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at this pressure but instead gradually rises with in-
creasing pressure throughout the pressure range stud-
ied.

For an intrinsic, wide-band semiconductor ¢ is di-
rectly proportional to the sum of the “hole” and ‘‘elec-
tron’’ mobilities, and to the extent that the effective
masses of these carriers are independent of pressure, its
variation with pressure can provide information regard-
ing the dependence of these mobilities upon the inter-
nuclear distances in the solid.?® TUnder these condi-
tions the character of the ln oy vs. pressure curve for
MGS may be explained in terms of a gradual but con-
tinuous increase in the mobilities of the carriers in this
complex with increasing pressure. This conclusion is
consistent with the current band model for the elec-
tronic structure of MGS, 4% in that the increased plati-
num orbital overlaps that would be anticipated from
the observed decrease in metal-metal distances with
pressure should lead to wider ““d.*” and “‘p.” bands and
therefore higher mobilities. In this context the AE
pressure dependence and thereby the maximum in the
conductivity ¢s. pressure curve for MGS presumably re-
flects changes in the d,>~p. band gap occurring under
pressure and consequently contains information regard-

(23) W. Paul and G. L. Pearson, Phys. Rev,, 98, 1755 (1955); R. 8. Brad-
ley, J. D. Grace, and ID. C. Munro in the “Physics and Chemistry of High
Pressures,” Society of Chemical Industries, London, 1963, pp 143-149;
J. R. Vaisnys and R. S. Kirk, Phys. Rev., 141, 641 (1966).
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ing the dependence of this band gap upon the internu:
clear distances in the solid.

The decrease in this band gap with increasing pres-
sure can be readily understood in terms of the increase
in band widths with decreasing metal-metal distance.
On the other hand, the interpretation of the decrease in
conductivity observed at very high pressures for both
MGS and Ir(CO);(acac) in terms of band gap changes
obviously requires consideration of internuclear dis-
tance changes other than of the intermetallic type.

A similar reversal in the conductivity vs. pressure
curve has been observed previously for ferrocene and
was explained on the basis of electronic structure
changes occurring within the ferrocene molecules caused
by a decrease in the intramolecular distances.?* The
results of our high-pressure spectral studies have al-
ready shown that such intramolecular distance changes
can also be important in determining the physical prop-
erties of the d® metal complexes under pressure. On
the basis of these results and the molecular orbital cal-
culations on MGS to be discussed in the following paper,®
it appears likely that such intramolecular effects are
indeed respomnsible for the conductivity behavior ob-
served for MGS and Ir(CO).(acac) at very high pres-
sures,

(24) Y. Okamoto, J. Y. Chang, and M. A. Kantor, J. Chem. Phys,, 41
4010 (1964); Y. Okamoto, S. Shah, and Y. Matsunaga, 7bid., 48, 1004 (1065)
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The intermolecular interactions in Magnus’ green salt (MGS) and their dependence upon some of the important structural
parameters in the solid are explored using semiempirical molecular orbital theory and elementary band structure calculations.
These studies indicate quite significant intermolecular effects at internuclear distance values appropriate to MGS, yet no

significant covalent bonding between the platinum atoms in this structure.

The substantial dependence of the elec-

tronic structure upon both the inter- and intramolecular distances in MGS evidenced by these calculations is discussed in
light of the available experimental information on this and related square-planar d® metal complexes.

Introduction

In the preceding paper! the results of high-pressure
physical measurements on Magnus' green salt, Pt-
(NH;)PtCl; (MGS), and other d® metal complexes
which exhibit columnar stacking in the solid state were
interpreted in terms of pressure-induced internuclear
distance changes. In order properly to evaluate these
results in terms of the electronic structure changes oc-
curring in these solids under pressure and, thereby, to
obtain a better understanding of the structure-property
relationships in this type of compound, a molecular or-
bital study of MGS was undertaken using the extended
Hiickel approach. The results of this study and of a
simple band theory calculation carried out on MGS
are described in this paper.

(1) L. V. Interrante and F. P, Bundy, Inorg. Chem., 10, 1169 (1971).

Because of the approximate nature of these calcula-
tions it is important to realize that the quantitative as-
pects of the results obtained cannot be taken too liter-
ally. However, we believe that these results do provide
a reasonably accurate qualitative picture of the inter-
molecular interactions in MGS and the manner in
which these interactions depend upon the important
structural parameters in the solid.

