 3070 (1977).

(4) P.H. Kasal, D. McLeod, Jr., and T. Watanabe, J. Am. Chem. Soc.,

: 102, 179 (1980).

(5) D. Mclntosh and G. A. Ozin, J. Organomet. Chem., 121, 127 (1976).

(6) ? Huber, G. A. Ozin, andW J. Power, J. Am. Chem Soc., 98, 6508

1976).

(7) G. A.Ozin, W, J. Power, T. H. Upton, and W. A. Goddard I1I, J. Am.
Chem. Soc., 100, 4750 (1978).

8) G.A. Ozm, and W. J. Power, Inorg. Chem., 16, 212 (1977).

(9) H. Huber, G. A. Ozin, and W. J. Power, Inorg. Chem., 16,979 (1977).

(10) W. J. Power, Ph.D. Thesis, University of Toronto, 1979.

(11) A.J.L. Hanlan, G. A. Ozin, and W. J. Power, Inorg. Chem., 17, 3648
(1978).

(12) A.J. L. Hanlan, Ph.D. Thesis, University of Toronto, 1978,

(13) R.M. Atkins, R. Mackenzie, P. L. Timms, and T. W. Turney, J. Chem.
Soc., Chem. Commun., 764 (1975).

(14) (a) R. P. Eischens, W. A. Pliskin, and S. A. Francis, J. Chem. Phys.,
22, 1786 (1954); (b) J. E. Demuth and D. E. Eastman, Phys. Rev. B:
Solid State 13, 1523 (1976).

(15) M. Bigorgne, J. Organomet. Chem., 160, 345 (1978).

(16) ’(I".gHé)Upton and W. A, Goddard, III, J. Am. Chem. Sec., 100, 321

1978).

(17) (a) K. H. Johnson and F.'C. Smith, Jr., Phys. Rev. B: Solid State 5,
831 (1972); (b) J. C. Slater and K. H. Johnson, ibid., 8, 844 (1972);
(c) P. Weinberger and K. Schwarz, Int. Rev. Sci.: Phys. Chem., Ser.
Two, 1, 255 (1975); (d) K. H. Johnson, Adv, Quantum Chem., 7, 143
(1973); (e) N. Résch, NATO Adp. Study Inst. Ser., Ser. B, 24, 1
(1977); (f) J. W. D. Connolly, “Semiempirical Methods of Electronic
Structure Calculation, Part A: Techniques”, G. A, Segal, Ed., Plenum
Press, New York, 1977, p 105; (g) J. C. Slater, “The Calculation of

Molecular Orbitals”, Wiley, New York, 1979..

(18) (a) N. Résch and T. N. Rhodin, Faraday Discuss. Chem. Soc. No. 58,
28 (1974); (b) R. P. Messmer, “The Physical Basis for Heterogeneous
Catalysis”, E. Drauglis and R. L. Jaffee, Eds., Plenum Press, New York,
1975, p 261; (¢) N. Résch, R. P. Messmer, and K. H. Johnson, J. Am.
Chem. Soc., 96, 3855 (1974); (d) J. G. Norman Jr., Inorg. Chem., 16,
1328 (1977).

(19) A. B. Anderson, J. Am. Chem. Soc., 99, 696 (1977).

(20) (a) A. B. Anderson, J. Chem. Phys., 65, 1729 (1976); (b) A. B. An-
derson, Chem. Phys. Lett., 35, 498 (1975).

(21) T. Ziegler and A. Rauk, Inorg. Chem., 18, 1558 (1979).

(22) M. J.S. Dewar and G. P. Ford, J. Am. Chem. Soc., 101, 783 (1979).

(23) (a) H. Basch, J. Chem. Phys., 56, 441 (1972); (b) H. Basch, M. D
Newton, and J. W, Moskowitz, J. Chem. Phys., 69, 584 (1978).

(24) N. Rasch and R. Hoffmann, Inorg. Chem., 13, 2656 (1974).

(25) T. A. Albright, R. Hoffmann, J. C. Thibeault, and D. L. Thorn, J. Am.
Chem. Soc., 101, 3801 (1979), and ref 2 cited therein.

(26) R. M. Pitzer and H. F. Schaefer, III, J. Am. Chem. Soc., 101, 7176

- (1979).

0020-1669/80/1319-3321801.00/0 © 1980 American Chemical Society



3322 Inorganic Chemistry, Vol. 19, No. 11, 1980

are also amenable to investigation. The following study
therefore focuses exclusively on the electronic structure,
bonding, and optical properties of the group 1B mono-
(ethylene) complexes.

SCF-Xa-SW Method

The electronic structure calculations were performed by
using the self-consistent field-X«a-scattered wave method.!”
A molecule, or cluster, is geometrically partitioned into con-
tiguous atomic, interatomic, and extramolecular regions. For
each molecular orbital a model, one-electron Schrodinger
equation is then solved as a function of an energy parameter,
¢, within each region by using spherically averaged potentials
in the atomic and extramolecular regions and a volume-av-
eraged potential in the interatomic region. These potentials
include the X« statistical approximation to exchange corre-
lation. When e is the appropriate eigenvalue, the wave
functions and their first derivatives are joined continuously
throughout the various regions of the cluster.

The one-electron Schrodinger equations for the cluster (in
the spin-unrestricted case) can be written as eq 1, where -V,2

=922+ V(D) + V(Do) = e(0(1)) (1)

is the kinetic energy operator, V¢(1), which is determined
classically, is the electrostatic potential at position 1 due to
the total electronic and nuclear charge, and V(1) is Slater’s
Xa statistical approximation to the exchange correlation
(where s = 1 or {),2” namely

Vxal(1) = =6a[Ym(p1(1))]'7? (2

with a similar formula for the spin-down exchange-correlation
operator, Vx,i(1). In a spin-unrestricted calculation, the
Coulombic potential depends on the total charge density
whereas the exchange potential is dependent only on the
electronic charge density of the appropriate spin. The total
electronic charge density, which is given by eq 3, clearly can

p(1) = izs:ni‘(@s*(l))(dns(l)) 3

be separated into spin-up, p1(1), and spin-down, p{(1), com-
ponents (n is the occupation number of the ith spin orbital).

The molecular calculations are carried out by initially
performing the SCF-Xa atomic calculations with use of a
computer program identical with that of Herman and Skill-
man?® except for the inclusion of a variable « parameter in
the expression for the exchange-correlation potential term. «
parameters are generally taken from the tabulations of
Schwarz,?® except for the hydrogen atom, for which a value
of 0.77725 is used.*® A superposition of the charge densities
derived from these numerically determined atomic orbitals is
then used as the starting point for the molecular calculation.
Boundary conditions (i.e, the magnitudes of the atomic sphere
radii) are derived by using Norman’s method.! The « values
for the outer sphere and the intersphere regions are set equal
to the valence-electron weighted average of the a values of
the constituent atoms.

Because of the statistical methods used in the derivation of
the Xa exchange potential, the energies calculated represent

(27) J. C. Slater, “The Self-Consistent-Field for Molecules and Solids,
Quantum Theory of Molecules and Solids”, Vol. 4, McGraw-Hill, New
York, 1974,

(28). F. Herman and S. Skillman, “Atomic Structure Calculations”, Pren-
tice-Hall, Englewood Cliffs, N.J., 1963.

(29) (a) K. Schwarz, Phys. Rev. B: Solid State, 5, 2466 (1972); (b) K.
Schwarz, Theor. Chim. Acta, 34, 225 (1974).

(30y J. C. Slater, Int. J. Quantum Chem., 7S, 533, 1973.

(31) (a) J. G. Norman, Jr., J. Chem. Phys., 61, 4630 (1974); (b) J. G.
Norman, Jr., Mol. Phys., 31, 1191 (1976).