Previous theoretical work on complexes of this type
have been limited largely to qualitative applications of
molecular orbital and elementary band theory involving
no numerical computations. The first such application
of molecular orbital theory in 1957 led to the suggestion
that significant intermetallic bonding could occur within
the linear chains of metal atoms in these structures, due
to overlap of the filled d,2-like and empty p.-like orbitals
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on these metals.? It was suggested further that such
bonding may be effective in stabilizing the columnar
stacking exhibited by these complexes and in determin-
ing their physical properties. Frequent reference to
such polymeric metal-metal bonding and its presumed
relationship to physical properties has appeared in sub-
sequent work on these materials.?

A semiquantitative molecular orbital study of one
such complex, nickel dimethylglyoxime, fevealed no
significant bonding interaction between the metal
atoms in this case; however, it was suggested that the
interaction of by (p.-like) molecular orbitals may give
rise to a crystal band of significant width which could
play an important role in determining the unusual
spectral properties of this complex in the solid state.*
This concept was later extended to MGS by Miller,?
who derived the general form of the p.- and d,:like
bands from elementary band theory. On the basis of
this band model, it was anticipated that significant
electrical conductivity might be observed in MGS along
the chain direction. The subsequent verification of
such properties in MGS and several other complexes of
this type, as well as the apparent agreement obtained in
the case of MGS between the thermal activation energy
for conductivity, the photoconductivity response curve,
and the position of a near-infrared transition,® have
led to the extensive use of this hypothesis in accounting
for the results of experimental work in this area.57

Method of Calculation

MO Calculations.—The extended Hiickel theory,® an
approximate LCAO-MO technique, has beent employed
in this study. A self-consistent determination of
charge to within 0.02 electron is made by adopting a
procedure for obtaining certainh matrix elements de-
veloped by Cotton-and Harris® in their study of PtCl -
and also used by Zumdahl and Drago.® The charges
and bond orders were obtained by using a Mulliken
population analysis.!! ‘ ,

Matrix Elements.—The diagonal matrix elements
of the Hamiltonian (H;) for Pt and Cl have been
taken as Hy = — (VSIP),;, where the VSIP’s (valence
state ionization potentials) are those used by Cotton
and Harris. THheir charge correction of 1 eV/unit
charge increment to the VSIP’s was also employed.
The diagonal matrix element for H° was taken as
—13.60 eV and the values for N® were taken as —26.79
and —14.61 eV which are averages of the two lowest
term values for the 2s and 2p orbitals, respectively.!?
The variation of these values as a function of the incre-

(2) R.E.Rundle, J. Phys. Chem., 81, 45 (1957).

(3) (a) L. XK.Monteith, I.. F, Ballard, and C. G, Pitt, Solid State Commun.,
6, 301 (1968); (b) C. N. R. Rao and S. N. Bhat, Inorg. Nucl. Chem. Leit., B,
531 (1969); (¢) K: Krogmann, Angew. Chem., Int. Ed. Engl., 8, 35 (1969);
(d) T. W. Thomas arid A. E. Underhill, Chém. Commun., 725 (1969).

(4) L. L. Ingraham, d¢te Chem. Scand., 20, 283 (1966).

(5) J.R. Miller, J. Chem. Soc., 713 (1965).

(6) J. P. Collman, L. F. Ballard, L. X. Monteith, C. G. Pitt, and L.
Slifkin in “International Symposium on. Decomposition of Organometallic
Compounds to Refractory Céramics, Metals, and Metal Alloys,” K. S.
Mazdiyasni, Ed., University of Dayton Research Institute, Dayton, Ohio,
1968, pp 269-283; J. P. Collman, Chem. Eng. News, 48, No. 52, 50 (1967).

(7) D. S. Martin, Jr.,, R. A, Jacobson, L. D. Hunter, and J. E. Benson,
Inorg. Chem., 9, 1276 (1970).

(8) R.Hoffmann, J. Chem. Phys., 89, 1397 (1963).

(9) F. A. Cotton and C. B, Harris, Inorg. Chem., 8, 369 (1967).

(10) S. 8. Zumdahl and R. S. Drago, J. Amer. Chem. Soc., 90, 6669
(1968).

(11) R.S.Mulliken, J. Chem. Phys., 28, 1833, 1841 (1955).

(12) H. Basch, A. Viste, and H. B. Gray, Theor. Chim. Acta, 8, 458
(1965).
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mental change in charge was taken as 0 eV /unit charge
for H and 1 eV /unit charge for N. These values were
chosen on the basis of simplicity after various propor-
tionality relations between charge and the VSIP, rang-
ing from 0 to 5 eV /unit charge in the case of H and 0 to
3 eV/unit charge for N, and the quadratic dependence
of Basch, et al.,!? had been investigated. These meth-
ods all gave qualitatively the same results for the Pt-
(NHj)2* ion and platinum-based MO energy levels
which were within 0.1 eV of the values quoted herein.