Mclntosh, Ozin, and Messmer

o Cu

ABSORBANCE———

| c
L |

- 1
200 300 400 500 GO0 nm

Figure 1. Matrix ultraviolet—visible spectra of the products of the
cocondensation reactions of (A) copper atoms with C,H,/Ar = 1/10,
(B) silver atoms with undiluted C,H,, and (C) gold atoms with
C,H,/Ar = 1/10 at 10-12 K showing the characteristic ultraviolet
and visible absorptions of Cu(C,H,) (I), Cu(C,H,), (II), and Cu-
(C,Hy); (IT) in A, Ag(C,H,) in B, and Au(C,H,) in C. The presence
of some unreacted copper and gold atoms is indicated by “Cu” and
66Au”.

weighted averages of the energies of the multiplet states that
can be derived from a given electronic configuration (in an
open-shell situation). With the appropriate choice of occu-
pation numbers in spin-unrestricted calculations, it is often
possible to separate multiplet-state energies from the Xa av-
eraging scheme and, in conjunction with Slater’s transition-
state concept,!”?’ obtain reasonably accurate values for spin-
allowed transition energies.’>?* The question as to which
states are averaged can be answered by determining the mo-
lecular term symbols, which arise from the electronic con-
figuration under consideration, by the application of group
theoretical techniques.*

Energies calculated in the SCF-Xa~SW method are usually
expressed in terms of the Rydberg energy unit, and bond
distances and coordinates are given in terms of multiples of
the Bohr radius of the hydrogen atom. These are easily
converted to more familiar units by relationships 4-6.%

R. = 1.097373177 (83) X 105 cm! (4)
R. = 13.605804 (36) eV (5)
a, = 5.2917706 (44) X 10~ cm (6)

Ultraviolet-Visible Experiments for Copper, Silver, and
Gold Atom Cocondensations with Ethylene

As some of the experimental data have been reported in
previous publications from this laboratory,® we will only
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Figure 2. Matrix infrared spectra of the products of the cocondensation
reaction of atomic silver with (A) 12C,H,/Ar = 1/10, (B) PC,H,/Ar
= 1/10, and (C) 2C,H,/**C,H,/Ar = 1/2/10 at 10-12 K showing
the characteristic 12C/"*C isotope patterns in the ¥(C=C) stretching
and 8(CH,) deformational regions for Ag(C,H,). E and E refer to
uncomplexed 2C,H, and *C,H, and I and I’ refer to Ag(*2C;H,)
and Ag(*C,H,), respectively. :

Table I. Observed and Predicted Electronic Excitation Energies

spin spin un-
complex transitn exptl® restricted® restricted®

Cu(C,H,) Sa, - 6a, 26 200 25 400 25 900
6a, —+ 3b, 23800 14 600 14 600

Ag(C,H,) Sa,—+6a, 33600 30000 31000
6a, -+ 3b, 18 200 12 300 12 300

Au(C,H,) 5a,—6a, 32300 28900 29800
6a, — 3b, 24 900 11900 12 000

¢ Energies quoted in cm™!.

briefly describe-our new experiments and mention the salient
features of the earlier experiments that are pertinent to the
theoretical aspects of the present study.

Recall that the copper atom—ethylene cocondensation re-
action leads to three binary complexes of the form Cu(C,Hy),,
where n = 1, 2, or 3.3 A typical optical spectroscopic trace
under C,H,/Ar = 1/10 conditions is depicted in Figure 1A,
from which it is possible to discern three sets of absorptions,
labeled I, II, and III, characteristic of the three mononuclear
complexes Cu(C,Hy), Cu(C,H,),, and Cu(C,H,),, respectively
(see original papers for the experimental details*®). Of par-
ticular note in this study is the identification of two bands at
420 and 382 nm associated with (ethylene)copper.

The silver— and gold—ethylene systems differed markedly
from that of copper in that only a single complex could be
identified for the two heavier metals under a wide range of
concentration conditions. Infrared isotopic substitution ex-
periments (see, for example, the Ag/*2C,H,/*C,H, “isotopic
doublets” for the »(C==C) mode in the 1500~1400-cm™' region
of Figure 2) established mono(ethylene) stoichiometries for
both Ag(C,H,) and Au(C,Hy,).

(Ethylene)silver in solid ethylene displayed one observable
ultraviolet band at about 300 nm (obscured by Ag and Ag,
absorptions in the original study>) and a single intense visible
absorption centered around 580 nm. The ultraviolet absorption
of (ethylene)gold was centered at about 310 nm, slightly red
shifted with respect to Ag(C,H,) but blue shifted compared
with Cu(C,H,). The visible absorption of Au(C,H,) peaked
around 410 nm. Hence, the origin of the purple and green
hues of the silver—, gold—, and copper-mono(ethylene) com-
plexes can be understood in terms of the relative positions of
the visible absorption bands. These data are summarized in
Figure 1 and Table I. _

For the purposes of aiding the optical spectral assignments,
it is pertinent to note that cocondensation of Ag atoms with
C,H,/O, = 1/1 mixtures at 10-12 K yields the complex

Inorganic Chemistry, Vol. 19, No. 11, 1980 3323

Figure 3. Matrix ultraviolet-visible spectra of the products of the
cocondensation reactions of silver atoms with (A) C,H,/Ar = 1/10
and (B) C,H,/O, = 1/1 at 10-12 K where B is a scale-expanded trace
of C.

Table II, Geometry, Radii, and « Values for the X« Calculations
of M(C,H,) M = Cu, Ag, Au) ’

atom x@ »e z¢ radius?® @

ouT 0.00 0.00 0.00 6.088 40 b

M€ 0.00 0.00 0.00 2.526 00 ¢

C 0.00 1.265 00 —3.836 00 1.710 00 0.759 28

ES1 0.00 0.00 4,066 00 1.54000 b

ES2  4.06600 0.00 0.00 *1.540 00 b

H 1.75540 2.328 30 ~3.836 00 1.27000 0.777 25
- C 0.00 -1.265 00 —3.83600 1.710 00 0.759 28

ES2 -4,066 00 0.00 0.00 1.54000 »

H -1,75540 2.328 30 ~3.836 00 1.270 00 0.777 25

H —1.75540 -2.32830 -3.836 00 1.27000 0.777 25
H 1.75540 —2.328 30 —3.836 00 1.27000 0.777 25

¢ All positions and radii reported in multiples of the Bohr radius
(a,) of the hydrogen atom. b & =0.737 39, 0.734 75, 0.730 71
for Cu(C,H,), Ag(C,H,), arid Au(C,H,), respectively. ¢M=Cu,
a=0.706 97; M =Ag,a=0.701 45; M = Au, « = 0.693 O1.

(C2H4)Ag+02_ (12C2H4/13C2H4 and l602/“0“0/1802 infrared
isotopic stoichiometric confirmation). Of significance here
is the absence of any visible absorption and a noticeable blue
shift of the ultraviolet absorption relative to the zerovalent

. Ag(C,H,) complex in Ar (Figure 3), supporting the idea of

oxidation state (I) in (C,H,)Ag*O, (with a d'° closed-shell
configuration for silver in the cation) and the association of
color in the three mono(ethylene) complexes with the excitation
of the unpaired electron.

SCF-Xa-SW Calculations for Cu(C,H,), Ag(C,H,), and
Au(C,H,)

For a probe of the basic electronic structure, bonding
characteristics, and optical excitation energies of the group
1B mono(ethylene) complexes, SCF~Xa—-SW molecular or-
bital calculations have been performed. For the purposes of
comparison of the three mono(ethylene) complexes among
themselves as well as with other Xa calculations of metal-
olefin compounds'® (and in the absence of molecular geometry
details for M(C,Hy,)), the calculations were performed by using
the same geometry for all three complexes. Furthermore,
interstitial or “empty” spheres were also used in constructing
the muffin-tin potential so as to be consistent with previous
work.!® Partial wave expansions were included for values of
L up to 4 for the outer sphere (“OUT™), 2 for the metal atoms,
1 for the carbon atoms, and O for the hydrogen atoms and the
empty spheres (“ES1” and “ES2”). The complete structural
parameters are listed in Table IIL

Both spin-restricted and spin-unrestricted calculations were
performed for all three compounds. The complete partial wave

(36) G. A. Ozin, Acc. Chem. Res., 10, 21 (1977).
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Figure 4. SCF-Xo-SW spin-restricted energy level schemes for
Cu(C,H,), Ag(C,H,), and Au(C,H,). Energies are quoted in Rydberg
units. The highest occupied molecular orbital is indicated by the
position of the spin-up electron.

analyses for the ground-state spin-restricted calculations are
available as supplementary material. For the sake of sim-
plicity, the partial wave contributions from the empty spheres
have been omitted. They are involved only in the a; and b,
symmetry blocks and generally contain only a very small
percentage of the total charge distribution in any given orbital.
In any event, their partial wave breakdown is 100% s character
since their partial wave expansions were restricted to L = 0.