The off-diagonal matrix elements of the Hamiltonian
were approximated by the usual Mulliken-Wolfsberg—
Helinholz approximation H;; =~ KHyu 4+ H;;)S:i/2
with K set equal to 1.8.

Atomic Orbitals.—The atomic orbitals chosen for
Pt and Cl were identical with those employed by Cotton
and Harris and the H atom was represented by a 1s
Slater function with an exponent of 1.0. For the
nitrogen 2s and 2p orbitals a single Slater function of
the appropriate type was used with orbital exponents
chosen best to approximate overlaps between self-
consistent field (SCF) functions, using a procedure
similar to that employed by Cotton and Harris in their
determination of the orbital exponents for Pt and Cl1.°
This involved (a) calculation of the overlaps among the
Pt 6s, 6p, and 5d (o, m, 3) Slater functions and SCF
functions on nitrogen!® at the Pt-N distance found in
MGS, (b) replacing the nitrogen SCF functions by
Slater orbitals whose exponents were varied until the
calculated overlaps agreed with those obtained in (a),
and (c¢) weighting the exporents obtained. in (b) for
each type of overlap by the value of that overlap and
then averaging. This procedure gave the values
1.934 and 1.746 for the 2s and 2p exponents, respec-
tively. A separate series of calculations showed that
these exponents were in the same range as those which
optimized the agreement with the spectrum. These
values were used throughout the calculations, with no
changes made as the charge distribution changed in con-
verging to self-conhsistency.

Atomic Coordinates.—For the NH; group the bond
angle and internuclear distances appropriate to am-
monia were assumed. The other internuclear separa-
tions and bond angles were obtained from the results of
a single-crystal X-ray study of MGS.1* The configura-
tion of Pt(NH;).2t assumed in the calculation is shown
in Figure 1, and the geometric relationship of the Pt-
Cl2~ group to the Pt(NH;)2t+ group is shown in Fig-
ure 2, '

Band Structure Calculations.—A one-dimensional
tight-binding calculation employing four bands (two
d;2 and two p,) was carried out on a hypothetical
linear chain of platinum atoms.’ The calculations
were performed only at 2 = 0 and 2 = 7/2a, where ¢
is the repeat distance.

The matrix elements in this calculation were deter-
mined by taking appropriate linear combinations of the
matrix elements from the MO calculations.’® The
VSIP’s were obtained from the results of the MO calcu-
lations on the free ions Pt(NHy).2*+ and PtCle2—, and
only nearest neighbor overlaps were considered (i.e.,

(18) E. Clementi, IBM J. Res. Develop.; Suppl., 9, 2 (1965).

(14) M. Atoji, J. W. Richardson, and R. E. Rundle, J. Amer. Chem. Soc.,
79, 3017 (1957).

(15) J. C. Slater, “Quantum Theory of Molecules and Solids,”” Vol. 2,
MeGraw-Hill, New York, N. Y., 1965, pp 203-227.
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<H-N-H=180°

Figure 1.—The cootdinate system and molecular configuration
used in the MO calculations on Pt(NH;)2*: O, atoms centered
on the xy plane; Q, atoms above this plane; (3}, atoms below the

plane,

8

Figure 2.—The coordinate system and molecular configuration
used in the MO calculations on Pt(NH;),PtCly: A, a perspective
view excluding all H atoms; B, a view parallel to the metal—
metal (z) axis showing only those H atoms at z = 0; O, atoms
0, atoms below the xy plane.

centered on the xy plane; O,
S;; = 0forj = ¢ 4+ 1). These overlaps were calculated
using the same Slater datomic orbitals employed in the
MO study.

The effect of changes in the intra- and interionic dis-
tances ih MGS upon the band structure was deter-
mined, in the former case, by using H;; values obtained
in MO calculations on the free ions at reduced inter-
nuclear distances and, in the latter by changing the

chain repeat distance, a.
Results and Discussion

Molecular orbital calculations were carried out on the
constituent jons of MGS, Pt(NH,)+ and PtCl*~, and
on combinations of thése ions up to [Pt(NH;)PtCli]s
atranged in the stacking configuration found for MGS
by X-ray crystallography (Figure 2). Also, as the main
objective of this study was to correlate the results of
high-pressure physical measurements on MGS with
possible structural changes occurrmg in the solid under
pressure, the effect of changes in the internuclear dis-
tances and the angle between the Pt(1)-N and Pt(2)-
Cl bond directions in the (Pt(1))(NH;):(Pt(2))Cl, unit

(Figure 2) were also investigated.

The results of the calculations on Pt(NH;).2* and
PtCl,?~ are presented in Table I and Figure 3. Except
for a slight increase in the Pt-Cl distance (2.33 to
2.34 A) to conform to the value found for this ion in
MGS, the PtCl2~ calculation was essentially identical
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Figure 3.—A partial one-electron MO energy level diagram
for Pt(NH;)2*; only the principal correlation lines are shown.
The energy levels for NH; were derived from a separate MO
calculation carried out on that molecule using the same input
parameters (H;;’s, a;'s, etc.) as in the Pt(NH; )2 calculation.

TaBLE 1
A PARTIAL L1sT OF ONE-ELECTRON MO
EIGENVALUES FOR Pt(NHj;)2+ axp PtCl?~

PtCls2— Pt(NHz)2 ™ —
Energy, Symmetry Energy, Symmetry
MO eV label® MO eV label®:?
1,2 8.08 ey(e*, %) 13, 14 7.50 ey(o*, 7¥)
3 3.81 ag(e¥® 15 6.21  aig(e¥®)
4 ~4.74  an(m®) [6p,] 16 —~4.92  aw(m*) [6p;]
5 —6.91  bigle¥) [5ds2—y?] 17 —5.39  big(e®) (Bds2—y2
6 —10.53 bag(m*) [5dey] 18 —10.78  bog(n*) [6dzyl
7,8 —~10.71  eg(r*) [5donyz] 19,20 —10.92  eglr ) [5daz,yal
9 —10.99 agle ) [5d,%] 21 -11.07 aig(e®) [5d;2]
10 —13.59 azg(m) 22,23 —14.81 eu(o)
11, 12 —13.92 ey(m, o) 24 —15.47  byglo)
—627.60 eV Total energy = —-711.81 eV

Total energy =
¢ Dy symmetry labels are used with the bonding or antibonding

character of the MO and the symmetry with respect to the M-L
bond axes indicated in parentheses (¢f. ref 16). The MO’s which
are primarily metal p; or d in character are further identified by
means of the appropriate atomic orbital in brackets. ° The use
of Dy, symmetry labels is maintained here to permit direct com-
parison with the PtCli?~ case, although these are not strictly

appropriate to the model used in the calculation,

with that previously reported by Cotton and Harris.®
The close agreement between the results obtained here
and those of Cotton and Harris provides a good check on

both calculations.
The results obtained for Pt(NH;),*t+ and their rela-
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tionship to the PtCl,2~ case are entirely consistent with
both chemical intuition and the available experimental
information on these complexes. For instance, the
significantly larger by, (d.*—,2)~by, (d.,) orbital separa-
tion observed for Pt(NH;),2* as compared to PtCl2—
is consistent with the positions of Cl— and NHj; in the
spectrochemical series and reflects the acknowledged
differences in the o- and w-donor-acceptor properties
of these ligands.’® Also the order of the “‘d-like” MO
energy levels remains, d.2—,2 > d., > daewe > de2, in good
agreement with the results of spectral studies on the
Pt(NH;)s:—aCli2~* (n = 0-4) complexes.’®!” Finally,
the charge on the platinum in Pt(NH;),2* obtained
from this calculation (0.564) is significantly higher
than that obtained in the PtCl,2~ case (0.44+), as
would be expected on the basis of the relative electron
affinities of C1~and NHs.

The effect, when combining these two ions in the
manner illustrated in Figure 2, upon the energies of the
5d- and 6p,-like molecular orbitals is shown in Figure 4.
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Figure 4.-——A partial one-electron MO energy level diagram for
Pt(NH;)PtClL and its constituent ions.

The order of energy levels follows that obtained for the
individual ions, with the mainly PtCl®~-based 2b and
3b MO’s remaining the highest occupied and lowest un-
occupied levels, respectively, in the ion pair. Indeed,
of the MO’s in Figure 4, the only ones with energies
significantly different from those of their counterparts
in the individual ions are the four “‘a’’ levels, which con-
sist largely of p. and d,: platinum atomic orbitals.®
Further information regarding the interaction be-
tween the platinum atoms in this structure was ob-
tained by means of a Mulliken population analysis!! of
(18) W.R.Masonand H. B. Gray, J. Amer. Chem. Soc., 90, 5721 (1968).
(17) J. Chatt, G, A, Camlen, and L. E. Orgel, J. Chem. Soc., 486 (1958);
A. Pidcock, R. E, Richards, and L. M. Venanzi, ibid., 4, 1970 (1268).
(18) As is common practice, the MO’s derived here are referred to in
terms of their principal atomic orbital contributors. In the case of the
so-called “‘d,2-like” MO’s, an appreciable admixture (20-30%) of Pt Bs