The energy level diagrams for the spin-restricted calculations
are illustrated in Figure 4. The assignment of the ground state
is totally unambiguous as the lone electron resides in the 6a,
orbital in each case, which is well separated from any neigh-
boring levels. Thus, the three complexes are each described
by a 2A, ground-state electronic term symbol.

From the partial wave analyses (available as supplementary
material), one can easily see that the C~C bond is well rep-
resented by the 1a, orbital while the four symmetry combi-
nations of the C-H bonds are best described by the 1b,, 1b,,
2a,, and la, molecular orbitals. All five of these energy levels
are essentially intraligand localized bonds. Interaction with
a'metal atom produces a very slight upward shift of these levels
on passing from Au to Ag to Cu, as has been noted for the
binary ethylene complexes of nickel, palladium, and platinum.!®

The 4a,, 2a,, and 2b, orbitals are, in each of the complexes,
nonbonding in character and are almost exclusively metal d
orbitals. The 4a, orbital is illustrated in Figures 5 and 6, along
with the wave function contour diagrams for the 3a,, 5a,, 6a,,
2b,, and 3b, orbitals of Cu(C,H,) and Ag(C,H,), respectively.
The 4a, figure represents the d,z_ 2 orbital of Cu and Ag but
appears with only two lobes due to the fact that the yz plane
is being plotted and the other two lobes of this d orbital, which
are above and below this plane, have zero amplitude in the
plane. (Similar figures have been obtained for the Au(C,H,)
complex, but they are virtually identical with those of Ag-
(C,H,) and have thus been omitted.)

Figure 4 clearly shows that, while the ¢ framework orbitals
and the upper three molecular orbitals (6a;, 3b,, 3b,) are
relatively unaffected by the change in metal to which the
ethylene ligand is attached, there is a dramatic stabilization
of the middle group of molecular orbitals (3a; to 5a;) on
passing from Cu to Ag. This effect is much less pronounced

Mclntosh, Ozin, and Messmer

on passing from Ag to Au, and, in fact, the calculations in-
dicate that Ag(C,H,) and Au(C,H,) have virtually identical
electronic structures (for identical geometries). This is due
largely to the stabilization of the Ag and Au d orbitals with
respect to the Cu d orbitals (similar effects have been noted
in Xa studies of Cu, and Ag,”” as well as Cu(CO), and Ag-
(CO),*® where n = 1, 2, or 3).

Previous calculations on Ni(C,Hy), Pd(C,H,), and Pt(C,-
H,)'® indicated that the major metal-ethylene bonding in-
teractions in the mono(ethylene) complexes involved the 3a,
and the 2b, orbitals. Within the framework of the Dewar—
Chatt-Duncanson description of bonding in metal-olefin
complexes,??* the 3a, orbital corresponds to the one in which
the ethylene w-bond charge density is donated to the empty
metal d orbital while the 2b, orbital represents the back-do-
nation of charge density from a filled metal d orbital to the
7% orbital of ethylene. In the case of the grou;g 8 metal-
monofethylene) complexes, the X« calculations!®® predicted
appreciable charge density centered between the metal and
the ligand in both orbitals and thus, supported the Dewar~
Chatt-Duncanson model. Examination of the partial wave
analyses (available as supplementary material) and the contour
diagrams for the 3a; and 2b, orbitals (Figures 5 and 6) of the
group 1B mono(ethylene) complexes clearly reveals that, while
an appreciable amount of charge density is located between
the metal and the ligand in the 3a; orbital, the amount of
back-donation of charge density from the metal d orbital to
the ethylene ligand in the 2b, orbital is virtually zero. In fact,
the 2b, orbital is essentially metal d in character. This is due
largely to the increased stabilization of the group 1B metal
d levels relative to those of the group 8 metals. The completely
filled d orbitals of the coinage metals are acting more like filled
atomic core levels than like bonding valence orbitals. Hence,
the group 1B metal-ethylene complexes can be visualized
mainly as o-bonded molecules.