character was invariably found in addition to the predominant (>80%) Pt
5d.? atomic orbital.
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the calculated MO’s. This analysis provides a measure
of the electron density in the bonding region between
two atomic orbitals which, when summed for all atomic
orbitals on a given pair of atoms over all occupied MO’s,
gives the reduced overlap population or “‘covalent bond
order” between those atoms. The results of such an
analysis on Pt(NHjs), PtCl, indicates a net Pt-Pt bond
order of 0.039 of which 0.038 is due to ¢-bond inter-
actions (mostly of the p,—d.» type but also some s-
p-) and 0.001 comes from =-bond interactions involving
the p.., and d...,. orbitals on the Pt atoms. Especially
when viewed in the light of the 0.37 and 0.40 values
derived for the Pt-N and Pt-Cl bond orders, respec-
tively, and the fact that some of the ligand-ligand anti-
bonding interactions in this ion pair approach -0.01,
the net Pt—Pt bond order derived here is not very sug-
gestive of appreciable metal-metal bonding in MGS.

As was pointed out previously!® a rough estimate of
the metal-metal bond energy in binuclear complexes of
this type can be obtained by considering the change in
energy of the occupied, predominantly metallic molec-
ular orbitals which occurs upon combining the mono-
nuclear “halves” of the complex. In the case of Pt-
(N H;)PtCl, this energy is given by the relation

Pt-Pt bond energy ~ Y N(i)e:[Pt(NH;):2+] -+
i

N(@)e;[PtCli?~] — N(i)e[Pt(NH;)PtClL]

where N(7) is the number of electrons in the molecular
orbital, ¢; is the energy of that molecular orbital, and the
sum is over all metal-like molecular orbitals.® This
yields a net Pt-Pt bond energy of ca. 0.2 kcal/mol, in-
dicating that, even considering the approximate nature
of this calculation, metal-metal bonding can hardly
be an important factor in determining the chemical or
physical properties of MGS.

In an effort to simulate more accurately the linear
chains of complex ions in MGS solid, calculations were
also performed on the hypothetical extended-chain
structures Pt(NH;),PtCLLPt(NH;),2t and [Pt(NHy),-
PtCly];. The results of these calculations lead to iden-
tical conclusions regarding the metal-metal interactions
in MGS and, thereby, provide support for the use of the
simpler ion-pair model in representing the intermolecu-
lar interactions in the solid. In particular, the Pt-Pt
bond orders derived for each pair of adjacent platinum
atoms in these higher polymers were essentially the
same as that obtained for the ion pair. Also the dis-
tribution of energy levels followed the same pattern as
in the ion pair with most of the d-like MO’s occurring
as essentially degenerate groups of energy levels close
to the energy values of the corresponding free ion
molecular orbitals. The principal exceptions were,
again, the p.,- and d.:-like molecular orbitals, whose
energies were distributed about the mean value of the
corresponding free ion molecular orbitals. Unlike the
ion-pair calculation, however, these studies indicated a
very slight but probably significant deviation (0.02
eV) from the free ion values in the case of the d.,,,.-like
molecular orbitals.

In the case of a very long chain of complex ions, such
as in MGS solid, these energy levels would become

(19) F. A. Cotton and C. B. Harris, Inorg. Chem., 6, 824 (1987).

(20) For Pt(NH3)4PtCls this is equivalent to taking the difference in
energy of the d,%like MO’s in the ion pair and the free ions, as for all other
filled, metal-based MO’s this energy difference is essentially zero.
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bands, whose width would be determined largely by the
extent of overlap between the wave functions of the
individual ions. The results of our calculations sug-
gest that this perturbation of the free ion wave func-
tions should be most pronounced in the case of the p.-
and d.:-like orbitals. There should be substantially
less effect upon the energies of the d.,,..-like orbitals
and effectively none in the case of the d., and d.2—,*-like
functions. An approximate indication of the band
width for the “p.” and ‘‘d.?” bands in this solid was ob-
tained by means of a one-dimensional tight-binding
calculation in which the interactions of only the d.2 and
p. atomic orbitals of the platinum atoms were consid-
ered. These calculations indicate a width of ca. 1.38
and 1.50 eV for the two p. bands and cae. 0.62 and
0.23 eV for the d.: bands, with an energy gap of ca.
4.49 eV between the highest filled (d.2) and lowest emp-
ty (p.) bands. However, it should be emphasized that
the quantitative aspects of these results should not be
taken too literally, in view of the severity of the approx-
imations made in this type of calculation.?*

As might be expected on the basis of this description
of the intermolecular interactions, the degree to which
the physical properties of these complexes deviate from
that attributable to the individual complex ions is a
sensitive function of the structural details of the solid,
particularly the metal-metal separations. For exam-
ple, studies of the electrical and spectral properties of a
series of platinum(II) complexes related to MGS by
replacement of the NH; hydrogens by alkyl groups have
evidenced a marked dependence of the intermolecular
interactions upon the metal-metal separation in the
solid at distances <~3.40 A.522 Moreover, the re-
sults of high-pressure electrical and spectral measure-
ments on MGS and other group VIII metal complexes
suggest that both inter- and intramolecular distance
changes can have a substantial effect upon the proper-
ties of these materials.!