It was previously concluded that the Sa; orbital, in the
calculations of the mono(ethylene) complexes of nickel, pal-
ladium, and platinum, was essentially nonbonding (or weakly
antibonding) in character and that the variations in the ap-
pearance of the orbitals was due largely to the differences in
the polarizabilities of the three metals. The same appears to
be true in the case of the group 1B metal—ethylene calculations.
The 5a; orbital is largely composed of metal d character in
the case of copper (d,:) while there appears to be a greater
degree of mixing of metal and ligand orbitals in the case of
silver and gold. It must be remembered, though, that the
atomic orbitals of silver and gold are more diffuse than those
of copper. As a result, the differences between the net bonding
energy of the three cases is rather minimal, although one might
be tempted to attribute a greater metal-ligand bonding in-
teraction to the silver and gold species on the basis of either
the partial wave analyses or the contour diagrams.

The differences between the highest occupied molecular
orbital, 6ay, in the three systems is interesting. If one uses
Norman'’s method of partitioning the outer-sphere, intersti-
tial-sphere, and intersphere charge densities among the major
constituent atoms'® for the 6a, orbital, one concludes that the
percentage charge density localized on the three metals will
be 73% on Cu (60% s character) in Cu(C,H,), 70% on Ag
(62% s character) in Ag(C,H,), and 67% on Au (56% s
character) in Au(C,H,). (While this is not strictly in keeping
with Norman’s original method, it does emphasize the rela-
tively large contribution to the 6a; level from the metal s

(37) G. A. Ozin, H. Huber, D. Mclntosh, S. Mitchell, J. G. Norman, Jr.,
and L. Noodleman, J. Am. Chem. Soc., 101, 3504 (1979).

(38) G. A. Ozin, D. F. McIntosh and R. P. Messmer, submitted for publi-
cation in Inorg. Chem.

(39) (a) M. J. S. Dewar, Bull. Soc. Chim. Fr., 18, C71 (1951); (b) J. Chatt
and L. A. Duncanson, J. Chem. Soc., 2939 (1953).
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Figure 5. Wave function contour diagrams for selected molecular orbitals of Cu(C,H,): (A) 3a,, (B) 4a,, (C) 5a,, (D) 6a,, (E) 2b,, (F) 3b,.
Note that positive wave function contours are indicated by a solid line while negative wave function contours are given by dashed lines. Contour
specifications: (1) 0.03, (2) 0.06, (3) 0.08, (4) 0.10, and (5) 0.15 in units of (electrons/a,*)!/2% The “0” contours represent nodal surfaces.

orbital.) It should be pointed out that this molecular orbital
is more diffuse than indicated by these values (cf. the per-
centage charge contributions from the outer sphere and in-
tersphere regions in the supplementary material).

Since the 6a, orbital is essentially nonbonding, or even

slightly antibonding, occupation of this orbital might be ex-
pected to either add nothing to the overall stability of the
complex or, perhaps, weaken the net bonding interaction of
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Figure 6. Same as Figure 5 but for selected wave functions of Ag(C,H,). See the caption for Figure 5 for orbital and contour specifications.

the group 1B metals with ethylene. Taking into account, as
well, the relative ineffectiveness of the 2b, orbital to act as a
back-bonding orbital, it is hardly surprising to find that the
relative stability of group 1B olefin complexes, obtained via

metal-atom synthetic techniques, is less than the corresponding
ethylenic complexes of nickel, palladium, and platinum. With
only the bonding interaction provided by the 3a; orbital, it
would not be expected that any of the mono(ethylene) com-
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plexes of copper, silver, and gold would achieve a very high
thermal stability.

The problem of assigning the optical transitions observed
experimentally was resolved by considering the energy level
schemes of Ag(C,H,) and Au(C,H,). In both of these com-
plexes, one must consider excitations that can result in'the two
intense bands centered in the ultraviolet and visible regions
of the spectrum. Examination of the energy level schemes for
Ag(C,H,) and Au(C,H,) in Figure 4 reveals that the.only
likely transition that could account for the ultraviolet band
and its persistence in Ag(C,H,)* (with a small blue shift) must
involve excitation of an electron from the fully occupied 54,
orbital to the partially occupied (or empty, in the case of
Ag(C,H,)*) 6a, level. In the case of Cu(C,H,) there are at
least three possibilities that could be considered, but they would
all likely be about equal in energy since they all involve ex-
citation of an electron.from a Cu d orbital to the 6a; level.
Thus the excitation of an electron from the Sa, level was chosen
for the sake of consistency. The visible transition (absent in
Ag(C,Hy)™) could be accounted for by the excitation of the
unpaired electron from the 6a, orbital to either of the two
empty orbitals above it (3b, or 3b,;). Of the latter two energy
levels, the 3b, orbital was considered to be the most likely
candidate since it was oriented in the plane of the molecule
and transition integrals would be expected to be larger for it
than for the 3b, orbital. . ‘ :