Our calculations on structural modifications of the
Pt(NH;),PtCls unit in Figure 2 lend considerable sup-
port to this conclusion. In these calculations we have
varied, independently, the distance between the two
complex ions, the internuclear distances within each
complex ion, and the angle between the Pt(1)-N and
Pt(2)-Cl bond directions in the ion pair. The distance
between the complex ions was both increased to 4.00 A
and decreased, in two increments, to 2.80 A, which
represents the approximate lower limit attained in the
high-pressure experiments.

At the 4.00-A separation we find that all the inter-
ionic orbital interactions, except for those involving the
p. atomic orbitals, are reduced to essentially negligible
proportions, and even in the case of the p,-like MO'’s,
the deviation from the free ion energy level values
amounts to only ca. 0.16 eV. This agrees well with the
results of spectral and conductivity measurements on

(21) In addition to the approximations made in evaluating the matrix
elements in this calculation, the approach used neglects coulomb interactions
between the charge carriers in the band, which can lead in some cases to
unrealistic band widths: I. G. Austin and N. F. Mott, Science, 168, 71
(1870). Also the ““band gap’’ obtained from this caleulation is highly de-
pendent upon the VSIP values used for the two kinds of platinum atoms and
therefore the H;; charge dependence assumed in the MO calculations on the
free ioms.

(22) (a) P. Day, A. F. Orchard, A. J. Thomson, and R. J. P. Williams,
J. Chem, Phys., 48, 3763 (1965); (b) B. G. Anex, M. E. Ross, and M. W,
Hedgcock, 1bid., 46, 1000 (1967); (¢) L. Atkinson, P. Day, and R. J. P.
Williams, Nature (London), 218, 668 (1968).
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platinum(II) complexes structurally analogous to
MGS, in that no indication of experimentally significant
interionic interactions is obtained when the separation
is in this range.>?? On the other hand, reducing this
separation to 3.0 A considerably increases the p, and
d.: orbital interactions and also produces a small but
definite change in the energy of the d,;,.-like MO’s
(ca. 0.04 V). The final reduction in this separation to
2.8 A leads to a further increase in the 4a-3a, 2a-la,
and 2e-le energy level splittings but still leaves the
energies of the d,>—,2- and d,,-like MO’s essentially
unchanged relative to the free ion values. The Pt-Pt
bond order calculated for the ion pair at this separation
is 0.139 and arises almost entirely from ¢ interactions of
the p,~d,® and s-p, atomic orbitals on the platinum
atoms.

In the case of MGS solid, the bands formed by the
atomic orbital overlaps should increase in width, with
decreasing metal-metal separation, approximately in
proportion to the change in orbital splitting observed
for the ion pair. The net result will be a reduction in
the gap between the lowest unoccupied “‘p,” bands and
the filled “‘dsy,,.”" and “d,?”’ bands. A rough measure
of changes in these band gaps with metal-metal dis-
tance can be obtained by considering the changes in the
2a-3a and le-3a orbital separations observed in the
ion-pair calculations. This is illustrated in the case of
the 2a-3a (d.2-p,) separation in curve A of Figure 5.
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Figure 5.—The effect of a reduction in (A) the metal-metal and
(B) the metal-ligand distances in Pt(NH,);PtCl; upon the
2a-3a orbital separation.

Curve B of this figure illustrates the effect of changes
in the internuclear distances within the complex units
upon this energy level separation. In the latter calcu-
lations the distance between the complex units was
maintained at 3.25 A, while all internuclear distances
within the complex ions were decreased by a fixed
percentage.

The nature of the dependence upon metal-ligand
distance may be understood by considering the effect
of this change in distance upon the energies of the
individual ion molecular orbitals. The results of such
calculations show that the energies of most of the metal-
like molecular orbitals, but particularly by, (d.*-,%
and as, (p.), are increased relative to those given in
Table I for the unperturbed ions. These two latter
orbitals are both antibonding counterparts of ligand-
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based bonding molecular orbitals and strongly reflect
the increased ¢- and =-type metal-ligand overlaps at
the shorter metal-ligand distance. The energies of the
ba, (dsy) and e, (dsy.4.) molecular orbitals are rather less
affected by this change in metal-ligand distance, as
these depend upon metal dr-ligand pw type overlaps
which are significantly smaller than the metal d,2- -
ligand ¢ and metal p,-ligand pr type overlaps involved
in the former cases. Similarly the a;, molecular orbital,
which is largely metal d,: in character but also contains
a significant admixture of metal s orbital, remains es-
sentially unperturbed by this distance change due to the
relatively small metal d,2-ligand ¢ type overlaps and the
counteracting bonding effect of the metal s orbital.
The net result is an increase in the as, (p;)—ai, (d.?)
separation in both ions, and, therefore, a larger 2a—3a
separation for the corresponding molecular orbitals in
the ion pair.

The supposition that the p,-d,2 band gap in MGS
solid will reflect the same kind of dependence upon
internuclear distance as that deduced above for the
ion pair is supported by the results of separate band
structure calculations carried out using the platinum
chain model described earlier. As is shown in Figure 6,
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Figure 6,—The effect of internuclear distance changes upon
the MGS band structure: A, the effect of decreasing the
distances within the complex units (all distances but the Pt-Pt
were reduced by 7.699, relative to those in MGS in deriving the
H;; values for Pt used in the band calculations); B, the band
structure for MGS; C, Pt-Pt distance only reduced by 7.679;
D, Pt-Pt distance reduced by 11.09,; E, Pt-Pt distance reduced
by 13.85%,.

this dependence is quite analogous to that found for the
ion pair.

In light of these results, the fact that the electronic
absorption spectrum of MGS in the visible region is
strongly influenced by structural parameter changes in
the solid is quite understandable. According to a
recent assignment, this absorption spectrum is strongly
dominated by PtCls?*~ ligand field transitions of the
type aiz (ds2), €g (drege), bog (day) = brg (da2—p2). 228
All of these, except for by (dyy) — by, (d,2—,2), appar-
ently occur at 51gn1ﬁcant1y lower energies as compared
to their counterparts in the ‘“‘free PtCly®~ ion.” In-
deed, spectral studies of PtCl,2~ containing analogs of
MGS with varying interionic separations and the re-
sults of spectral measurements on MGS at pressures up
to ca. 20 kbars evidence a direct relationship between
the magnitude of these spectral shifts and the inter-
ionic distance in the solid.! In the context of the elec-
tronic structure of MGS developed herein, the origin
of this shift lies in the antibonding character of the
free ion aj, (d,2) — ai, (d,2)" and e; (deerye) — € (dizy2)’
orbital interactions. These interactions give rise to
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crystal bands whose median energies are higher than
the free ion energy levels, resulting in smaller separa-
tions between these and the relatively unperturbed
by, (d;2-,2) energy levels. Moreover, the magnitude
of these spectral shifts clearly should depend upon the
degree of intermolecular aj, and e, orbital overlap and,
therefore, the metal-metal distance in the solid. On
the other hand, the spectral results obtained in the case
of Pt(en),PtCly and K,PtCl, at high pressures' can
best be understood in terms of the intraionic distance
changes occurring under pressure. In these cases,
where the interionic distances are well above the 3.25 A
in MGS, and, therefore, less important in determining
the electronic structure of the complex, the changes in
the metal-ligand distances apparently become the
dominant factor leading to an increase in energy of the
d~d transitions.

The conductivity behavior of MGS under pressure!
and the results of the experiments on alkylamine analogs
of MGS??¢ can also be explained in terms of the depend-
ence of the MGS electronic structure upon internuclear
distances. It has been suggested that this conductivity
could arise from carriers thermally excited from the
uppermost filled d,z band to the lowest empty p, band
in these solids. On the basis of the results obtained in
the MGS band structure calculations, the gap between
these bands is far too great to account for the observed
conductivity in this manner. On the other hand, it is
quite possible that this band gap has been grossly over-
estimated in our calculation.?! Also, even if these
bands were widely separated, the conductivity could
still arise from carriers in either the p, or d,2 bands if the
origin of these carriers were extrinsic. As shall be
demonstrated, a self-consistent explanation for the
dependence of the MGS conductivity upon internuclear
distances can be developed using the simpler intrinsic
band model; however, it should be noted that these
arguments will apply equally as well to a model in-
volving relatively pressure-insensitive extrinsic donor
levels close to the bottom of the p, conduction band.