Accordingly, transition-state calculations were carried. out
in both spin-restricted and spin-unrestricted formats for the
5a; to 6a, ultraviolet transition and the 6a; to 3b, visible
transition for each of the three mono(ethylene) complexes., The
results are summarized in Table 1. The predicted excitation
energies tend to underestimate the observed spectral energies,
although the agreement between the ultraviolet band energies
and the spin-unrestricted transition-state energies is quite good.
Clearly, the visible transitions have not been estimated as
accurately as the ultraviolet transitions, and agreement be-
tween observed and calculated energies becomes poorer,
generally speaking, as one goes from Cu to Au. Part of this
problem stems from the limitations of the muffin-tin potential
in the scattered wave procedure. When orbitals have a large
percentage of the charge in the intersphere and outer-sphere
regions, the orbital energies found are invariably too low (i.e.,
too large in absolute value, [e,q] > lecorl). The following
denotes the total percentage charge found in the intersphere
and outer-sphere regions for the 5a,, 6a,, and 3b, orbitals for
each of the three ethylene complexes: :

‘Cu(C,H,) Ag(C,H,) Au(C,H,)
Sa, 14 28 29
6a, - 58 71 72
3b, 80 85 86

Note that for the 5a, — 6a, transition, the best results, in terms
of agreement with the experiment (Table I), are for Cu{(C,H,).
For the Ag(C,H,) and Au(C,H,) cases, these two orbitals each
have a much higher percentage charge density in the inter-
sphere and outer-sphere regions and, thus, one would expect
the agreement between calculated and observed values to
become progressively worse. In all cases, the 3b, orbital is very
diffuse, and hence its energy should be considerably higher
than what is calculated. This is the reason for the somewhat
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poorer agreement with experimental results for the 6a; — 3b,
transitions in all cases.

It is interesting to note, though, that the observed trend of
decreasing excitation energy for the ultraviolet band, in the
order Ag(C,H,) > Au(C,H,) > Cu(C,H,), is well reproduced
by the calculations. In the case of the visible excitation energy
trend, it is only the Au(C,H,) calculation which is out of line
with the observed trend (Au(C,H,) > Cu(C,H,) > Ag-
(C;Hy)). Relativistic corrections might prove to be critical
to a proper estimate of the excitation energies.*

There can be little doubt, however, that the observed optical
transitions have been properly accounted for by these SCF-
Xoa-SW calculations. Arguments based on intensity consid-
erations also support these assignments, Although the 6a, and
3b, orbitals have large contributions from the outer-sphere and
intersphere regions, they can be crudely described as being
metal s and ethylenic 7* in character, respectively. A tran-
sition from 6a, to 3b, would thus be best described as being
charge transfer in nature and, as such, would be expected to
be very intense. This is the case experimentally. On the other
hand, the transition involving the excitation of an electron from
5a, to 6a,, where both orbitals have a high degree of metal
d and s character, respectively, would not be expected to be
as intense. The contributions from the ligand basis functions,
especially in the 6a, orbital, would prevent a drastic reduction
of the intensity of the predicted band. Once again, this is borne
out by the experimental findings.

Conclusions

Generally speaking, the Xa calculations for group 1B
mono(ethylene) complexes have provided a satisfactory de-
scription of the metal-olefin bonding which is consistent with
their thermal stabilities, relative to their group 8 analogues,
and which generally duplicates the optical spectroscopic trends.
The agreement between observed and calculated transition
energies for all the bands could probably be further improved
by geometry optimizations and the inclusion of relativistic
corrections. Nevertheless, the impressive degree of corre-
spondence between predicted and measured properties attests
to the value of the Xa method for elucidating the electronic
architecture and bonding properties of these rather unusual
organometallic complexes.
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