In terms of this intrinsic band model the lower con-
ductivities of the alkylamine derivatives of MGS and
the increased conductivity observed for MGS at pres-
sures up to ca. 100 kbars simply reflect changes in the
d.>-p, band gap induced by the alteration in metal-
metal distances. In the high-pressure experiment,
however, both the metal-metal and metal-ligand dis-
tances change with increasing pressure. The net ef-
fect upon the electronic structure of the solid will de-
pend upon such factors as the rate of change of these
distances with pressure and the relative sensitivity of
the electronic structure to the different types of dis-
tance changes. Furthermore, as is clear from the
high-pressure spectral results obtained for Pt(en),-
PtCl, and K,PtCl,, the actual values of these distances
are also important. For MGS, where the metal-metal
distances accessible at high pressures (3.25-ca. 2.80 A)
are well within the region of high sensitivity and where
this parameter is changing at a relatively high rate
with increasing pressure as compared to the usual situa-
tion for covalent solids, it is not at all unreasonable
that the metal-metal distance changes will effectively
determine the conductivity behavior at low pressures.
On the other hand, at higher pressures the rates of change
of the metal-metal and metal-ligand distances are
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likely to become more comparable, and the inherently
higher sensitivity of the band gap to the metal-ligand
distances indicated in Figure 5 could indeed be responsi-
ble for the reversal in the conductivity vs. pressure curve
observed for MGS above ca. 100 kbars.

Another structural parameter which could change as
a function of pressure, yet not produce a major struc-
tural rearrangement, is the angle between the Pt-N
and Pt—Cl bond directions in the adjacent complex ions.
To determine what effect this might have upon the elec-
tronic structure of MGS, a calculation was also carried
out on Pt(NHj,),PtCls in the completely staggered con-
figuration (7.e., § = 45° in Figure 2), in which the degree
of interionic ligand-ligand interaction should be at a
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minimum. The interionic distance in this calculation
was set at 2.80 A, As might be expected in view of the
axial symmetry of most of the platinum-platinum inter-
actions, very little change in the energy of the d-like
molecular orbitals relative to those in the § = 28°,
2.80-A metal-metal distance case was found and theover-
all Pt-Pt interaction, as measured by the Mulliken bond
order, was essentially the same. It is interesting that
even in this optimal configuration, no é bonding in-
volving the d,, and d,»-,2 orbitals on the platinum
atoms was evidenced at this interionic separation, thus
effectively ruling out this type of interaction as a sig-
nificant factor in determining the physical properties
of MGS at any reasonable pressure.
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The synthesis and room-temperatute magnetic moments of nickel(II), cobalt(II), and copper(Il) complexes of substituted
benzeneazo-5-pyrazolones and -3,5-pyrazolidinediones are reported. Cobalt(II) complexes which contain an ~SCH; group
in the ortho position to the azo linkage give anomalous moments, while those which contain either an -OCHj or an -N(CHj):

group give normal, high-spin moments.

spin compounds depending upon the method of preparation.
which contained either a bromo or an iodo group ortho to the azo linkage.

Nickel(II) complexes of bidentate ligands were isolated as either high-spin or low-

Anomalous moments were obtained for nickel(II) compounds
It is tentatively suggested that the coordination

for nickel(II) is either tetrahedral or planar and that the ortho-bromo and ortho-iodo compounds contain both structures.

* Introduction

In a rather extensive study of the coordination of
divalent metal ions with azo derivatives of 3-pyraz-
olone? (I) it was shown that when X = OCH; or
SCH; the resulting molecule is a terdentate ligand (IT),
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and the stability of the complex is greater than when
X = H. However, when X = F, Cl, Br, I, NO,;, CHj,
or C;H;, the compounds behave like bidentate ligands,
and the stability of the resulting metal complex is de-
creased for divalent nickel, cobalt, zinc, and cadmium
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1966. Taken in part from senior honors dissertations, Franklin and Matshall
College, 1067,

(2) F. A. Snavely, D. A, Sweigart, C. H. Yoder, and A. Terzis, Inorg.
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while copper(I1) compounds are not affected, Similar
behavior was observed for the azo derivatives of 4-
pyrazolone® and 3-pyrazolone.

It was suggested that the overall coordination reac-
tion is

M(H,0)e?* + 2HCh = M(Ch),(H.0). + 2H*

and that the noncoordinating ortho substituents in the
bidentate ligands interfered with the retention of water
molecules. Thus, as the size of X increases, the water—
metal bond length increases and the stability of the re-
sulting complex decreases. The formation constants of
divalent nickel, cobalt, zinc, and cadmium for the ortho-
substituted benzeneazo-3- and -4-pyrazolones decrease
in the order F, Cl, Br, I. Copper(II) complexes are
insensitive to this steric effect and are therefore essen-
tially not solvated in solution. Although the ortho-
substituted azo-5-pyrazolones were too insoluble to
study by potentiometric measurements, qualitative re-
sults showed the same steric effect.

Herein we report the synthesis and room-temperature
magnetic moments of nickel(II), cobalt(II), and copper-
(II) complexes of substituted benzeneazo-5-pyrazolones
(III) and -3,5-pyrazolidinediones (IV).
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